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ABSTRACT

This study makes use of operational global ensemble forecasts from the European Centre for Medium-

Range Weather Forecasts (ECMWF) to examine the factors contributing to, or inhibiting, the development of

a long-lived continental vortex and its associated rainfall. From 25 to 30 June 2007, a vortex developed and

grew upscale over the southern plains of the United States. It was associated with persistent heavy rainfall,

with over 100 mm of rain falling in much of Texas, Oklahoma, Kansas, and Missouri, and amounts exceeding

300 mm in southeastern Kansas. Previous research has shown that, in comparison with other rainfall events of

similar temporal and spatial scales, this event was particularly difficult for numerical models to predict.

Considering the ensemble members as different possible realizations of the evolution of the event, several

methods are used to examine the processes that led to the development and maintenance of the long-lived

vortex and its associated rainfall, and to its apparently limited predictability. Linear statistics are calculated to

identify synoptic-scale flow features that were correlated to area-averaged precipitation, and differences

between composites of ‘‘dry’’ and ‘‘wet’’ ensemble members are used to pinpoint the processes that were

favorable or detrimental to the system’s development. The maintenance of the vortex, and its slow movement

in the southern plains, are found to be closely related to the strength of a closed midlevel anticyclone in the

southwestern United States and the strength of a midlevel ridge in the northern plains. In particular, with

a weaker upstream anticyclone, the shear and flow over the incipient vortex are relatively weak, which allows

for slow movement and persistent heavy rains. On the other hand, when the upstream anticyclone is stronger,

there is stronger northerly shear and flow, which causes the incipient vortex to move southwestward into the

high terrain of Mexico and dissipate. These relatively small differences in the wind and mass fields early in the

ensemble forecast, in conjunction with modifications of the synoptic and mesoscale flow by deep convection,

lead to very large spread in the resulting precipitation forecasts.

1. Introduction

a. Overview

In late June and early July of 2007, persistent heavy

rains fell on much of the southern Great Plains of the

United States (Fig. 1). During this period of time, the

primary synoptic-scale features over the United States

were an anomalously strong ridge over much of the

country, with a smaller-scale slow-moving circulation

located equatorward of the ridge (Figs. 1a and 1b).

Rainfall during this 5-day period, which exceeded

300 mm in much of southeastern Kansas, caused deadly

and destructive flooding: four fatalities and $350M in

damage were reported (NOAA 2007). Some of the most

serious impacts occurred in Coffeyville, Kansas, where

an oil spill was caused when floodwaters overtopped

a levee and infiltrated a refinery (NOAA 2007).

In addition to these impacts, this event is of interest

because, in relation to other heavy rain events of similar

spatial and temporal scales, medium-range forecasts

of this event had low skill and large uncertainty

(Schumacher and Davis 2010). Other warm-season

heavy rainfall events in the southern United States have

also been found to have limited predictability (e.g.,

Nielsen-Gammon et al. 2005; Zhang et al. 2006). As

such, an investigation of the atmospheric processes that

were associated with the relatively poor medium-range
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forecasts in this case is warranted. Further, the avail-

ability of large global ensemble datasets, such as the The

Observing System Research and Predictability Experi-

ment (THORPEX) Interactive Grand Global Ensemble

(TIGGE; Bougeault et al. 2010), allows for quantitative

analysis of synoptic- and mesoscale factors associated

with the development or nondevelopment of wide-

spread heavy precipitation. One purpose of this study is

to evaluate the utility of the TIGGE dataset for this sort

of meteorological diagnosis.

b. Use of ensembles for investigating
weather systems

As ensembles of numerical weather prediction models

have gained greater use in weather forecasting and

techniques for ensemble data assimilation have been

developed, some investigators have used ensemble fore-

casts to gain quantitative insights into the dynamics of

weather systems. Hakim and Torn (2008) summarized

these techniques in an analysis of a midlatitude cyclone,

and Torn (2010) applied the techniques to examine the

dynamics of the extratropical transition of tropical cy-

clones (TCs). Similar techniques were used by Hawblitzel

et al. (2007), Sippel and Zhang (2008), and Sippel and

Zhang (2010) to explore the genesis of mesoscale convec-

tive vortices (MCVs) and TCs. The specific uses of these

techniques in the present study will be given in section 3.

These studies used numerical simulations that were

designed and run to examine specific cases of interest. In

contrast, the present study will use archived operational

ensemble forecasts. The primary benefit of using oper-

ational forecasts is that they are readily available and

represent the modeling systems currently used for

weather forecasting (and, thus, the forecast skill and

uncertainty that a forecaster would be presented with).

They also allow for the possibility of studying numerous

cases with minimal additional computational invest-

ment. A substantial downside to using operational fore-

casts is that it is not possible to run sensitivity tests or

otherwise experiment with these forecasts; the data are

static. Further possible limitations of using the opera-

tional forecasts will be discussed in sections 3 and 5.

c. Genesis of warm-core vortices

A topic of much interest in the recent scientific liter-

ature is the process by which warm-core vortices, such as

TCs and MCVs, develop and intensify. In particular,

discerning the factors that determine which vortices will

strengthen and which will not is important to both sci-

entific understanding and operational forecasting. As

will be demonstrated in the analysis in this manuscript,

the heavy rainfall during 25–30 June 2007 was associated

with a slow-moving warm-core vortex over the southern

Great Plains.

For TCs, numerous studies have analyzed the large-

scale factors that contribute to or detract from genesis

(e.g., Gray 1968; McBride and Zehr 1981; Hennon and

Hobgood 2003, Schumacher et al. 2009; Kerns and

Zipser 2009). Factors that have been suggested as im-

portant discriminators between developing and non-

developing vortices include strong low-level vorticity

and convergence around the incipient vortex, weak

vertical wind shear, and increased midlevel moisture

and conditional instability. Similarly, Trier et al. (2000)

FIG. 1. (a) Climate Prediction Center (CPC) unified gauge-based precipitation analysis (color shading in mm; Chen et al. 2008) for the

120-h period 1200 UTC 25 Jun–1200 UTC 30 Jun 2007 and average 500-hPa geopotential height (contoured every 30 m) from 12-hourly

ECMWF deterministic model initializations over the same time period. The dashed black rectangle indicates the location for areal

averaging of precipitation and other fields. (b) National Centers for Environmental Prediction–National Center for Atmospheric Re-

search (NCEP–NCAR) reanalysis (Kalnay et al. 1996) 500-hPa geopotential height anomaly for 25–30 Jun 2007, relative to the 1968–96

mean.
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found that convection near continental MCVs on sub-

sequent days was favored with stronger vortices, when

the vertical wind shear was relatively weak, and the

environment surrounding the MCV was moist and

unstable. This secondary convection is necessary for

maintaining an MCV beyond a single diurnal cycle

(Bosart and Sanders 1981; Fritsch et al. 1994) and also

creates the possibility for development of a low pressure

center at the surface (e.g., Hawblitzel et al. 2007;

Schumacher and Johnson 2008; James and Johnson 2010).

In the present study, these and other factors will be

examined in medium-range ensemble forecasts of the

25–30 June 2007 rain event to find the reasons why some

ensemble members produced a long-lived, slow-moving

vortex with associated heavy rainfall, and others did not.

Section 2 will provide an overview of the event, and

section 3 will describe the data and methods used in the

study. In section 4, results of the ensemble-based anal-

ysis will be presented, section 5 will contain a discussion,

and section 6 will conclude the manuscript.

2. Event overview

The widespread heavy rainfall over the southern

plains in late June 2007 began with an area of midlevel

cyclonic vorticity that became centered closer to the

surface over time (Fig. 2). As noted by Goebbert et al.

(2008), an initial MCV developed in Texas on 22 June

that then dissipated, though some weak vorticity re-

mained in the area. Another small MCV developed in

association with convection on 23–24 June (Goebbert

et al. 2008). A few small, weakly organized mesoscale

convective systems (MCSs) formed over Texas during

the day on 24 June 2007, with convection remaining near

the MCV early on 25 June (Fig. 3a). During the after-

noon of 25 June, more widespread convection de-

veloped across Texas, with a convective line moving

northward from the Gulf of Mexico coast through east

Texas, and slower-moving convection persisting into

the night in central Texas (see the online supplement

to this paper for animated radar imagery). A broad,

closed midlevel circulation had developed by 0000 UTC

26 June (Fig. 4b), but there was not a low-level circula-

tion in this area at this time (Figs. 4a and 2). A large

MCS formed in southern Oklahoma around 0900 UTC

26 June, which moved southward and persisted through

the day, while a large area of weaker convection moved

northward on the east side of the midlevel vorticity

maximum (Fig. 3b). By 0000 UTC 27 June, a broad

circulation—much larger in horizontal scale than the

original MCV—was apparent in animations of radar

imagery, and this corresponded to a maximum in both

mid- and low-level vorticity (Figs. 4c,d and 2). This cir-

culation was associated with deep moisture, strong

FIG. 2. Time–height diagram from 23 Jun to 2 Jul 2007 of relative vorticity (1025 s21, shaded)

and RH (dashed contours every 10% starting at 40) from the 3-hourly North American Re-

gional Reanalysis (Mesinger et al. 2006). Values are averaged over the rectangle shown in Fig. 1.
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FIG. 3. Barnes objective surface analysis (Koch et al. 1983) showing pressure adjusted to sea level (solid contours every 2 hPa), surface

potential temperature (gray dashed contours every 28C), and station model [conventional, with temperature (8C) and sea level pressure in

black and dewpoint (8C) in gray]. Also shown is composite radar reflectivity from the WSI Corporation’s NOWrad product. Times shown

are 1200 UTC on (a) 25, (b) 26, (c) 27, (d) 28, (e) 29, and (f) 30 Jun 2007. The location of a pressure trough is shown by the thick dashed line

in (d), the location of a warm front is shown by the red lines in (e) and (f).
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anticyclonic upper-level outflow, and ridging on the

dynamic tropopause, characteristic of a warm-core cy-

clone (Figs. 2 and 4b). On 27 June 2007, several large

MCSs developed (Fig. 3c): one moving southward

through central Texas during the afternoon, a large

squall line propagating eastward from the high terrain of

New Mexico, and a weaker northward-moving MCS in

Oklahoma. As these MCSs matured and then dissipated,

the large-scale vorticity maximum became centered

nearer the ground (Fig. 2) and two closed surface low

pressure centers developed: one in south-central Texas

and one in southwestern Oklahoma (Fig. 3c). These

FIG. 4. (a),(c),(e) Potential temperature (K, shaded) and winds (m s21) on the dynamic tropopause and 850-hPa relative vorticity

(positive values contoured every 2 3 1025 s21 starting at 4) from ECMWF deterministic model initializations at (a) 0000 UTC 26 Jun,

(b) 0000 UTC 27 Jun, and (c) 0000 UTC 28 Jun 2007. The dynamic tropopause is defined here as the 2-PVU surface, where 1 PVU 5

1026 m2 s21 K kg21. (b),(d),(f) The 500-hPa geopotential height (contoured every 30 m), relative vorticity (1025 s21, shaded), and wind

vectors from ECMWF deterministic model initializations at (b) 0000 UTC 26 Jun, (d) 0000 UTC 27 Jun, and (f) 0000 UTC 28 Jun 2007.
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surface lows eventually merged on 28 June (Fig. 3d),

and convection continued surrounding this cyclone.

The most persistent rainfall occurred poleward of the

surface low along a warm front in southeastern Kansas

and western Missouri (Fig. 3e). The front was partly the

remnant of the cold front of a midlatitude cyclone that

moved eastward across southern Canada on 26–27 June

(Figs. 4a, 4c, and 4e). This convection persisted in a

similar manner through 29–30 June (Fig. 3f), with the

coverage and intensity of the convection weakening

somewhat on 1 July. Over the 5 days of the event, rainfall

amounts exceeded 100 mm over large parts of Texas,

Oklahoma, Kansas, and Missouri, with southeastern

Kansas receiving over 300 mm (Fig. 1). This rainfall

contributed to record-breaking seasonal and annual

rainfall totals in the plains (Goebbert et al. 2008).

3. Data and methods

The remainder of the study will use ensemble fore-

casts as an analysis tool to determine the synoptic- and

mesoscale factors that led to the development of the

vortex and its associated heavy rainfall. The primary

ensemble forecast that will be used is the European Centre

for Medium-Range Weather Forecasts (ECMWF) En-

semble Prediction System (Buizza et al. 2007) forecast

initialized at 0000 UTC 24 June 2007. It is a 51-member

ensemble with a spectral truncation of T399 (corre-

sponding to approximately 50-km horizontal grid spac-

ing) and 62 vertical levels through 240 forecast hours. The

ensemble comprises a control run and 50 members that

are initially perturbed by singular vectors in pairs (i.e.,

a positive and negative perturbation) and by stochastic

physics (ECMWF 2010a). The singular vector perturba-

tions have a horizontal scale of T42 with 62 vertical levels,

and are designed so that their impact is maximized over

Europe at 48 h into the forecast. Forecasts for all 51

members were obtained on a 0.58 latitude 3 0.58 longi-

tude grid from the TIGGE archive (information online

at http://tigge-portal.ecmwf.int).

This model and initialization time were chosen for

several reasons, the most important being that it in-

cluded ensemble members that had very accurate fore-

casts of both the rainfall and the vortex, as well as

members with very little precipitation over the southern

plains (Fig. 5). Although none of the ensemble members

predicted as much rain as was observed, a few members

(e.g., Figs. 5a and 5c) realistically reflected the spatial

distribution of precipitation and the evolution of the

vortex. The ensemble forecast from this initialization

time had large spread in its precipitation forecasts [see

Fig. 7 of Schumacher and Davis (2010), it is the 36–168-h

forecast shown there] and represented a balance between

shorter-lead forecasts that had smaller spread, and

longer-lead forecasts where no ensemble members had

an accurate prediction of the heavy rainfall. This wide

range of possible outcomes allows for an analysis of the

factors that were conducive to, or detracted from, the

development of the vortex-related rainfall. In general,

the ECMWF ensemble has also been shown to be gen-

erally well tuned, with ensemble spread similar to the

root-mean-square error of the ensemble mean (Park

et al. 2008). Ensemble forecasts from other centers were

also considered, but did not have the combination of

spread, number of ensemble members, and members

with accurate forecasts that the ECMWF ensemble did

for this case.

As mentioned above, other reasons for selecting an

operational ensemble for this research are that it rep-

resents what an operational forecaster might have used

as guidance in advance of the event and that the data are

readily available via TIGGE. There are also some dis-

advantages to using operational forecasts. First, the data

are fixed and thus do not lend themselves to further

experimentation, and only certain variables and atmo-

spheric levels are available. Second, the initial pertur-

bations are on large spatial scales (T42), and thus do not

include mesoscale uncertainties that may be important

to an event such as this in which mesoscale convection

likely plays an important role. Third, the resolution

of the model does not allow for explicitly predicted

convection; instead, the convection is parameterized.

However, there is not currently an operational medium-

range forecast model that has sufficient resolution for

explicit convection. Thus, individual organized convec-

tive systems will not be predicted explicitly (and will not

be a focus of the analysis). Finally, although the en-

semble is designed to represent a range of possible

outcomes, the perturbed initial conditions in the en-

semble members do not necessarily represent equally

likely estimates of the initial state (e.g., Hakim and Torn

2008). To partially overcome the third and fourth limi-

tations, the analysis in the present study will use an area-

averaged dependent variable, and will examine only

fields from at or beyond 36 h into the forecast, such that

the ‘‘memory’’ of the initial perturbations is reduced, the

model atmosphere has come into balance in each of the

ensemble members, and it can be more safely assumed

that each member is representing an equally likely

outcome.

In particular, the dependent variable used throughout

the study is the forecast 36–156-h accumulated pre-

cipitation, areally averaged over the southern plains

(hereafter abbreviated P; averaging box shown in Fig. 1).

This allows for an investigation of the important factors

in the event as a whole, rather than that of any specific
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rainfall maximum. Among the ensemble members, this

varies from a minimum of 14.4 mm in member 25 (Fig. 5d)

to a maximum of 65.3 mm in member 2 (Fig. 5a), com-

pared with the observed value of 82 mm (Fig. 1). Fol-

lowing the approach used in, for example, Sippel and

Zhang [(2008), their Eq. (3)], linear correlations be-

tween several atmospheric variables and P within the

ensemble are calculated at each grid point and forecast

time. Assuming that beyond forecast hour 36 the 51

ensemble members are equally likely, correlations with

magnitudes greater than approximately 0.36 are statis-

tically different from zero at the 99% confidence level

using a two-tailed significance test. Although not im-

plying causation, the correlation between variables

shows the presence of linear relationships that can be

used in tandem with physical interpretation to un-

derstand the behavior of the ensemble forecasts. Also,

as in Sippel and Zhang (2008), Hakim and Torn

(2008), and others, linear statistics are used here for

simplicity, with the recognition that there may be non-

linear relationships that are neglected as a result.

Covariance between atmospheric variables and P is

also calculated as in Hakim and Torn [(2008), their Eq.

(14)], normalized by the standard deviation of P in the

ensemble (12.0 mm) so that the resulting values are in

the physical units of the independent variable. To-

gether, the correlation and covariance analyses provide

information about the strength of the linear relation-

ship between P and other variables, with the covariance

representing the slope of the line and the correlation

representing how well that line approximates the re-

lationship. In the following section, correlation and

covariance maps will be presented and discussed, first

to demonstrate that the ensemble forecasts represent

physically reasonable outcomes, and second to eluci-

date the processes that were favorable or detrimental

to the development of widespread heavy rain in this

case.

FIG. 5. As in Fig. 1a, but for example ECMWF ensemble members initialized at 0000 UTC 24 Jun 2007. Shown are ensemble members

(a) 2, (b) 4, (c) 5, and (d) 25, representing the (a),(c) best and (b),(d) worst of the members in terms of precipitation forecasts. Precipitation

outside the United States has been masked out for visual comparison with the observations in Fig. 1. The value of P, the 36–156-h

precipitation forecast averaged over the area within the dashed rectangle, is shown in the bottom left of each panel. Furthermore, values of

equitable threat score [ETS, calculated using Eq. (17) of Hamill and Juras (2006)] over the entire United States at different precipitation

thresholds are shown (e.g., ETS25 is the ETS at the 25-mm threshold). The best and worst forecasts shown here are those with the highest

and lowest predicted values of P.
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4. Results

a. 5-day-average midtropospheric pattern

Before examining the precursors to the development

or nondevelopment of heavy rainfall in the ensemble,

temporally averaged 36–156-h forecast 500-hPa fields

are examined to illustrate the overall behavior of the

ensemble at the synoptic scale and its relationship to

precipitation in the southern plains. The ensemble mean

height pattern is broadly similar to the analysis over this

5-day period, with a ridge over the central United States

and troughs in the Gulf of Alaska and northeastern

Canada (cf. Figs. 6a and 1a). There are strong negative

correlations (r # 20.7) between the 5-day forecast

500-hPa height and P over the southern plains (Fig. 6a).

This is consistent with the idea that the maintenance of

a long-lived vortex over Oklahoma was closely linked to

the occurrence of widespread heavy rainfall there, as the

ensemble members with lower heights over the southern

plains also had significantly more precipitation in that

area. There are weaker positive correlations between

500-hPa height and P extending southwestward from the

northern plains into the Pacific Northwest and the

eastern Pacific (Fig. 6a).

A height covariance map shows signals in similar

places, with magnitudes of 3–9 m at 500 hPa per stan-

dard deviation change in P (Fig. 6b). Wind covariance

suggests that these are balanced, coherent features in

the ensemble, further demonstrating the relationship

between a midlevel vortex and the heavy rainfall (Fig.

6b). These statistics can be summarized in a scatterplot

relating the forecast 500-hPa height at a point in cen-

tral Oklahoma to P (Fig. 7). It shows a strong linear

relationship between these two variables, with higher

(lower) heights corresponding to less (more) precipi-

tation. Of course, the mass and wind fields at 500 hPa

are also strongly correlated with other atmospheric

variables, so this is not meant to suggest that 500-hPa

height could be used as a ‘‘predictor’’ of rainfall (nor is

rainfall a predictor of 500-hPa height) in any sense. But

the 500-hPa height represents one measure of the strength

FIG. 6. (a) Correlation of time-averaged 36–156-h forecast 500-hPa height (valid from 1200 UTC 25 Jun to 1200 UTC 30 Jun 2007) with

P (shaded), and ensemble-mean 36–156-h forecast 500-hPa height (contoured every 30 m). (b) Covariance of time-averaged 36–156-h

forecast 500-hPa height (m, shaded) and wind (vectors) with P, normalized by the standard deviation of P. The asterisk in (a) shows the

location used for the scatterplot in Fig. 7.

FIG. 7. Scatterplot of the 51 ensemble members (indicated by

asterisks), with forecast 36–156-h 500-hPa height at a point in cen-

tral OK (35.58N, 978W; location shown in Fig. 6a) along the abscissa

and P along the ordinate. The correlation coefficient and its square

are given in the top right, and the observed values are shown by the

diamond. The linear least squares fit line is also shown.
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of the southern plains vortex, and these data point to

a strong relationship between the presence (and strength)

of a vortex and the total precipitation there. The ob-

served height and precipitation are also consistent with

this linear relationship, although all of the ensemble

members underpredicted the total precipitation and the

overall strength of the midlevel vortex (Fig. 7). One

possible reason for the underprediction is the relatively

coarse spatial resolution of the ECMWF ensemble in

comparison with the scale of observed precipitation

systems.

Now that the temporally averaged characteristics of

the ensemble have been established, the relationships

discussed above will be examined more closely to show

how they evolved over time and space. It is not a par-

ticularly surprising result that a stronger vortex would be

associated with more rainfall; perhaps the more in-

teresting question is what factors were supportive of, or

detracted from, the development and maintenance of

the vortex? Statistical analysis of the ensemble will be

used to explore this question and to relate the results to

physical mechanisms that may have supported or

inhibited the development of the vortex and its associ-

ated rainfall.

b. Large-scale factors influencing the development
of the vortex and heavy rainfall

1) CORRELATIONS AND COVARIANCE

Figure 2 shows that the area-averaged midlevel cy-

clonic vorticity, as well as the anticyclonic outflow aloft,

intensified at approximately 0000 UTC 27 June, or hour

72 in the forecast ensemble used here. As a result, forecast

atmospheric fields leading up to this time can be consid-

ered as precursors to the development of the warm-core

vortex over the southern plains, and correlations and

covariance of these fields with P will be examined in this

section. During this time period, some of the strongest

correlations with P are found in the 500-hPa height field

(Fig. 8a). At 1200 UTC 25 June (forecast hour 36), two

areas have large areas with correlation magnitudes

greater than 0.5: negative correlations over the south-

western United States and northern Mexico, and posi-

tive correlations over the northern plains and Midwest

(Fig. 8a). These are associated with an ensemble-mean

anticyclone to the west and a ridge to the north of the

incipient vortex, respectively, and suggest that a weaker

southwest anticyclone and a stronger Midwest ridge at

this time were associated with greater precipitation in

the southern plains during the subsequent 5 days.

The 500-hPa height covariance with P at this time is

relatively small over this area, however (Fig. 8b), with

the strongest signals appearing closer to the trough over

the west coast of the United States where the ensemble

spread was greater at this time (not shown). This sug-

gests that although the magnitude of the differences in

500-hPa height in west Texas, southern New Mexico and

Arizona, and northern Mexico between members with

more precipitation and those with less may be small,

there is a robust relationship. Similar structures are ap-

parent at 250 hPa (not shown), only they are shifted

somewhat to the west and the correlations with P are

weaker.

There are also correlations between the wind fields at

hour 36 and P. East of the Rocky Mountains, there is

a large area where the 500-hPa meridional wind has

a correlation coefficient .0.5 with P (Fig. 9a). The en-

semble mean wind in this area is weak, with northerly

flow over western Texas and northern Mexico. This

suggests that either weakened northerly winds or an

enhanced southerly component to the wind was associ-

ated with greater P. With mean southerly winds at low

FIG. 8. As in Fig. 6, but for instantaneous correlations and covariance with P at forecast hour 36 (1200 UTC 25 Jun 2007).
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levels at this time (not shown), and considering the

generally accepted idea that weaker vertical shear of the

horizontal wind is more favorable for the development

and maintenance of warm-core vortices (e.g., Trier et al.

2000), it is possible that the ensemble members with

stronger vertical shear may have been less likely to de-

velop a long-lived vortex over the southern Great Plains.

In fact, the magnitude of the 850–500-hPa shear is gen-

erally negatively correlated with P over the southern

plains at forecast hour 36 (Fig. 9b), a relationship that

continues and becomes more robust through hour 60

(Figs. 10a and 10b).

When averaged over the southern plains (using the

same averaging area as that used to calculate P), the

magnitude of the 850–500-hPa wind shear at hour 60

was strongly anticorrelated with P (r 5 20.75; Fig. 11).

Thus, it appears that one of the key factors distinguish-

ing ensemble members that developed a long-lived,

widespread rain event from those that did not was the

magnitude of the northerly wind shear over the incipient

vortex, with weaker northerly shear being associated

with a stronger vortex and more rainfall at later times.

This is also consistent with the anticorrelation between

500-hPa height and P in the southwestern United States

(Fig. 8a), where a weaker anticyclone in the southwest

was associated with weaker northerly midlevel winds

over the incipient vortex. The physical interpretation of

these results will be explored more thoroughly in the

next subsection.

Three other items of concern for forecasting this event

are apparent from Fig. 11. First is that, as mentioned

previously, the observed area-average precipitation lies

well outside of the envelope predicted by the ensemble

(i.e., although some correctly predicted the spatial dis-

tribution, all members underpredicted the total rainfall

amount). As mentioned above, this may be partially

FIG. 9. (a) Correlation of 36-h forecast 500-hPa meridional wind (valid 1200 UTC 25 Jun 2007) with P (shaded) and 36-h forecast

ensemble-mean 500-hPa wind vectors. (b) As in (a), but for 850–500-hPa vector shear magnitude and 850–500-hPa shear vectors.

FIG. 10. As in Fig. 9b, but for forecast hours (a) 48 (valid 0000 UTC 26 Jun) and (b) 60 (valid 1200 UTC 26 Jun).
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attributable to the spatial resolution of the model. Sec-

ond is the relatively narrow range of shear magnitudes

that led to widely different precipitation amounts; only

a few meters per second of vertical vector shear sepa-

rated the wet ensemble members from the dry ones. This

suggests that relatively small short-range forecast errors

in the tropospheric mass and wind fields may lead to

very large errors in the medium-range precipitation

forecast over a large region in a situation such as this.

This chaotic pattern of behavior may be part of the

reason for the poor predictions of this event in relation

to other rainfall events of similar scale (Schumacher and

Davis 2010). Third, at the highest values of shear pre-

dicted by the ensemble, all of the members produced

very little precipitation (and a nonexistent vortex over

the southern plains), which is somewhat similar to past

findings regarding the development of TCs. For exam-

ple, Bracken and Bosart (2000) found that the mean

shear over developing tropical depressions was about

10 m s21, whereas Kerns and Zipser (2009) found that

very few developing Atlantic TCs have 850–200-hPa

shear magnitudes greater than 10 m s21. (The layer over

which the shear is calculated is shallower in the present

study than that typically used in the tropics; an anti-

correlation was also found between 850–200-hPa shear

and P, but it was not as strong as that for the 850–500-hPa

shear.) Thus, as with TCs, it may be that continental

warm-core vortices tend not to form under the influence

of strong vertical wind shear. On the other hand, also

similar to Kerns and Zipser (2009), there were several

ensemble members where the shear was relatively weak,

yet an intense vortex and excessive rainfall did not occur

(Fig. 11). The distinctions between these members will

be analyzed further in section 4c. These results are not

meant to suggest that the relationship between shear

and development is strictly linear; as pointed out by

Bracken and Bosart (2000), some shear is necessary for

TC genesis, as it fosters large-scale ascent, but too much

shear can be detrimental to development. Instead, the

linear correlation reveals that, within the ensemble’s

range of large-scale environments for this case (all of

which contain some shear), there is a general inverse

relationship between shear and development.

Another variable that one might expect to be corre-

lated with P is the intensity of the vortex at earlier times;

in other words, if the vortex in an ensemble member

was strong early in the forecast, it may remain strong

throughout the forecast. However, this does not ap-

pear to be the case, as there is little correlation between

area-averaged relative vorticity and P prior to forecast

hour 36 (Fig. 12). Only after about forecast hour 42

(1800 UTC 25 June) do consistent positive correlations

between vorticity and P appear at low levels. Strong

correlations between midlevel relative vorticity and P

develop even later into the forecast (Fig. 12). These

results come about because there was relatively little

spread in the strength of the incipient midlevel vortex at

early forecast times, and because coherent low-level

vortices did not form in any of the members until around

forecast hour 42. Similar results were also found in the

correlations between horizontal deformation and P (not

shown). The reasons why the correlations at low levels

develop earlier than those at midlevels are not entirely

clear, though it is possible that the members that are first

to develop a strong low-level vortex are also those that

are able to maintain that vortex (J. Sippel 2010, personal

communication).

FIG. 11. Scatterplot of the 51 ensemble members (indicated by

asterisks) with 60-h forecast 850–500-hPa vector shear magnitude,

averaged over the area shown in Fig. 1 along the abscissa and P

along the ordinate. The correlation coefficient and its square are

given in the top right, and the observed values are shown by the

diamond. The linear least squares fit line is also shown.

FIG. 12. Time series showing the correlations between area-

averaged relative vorticity (averaged over the area shown in Fig. 5)

at the 925-, 850-, 700-, and 500-hPa levels and P.
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Somewhat surprisingly, correlations between vari-

ables used for diagnosing moist convection and P are not

as strong as those seen in the synoptic-scale kinematic

variables in the time leading up to the development of

the warm-core vortex. One of the strongest correlations

with a convective variable is actually a negative corre-

lation between convective available potential energy

(CAPE) in the Great Plains and P at hour 48 (0000 UTC

26 June; Fig. 13a). This represents decreased values

within an axis of high CAPE that extended southward

from a maximum in the Dakotas, and it is not clear

whether decreased instability in this area had an effect

on later convection farther southeast, or whether it was

a reflection of stabilization by convection locally. The

correlations between total column water (TCW) and P

have magnitudes less than 0.5 at forecast hours 36 and

48, though a small area of r . 0.5 is present at hour 60

over Kansas and Oklahoma along a gradient in the en-

semble mean TCW (Fig. 13b). There are a few reasons

why the relationships between these variables and P

may be relatively small. Given the large spatial scale of

the initial ensemble perturbations, it is possible that

variables representing atmospheric moisture are less

dispersive in the ensemble than the synoptic-scale mass

and wind fields. It is also possible that thermodynamics

was not a strong distinguishing factor between an event

and a nonevent in this case. For example, the TCW was

above normal relative to climatology for this period of

time, with positive TCW anomalies of 4–8 mm through

most of the southern plains on 24–25 June (not shown).

Thus, the thermodynamic environment was generally

favorable for convection and precipitation in all en-

semble members, suggesting that enhanced moisture

and instability were necessary, but not sufficient, for the

development of a long-lived vortex and widespread

rainfall.

2) COMPOSITES

To put the previously presented results into physical

perspective, composites of the six members with the

highest values of P and the six members with the lowest

values of P (hereafter referred to as the wet and dry

members) were constructed. (Composites containing

different numbers of members show similar results.) At

forecast hour 36, the 500-hPa pattern is similar in both

the wet and dry composites (Figs. 14a and 14b), with the

incipient vortex located over the southern plains,

a trough in the Pacific Northwest, and a ridge over the

north-central United States. The main difference be-

tween the two composites is in the depth and location of

the trough over the Pacific Northwest (Fig. 14c). How-

ever, smaller differences also exist over the southwest-

ern United States, where the wet composite has

a weaker anticyclone, and the central plains, where the

wet composite has a stronger ridge (Fig. 14). The loca-

tions and signs of these differences are similar to those in

the 500-hPa height correlation and covariance fields

(Fig. 8).

As time progresses, the differences between the two

composites increase, and the strength of the anticyclone

in the southwestern United States (and its associated

wind field) become particularly important. At hour 60,

the incipient vortex in the wet composite is zonally

broader than that in the dry composite (Figs. 15a and

15c), the anticyclone and associated flow over the

southwest is weaker in the wet composite, and the short-

wave trough along the California coast is also weaker in

the wet composite (Fig. 15e). This is the time that was

FIG. 13. As in Fig. 8a, but for correlations of (a) CAPE at forecast hour 48 and (b) TCW at forecast hour 60 with P. In (a), the ensemble

mean CAPE is contoured every 1000 J kg21 starting at 1000. In (b), the ensemble mean TCW is contoured every 10 mm starting at 10. In

the ECMWF ensemble, TCW is defined as the vertical integral of (water vapor 1 cloud water 1 cloud ice) (ECMWF 2010b).
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shown to have very strong correlation between the 850–

500-hPa vertical shear and P (Fig. 11), and the relevance

of this shear is apparent in the composite 500-hPa winds

as well; in the dry composite, there is north-northeasterly

flow over western Kansas, Oklahoma, and Texas, whereas

the wet composite has weaker northerly or even easterly

winds in this area (Figs. 15a and 15c). In addition to these

differences in the vertical wind shear, there is also less

horizontal deformation taking place at midlevels over the

southern plains in the wet composite (not shown explic-

itly, but inferred from Figs. 15a–d).

In addition to shearing the incipient vortex, the

stronger northerly shear in the dry composite also re-

sults in convection occurring farther downshear (south)

of the vorticity maximum (Fig. 16b), whereas the weaker

shear in the wet composite allows convective precip-

itation to occur closer to the vorticity center (Fig. 16a).

This likely results in an intensification of the midlevel

vortex via latent heat release and potential vorticity

redistribution (e.g., Haynes and McIntyre 1987) farther

north in the wet members; whereas this process occurs

farther south (and also undergoes stronger shear) in the

dry members. As noted by Davis and Bosart (2004, their

Fig. 3) for the genesis of TCs via the tropical transition

mechanism, convection occurring upshear of the in-

cipient low tends to be more favorable for later de-

velopment, as the convection itself serves to reduce the

shear over the low. The differences in the location of

precipitation between the two composites appear to be

related more to these kinematic influences than to

thermodynamic factors, as there was an axis of high

CAPE (more than 2000 J kg21) across central Texas in

both composites (not shown explicitly, but shown in the

ensemble mean in Fig. 13a), and differences in TCW

across Texas between the composites were only a few

millimeters (not shown).

By hour 72, the southwest anticyclone has strength-

ened further in the dry composite, as the 5940-m height

contour has moved into western Kansas and southern

Nebraska (Fig. 15d) and there are north-northeasterly

winds across the north side of the vortex. As a result of

this, and of the convection being located farther south,

the cyclonic vorticity maximum has moved into south-

west Texas. In the wet composite, on the other hand, the

southwest anticyclone is much weaker, as are the north-

erly winds on the north side of the vortex, and the com-

posite vorticity maximum has moved northward into

central Oklahoma (Figs. 15b and 15f). In the wet mem-

bers, this vortex then remains over the southern plains

in a similar manner to what was observed, whereas

the vortex in the dry members moves southwestward

into the high terrain of Mexico and dissipates. Because

the composites become overly smoothed at later times,

owing to slightly different positions of vorticity max-

ima among the ensemble members included in the

composites, the composites are not shown at these later

times. However, two representative ensemble members

FIG. 14. The 500-hPa geopotential height (contoured every

30 m), relative vorticity (1025 s21, shaded), and wind vectors at

forecast hour 36 (valid 1200 UTC 25 Jun). (a) Composite of six

members with the highest values of P, referred to as the wet

composite. (b) Composite of six members with the lowest values of

P, referred to as the dry composite. (c) Difference in 500-hPa

height (m, shaded) between the wet and dry members.
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illustrate that, by hour 96, the earlier differences in the

mass and wind fields have led to vastly different results,

with a strong vortex over Oklahoma and Kansas in

member 2 (Fig. 17a) that resembles the analysis at this

time (Fig. 4f), and a decaying vortex over Mexico with

an anticyclone over the southern plains in member 25

(Fig. 17b). In member 2 (and other wet ensemble

members), the vortex remains over the southern plains

for the next several days and has heavy rainfall associ-

ated with it, whereas the members in which the vortex

was swept into Mexico have little precipitation in the

subsequent days. The resulting precipitation accumula-

tion between these two members is thus very different

(cf. Figs. 5a and 5d), with comparable differences also

FIG. 15. As in Fig. 14, but for (a),(c),(e) forecast hour 60 (valid 1200 UTC 26 Jun) and (b),(d),(f) forecast hour 72 (valid 0000 UTC

27 Jun).
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occurring among the other individual members in the

composites (not shown). The primary factors discrim-

inating the ensemble members that developed a long-

lived vortex and widespread rainfall over the southern

plains from those that did not are summarized in

Fig. 18.

c. Smaller-scale factors

The presentation above focused mainly on factors that

were highlighted by correlations between synoptic-scale

fields and P. However, there were some ensemble

members that had very similar large-scale characteris-

tics, yet nonetheless resulted in different rainfall totals

over the southern plains. This is illustrated in Fig. 11,

where at low values of vertical shear, some members had

P exceeding 60 mm and some only around 40 mm. The

differences between these members will be investigated

in this section.

Three ensemble members with synoptic-scale pat-

terns that at early times were generally similar to, but

resulted in much less precipitation than, the ‘‘best’’ en-

semble members are shown in Fig. 19. These three

members had far more precipitation than the ‘‘worst’’

ensemble members shown in Figs. 5b and 5d, but not the

extreme amounts in Figs. 5a and 5c or in observations.

At forecast hour 60, these members had weak northerly

500-hPa flow over the north side of the vortex, similar to

the wet composite and in contrast to the dry composite

at this time (cf. Figs. 20a,c,e and Figs. 15a,c). Despite

these similarities, however, the forecasts from these

members diverge with time. Member 23 proceeds in

a manner different from either the wet or dry composite,

as a deep trough develops off the coast of California

(Fig. 20d). A series of short-wave troughs, associated

with deep convection, move eastward ahead of this

trough, and the developing vortex moves eastward in the

relatively strong westerly flow and does not remain over

the southern plains (not shown). The differences be-

tween ensemble member 3 (Fig. 19a) and the wet

members are more subtle. At forecast hour 96 (Fig. 20b),

FIG. 16. The 500-hPa relative vorticity (contoured every 2 3

1025 s21 starting at 4), 850–500-hPa shear vectors, and precipita-

tion (mm, shaded) in the 12 h ending at forecast hour 60 (1200 UTC

26 Jun) for the (a) wet and (b) dry composites.

FIG. 17. As in Fig. 14a, but for individual ensemble members (a) 2 and (b) 25 at forecast hour 96 (0000 UTC 28 Jun).
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a strong vortex has developed, but it is located over

west-central Texas, slightly farther south than the ob-

served vortex at this time. The vortex in this member

moves slowly to the southwest and maintains its in-

tensity, but with the result being erroneous heavy pre-

cipitation over south Texas (Fig. 19a). Member 45

follows a similar path as member 3 (Figs. 20e and 20f),

but the convection near the vortex is weaker (not

shown). The vortex in this member also drifts slowly

southward, but weakens with time and dissipates com-

pletely by hour 108 (not shown). These three members

illustrate the wide range of quantitative precipitation

forecasts that result even with very similar synoptic-

scale flow patterns at early times in the forecast.

5. Discussion

As discussed previously, there are some limitations to

the analysis presented here. Because the initial ensemble

perturbations are at large spatial scales, they then tend

to project on large scales at later times as well. Thus, the

‘‘failure modes’’ for cyclogenesis and heavy rainfall

suggested in Fig. 18b and section 4c may not be the only

such failure modes for an event such as this. It has been

established that small-scale errors owing to moist con-

vection are also often responsible for large-scale errors

at later times (e.g., Zhang et al. 2003), and since the

ECMWF ensemble has relatively coarse resolution, it

does not include some of these potential error sources at

the smallest scales. Thus, this study provides a way of

estimating the predictability of a widespread heavy rain

event, but is not a comprehensive predictability analysis.

Nonetheless, the analysis in this study does provide

some clues into the reasons for poor medium-range

predictions of this event. Relatively small differences in

the structure of the height and wind field in the southern

United States translated into vastly different precip-

itation predictions over a large part of the country for

FIG. 18. Schematic diagram illustrating the large-scale factors leading to (a) development and (b) nondevelopment

of a long-lived vortex and associated widespread rainfall, as indicated by differing ensemble members. The 500-hPa

height patterns at an earlier time, and 36 later, are shown for both instances. Black arrows denote representative flow

vectors. The 3 indicates the location of the 500-hPa vorticity maximum, gray shading indicates the location of deep

convection, and the dotted arrow indicates the movement of the vortex over time.
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many days. For forecasters and users alike, the propo-

sition that the next week may bring anywhere from be-

low normal precipitation to one of the wettest weeks on

record in the warm season is not encouraging. In

a broad-brush sense, global ensembles typically provide

skillful forecasts at this range (e.g., Schumacher and

Davis 2010), so the fact that there are some events with

excellent forecasts and others with huge uncertainties

creates a challenge for those communicating the fore-

casts and those trying to understand then.

The 500-hPa level has been the primary focus of the

analysis here, both for the sake of simplicity in pre-

sentation and because it is generally the level with the

highest correlations to later precipitation of the levels

available. Of course, the patterns reflected at 500 hPa

are also related to features in the lower and upper tro-

posphere. For example, the development of the vortex

and heavy precipitation is also associated with a slightly

more amplified pattern on the dynamic tropopause, with

a higher-amplitude ridge over the central United States

and the eventual progression of a deeper trough over

the western United States (not shown). Furthermore,

there appears to be a connection between the location

of the low-level baroclinic zone that was located across

the eastern United States and the resulting precipi-

tation, though this relationship is less straightforward

than that demonstrated in the midlevel height and wind

fields.

An event such as this also points toward other avenues

of research. Aside from other documented examples such

as the case described by Nielsen-Gammon et al. (2005),

Zhang et al. (2006), and Knebl Lowrey and Yang (2008),

it is not known how often these slow-moving, multiple-

day vortices have occurred in the past, so an examination

of climatological data for these events is warranted. Also,

given the great sensitivity to small changes in the synoptic

environment in this case, it is likely that there are many

past instances where conditions were similar to those in

June 2007 but long-lived circulations failed to develop.

Further analysis of both developing and nondeveloping

cases in the past would help to generalize, or refute, the

findings of this study. This ensemble-based analysis also

only scratches the surface of the dynamics of long-lived,

nearly stationary continental vortices and their relation-

ships to the synoptic-scale flow, which could be examined

more fully with numerical experiments. In particular,

the similarities and differences between this type of

vortex and the genesis of a tropical cyclone over water

remain open to investigation, and the importance of deep

convection in maintaining the vortex over the southern

plains has not been quantified. The development of sur-

face fronts in association with a long-lived MCV has been

documented by Galarneau et al. (2009), and the dynam-

ical similarities between their case and this one could also

be examined.

6. Conclusions

In this study, global ensemble forecasts are used to

investigate the processes responsible for the develop-

ment and maintenance of a multiple-day rain event that

occurred in late June 2007. This event was previously

shown to be poorly predicted at the medium range

FIG. 19. As in Fig. 5, but for ensemble members (a) 3, (b) 23, and

(c) 45.
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relative to other events of similar spatial and tempo-

ral scales, with low skill and large spread in ensemble

forecasts. The heavy rainfall was associated with a long-

lived warm-core vortex over the southern plains of the

United States, and the ensemble quantitatively demon-

strates the close connection between this vortex and

the accumulated precipitation. Linear statistics are cal-

culated to examine the atmospheric structures that fa-

vored or inhibited the development of the vortex and

associated rainfall. The strength of a midtropospheric

anticyclone in the southwestern United States was

closely related to the later development of the vortex. A

weaker anticyclone, which was also associated with

weaker northerly wind shear over the incipient vortex,

was favorable for development. In the ensemble mem-

bers with a weaker anticyclone in the southwest United

States, convection developed near the vortex center, and

the vortex intensified and remained nearly stationary. In

FIG. 20. As in Fig. 14a, but for individual ensemble members (a),(b) 3, (c),(d) 23, and (e),(f) 45 at forecast hours (a),(c),(e) 60 and

(b),(d),(f) 96.
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the members with a stronger anticyclone, on the other

hand, convection primarily occurred downshear of the

vortex center and the circulation moved southwest into

Mexico and eventually dissipated. These relatively small

initial differences in the tropospheric mass and wind

fields ultimately resulted in vastly different forecasts of

precipitation over the southern plains. This strong sen-

sitivity to small differences in the initial conditions un-

derscores the importance of using ensembles for

predicting the development of warm-core vortices over

both land and ocean.
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