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1 E x e c u tiv e  S u m m ary

The DOE ARM program has promoted understanding of cumulus convection by producing high- 
quality “single-column model” observational datasets tha t allow one to run and evaluate single
column models and cloud-resolving models based on observed large-scale conditions. The cloud and 
radiation fields produced by such simulations can then be compared to measurements by an ARM 
cloud profiling radar, as well as to satellite-based measurements. This is an excellent approach for 
stratiform cloud systems, but not for convective cloud systems, which are inadequately sampled by 
the cloud profiling radars. However, the existing observational systems at the ARM Southern Great 
Plains (SGP) Atmospheric Climate Research Facility (ACRE) can be used to provide a much more 
extensive spatial sampling of convective cloud systems. Because convective cloud systems generally 
have strong interactions with boundary layer circulations and thermodynamics, the boundary layer 
wind and thermodynamic fields contain a great deal of information about convective cloud systems 
and their interactions with the boundary layer.

We developed new methods to “retrieve” information about convective cloud systems from 
mesonet and precipitation data. Our data products are based on 15 years of 5-minute Oklahoma 
Mesonet data and hourly Arkansas Basin River Forecast Center (ABRFC) gridded precipitation 
data and include (1) statistics of the surface divergence field from which estimates of near-cloud-base 
updraft and downdraft mass fluxes can be made, and (2) catalogs of (a) frontal passage properties 
(time and location, tem perature drop and pressure rise), and (b) convective cold pool properties 
(time and location, size, duration, temperature drop and pressure rise).

2 C om p a r iso n  o f  A c tu a l A c c o m p lish m e n ts  w ith  P r o je c t  G oa ls

2.1 Goals and objectives

Our research goals were to thoroughly investigate the following hypotheses:

1. Updraft and downdraft cumulus mass fluxes can be retrieved or estimated from surface 
mesonet observations of wind velocity combined with gridded precipitation rate.

2. Cold pool properties can be retrieved or estimated from surface mesonet observations of 
temperature, water vapor, and pressure.

3. Convective system evolution depends on cold pool development.

4. A prognostic cumulus parameterization that predicts both cloud-scale and mesoscale cumulus 
kinetic energy will exhibit improved convection initiation (triggering).

5. Cumulus parameterizations need to consider elevated convection initiation, not just surface- 
based.

We proposed to produce a number of datasets based on Oklahoma Mesonet data and gridded 
precipitation data for 13 warm seasons. Our proposed data products included the following hourly 
time series for the Oklahoma Mesonet region:

• Estimates of cloud base updraft and downdraft mass fluxes retrieved from the surface diver
gence field.

• Estimates of rain evaporation retrieved from cold pool pressure perturbations.

• Cold pool properties (occurrence, size, depth).
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• Spatial variances of potential temperature, water vapor, moist static energy, and wind vari
ance, at the surface.

• Precipitation rate and area fraction.

2.2 A ctual accom plishm ents

We thoroughly investigated the first two hypotheses:

1. Updraft and downdraft cumulus mass fluxes can be retrieved or estimated from surface 
mesonet observations of wind velocity combined with gridded precipitation rate.

2. Cold pool properties can be retrieved or estimated from surface mesonet observations of 
temperature, water vapor, and pressure.

The actual data products tha t we produced were based on 15 full years (not 13 warm seasons) of 
Oklahoma Mesonet data. They include the following hourly time series for the Oklahoma Mesonet 
region:

• Statistics of the surface divergence field from which estimates of near-cloud-base updraft and 
downdraft mass fluxes can be made.

• Spatial variances of potential temperature, water vapor, moist static energy, and wind vari
ance, at the surface.

• Precipitation rate and area fraction.

The data products tha t we produced also include complete catalogs of:

• Frontal passage properties (time and location, temperature drop and pressure rise).

• Cold pool properties (time and location, size, duration, tem perature drop and pressure rise). 

3 P r o je c t  A c t iv it ie s

3.1 R etrieving updraft and downdraft cum ulus m ass fluxes from m esonet observa
tions

The Oklahoma Mesonet surface wind data and the Arkansas Basin River Forecast Center (ABRFC) 
gridded precipitation data from May to August, 1997, were used to demonstrate and evaluate a 
new method for retrieving the area-averaged cloud-base updraft and downdraft mass fluxes from 
statistics of the surface divergence field (Sun and Krueger 2012). Because there are no direct 
observations of cloud-base mass fluxes, the gridded precipitation data were used as a proxy. These 
observational results indicate tha t it is possible to retrieve cloud-base mass fluxes from statistics of 
the mesoscale surface divergence field.

We also performed an OSSE (observing system simulation experiment) based on two CRM 
simulations to examine the performance of the cloud-base mass flux retrieval method (Sun and 
Krueger 2012). The results from a 54-hour 3D simulation of a maritime tropical convective system 
support estimating updraft and downdraft cloud-base mass fluxes using statistics of the mesoscale 
surface divergence field. However there is a slight time lag in the estimated cloud-base mass 
fluxes relative to the actual fluxes in the simulations. The results from the 29-day 2D ARM SGP 
simulation of convective systems observed during the summer 1997 SCM IOP (Xu et al. 2002) also 
suggest tha t it is possible to estimate updraft and downdraft near-cloud-base mass fluxes using
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Table 1: Seasonal correlations of M + and with mesonet precipitation for 1997-2011.

Average Correlation Spring Summer Fall W inter
M +, Precip 0.50 0.59 0.45 0.31

, Precip 0.55 0.64 0.44 0.24

statistics of the mesoscale surface divergence field. However, the peak values of the mass fluxes 
were not well estimated.

We also investigated whether fractional area or vertical velocity predominately determines the 
cloud-base mass fluxes. In the maritime tropical convective system simulation, the variations in 
cloud-base mass fluxes were mainly due to variations in fractional area. However, in the ARM 
SGP simulation, neither the vertical velocity nor the fractional area was the dominant factor in 
determining the cloud-base mass flux variations, which agrees with what we inferred from the 
Oklahoma Mesonet and gridded precipitation data.

Finally, we used the CRM simulations to compare our original cloud-base mass flux retrieval 
method (which relies on surface divergence statistics), with an alternative method tha t uses the 
surface precipitation instead. Generally, the precipitation method performs slightly better than the 
surface divergence method in both simulations. When multiple regression of the surface divergence 
and precipitation is used, the cloud-base mass fluxes are slightly better estimated than with either 
surface divergence or precipitation alone.

Later in our project, we extended the four-month, May to August 1997, analysis period described 
above to the 15-year, 1997-2011, period (Lesage 2013). The 15-year analysis period allowed us to 
obtain robust statistics for the surface divergence.

Using 10-m wind vectors, as well as the methods described in Dubois and Spencer (2005), 
the divergence for each mesonet triangle for every 5-minute interval was calculated. (Delauney 
triangulation was used to create mesonet triangles with a station at each vertex.) Sun and Krueger 
(2012) and Krueger and Lesage (2009) showed that certain statistics of the surface divergence field 
are well-correlated with precipitating cumulus updraft and downdraft near-cloud-base mass fluxes. 
These statistics include M u, the mesonet average convergence in mesonet station triangles with 
convergence, and Md, the mesonet average divergence in mesonet station triangles with divergence. 
M + and are the similar to these except tha t only triangles with convergence or divergence 
> 10-4 s_1 are included. Sun and Krueger (2012) and Krueger and Lesage (2009) found tha t M u 
and M + are correlated with near-cloud-base updraft mass fluxes, while Md and are correlated 
with near-cloud-base downdraft mass fluxes. The composite annual cycle for the “downdraft mass 
fluxes” (Md) exhibits slightly stronger values on average in the spring and summer than in the fall 
and winter (Fig. 1).

Correlations were calculated for several combinations of divergence statistics and precipitation 
from the Oklahoma Mesonet. The most notable result was tha t M + and are correlated most
strongly with precipitation in the summer, and least in the winter (Table 1).

“Dry” and “wet” days were identified for the Oklahoma Mesonet. DRy days haD no precipita
tion and wet days had at least 1 mm of precipitation on average over the Mesonet. Average strong 
convergence values for the Oklahoma mesonet by season and w et/dry days are shown in Fig. 2. 
Spring and summer wet days had the highest average M +. In every season, M + was larger on 
average for wet days than for dry days: about twice as large in spring and summer, and about 10 
percent larger in winter.
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Figure 1: Average monthly values and their ranges for the Oklahoma Mesonet for 4997-2044.
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3.2 R etrieving convective cold pool properties from m esonet observations

We also retrieved information about convective cold pool properties from the 15 years of 5-minute 
Oklahoma Mesonet data and hourly Arkansas Basin River Forecast Center (ABRFC) gridded pre
cipitation data.

3.2.1 M esoanalyis procedures
We implemented and tested a set of mesoanalyis procedures used by Adams-Selin and Johnson 
(2010). The effect of station elevation was removed from the pressure dataset using the method 
of Loehrer and Johnson (1995). The station pressure was adjusted to 356.5 m, the mean height 
of the mesonet stations. Diurnal and semi-diurnal tidal oscillations were removed from the station 
pressure data using the procedure described in Johnson and Hamilton (1988). As the focus of 
our study was on mesoscale features, synoptic-scale effects were removed by applying a Lanczos 
high-pass Fourier filter (Duchon 1979) to the data. Low-frequency oscillations with periods greater 
than 82.4 h, or twice the length of a pendulum day for the average latitude in Oklahoma, were 
considered synoptic-scale phenomena tha t were irrelevant for this study and thus were removed by 
this filter. Adams-Selin and Johnson analysed four years (2002-2005) of Oklahoma Mesonet data 
using this set of procedures, and kindly made their processed station data available to us to check 
the results of our own analyses.

3.2.2 E stim ating rain evaporation from cold pool pressure perturbations
We developed a method to estimate rain evaporation in convective systems from the cold pool 
surface pressure perturbations obtained from the mesoanalysis procedure just described (Krueger 
and Lesage 2010). In the 1950s, Fujita identified meso-highs in his mesoanalyses and linked them 
to cold pools produced by rain evaporation (Fujita 1959). We are extending Fujitas (1959) method 
for estimating rain evaporation from the hydrostatic surface pressure anomaly.

In order to test Fujitas (1959) method, we obtained a 3D numerical model based on the unified 
system of equations (Arakawa and Konor 2009). This system unifies the nonhydrostatic anelastic 
system and the quasi-hydrostatic compressible system for use in very-large-domain cloud-resolving 
models. The system is fully compressible for quasi-hydrostatic motion and anelastic for purely 
nonhydrostatic motion. In this way, the system can cover a wide range of horizontal scales from 
turbulence to planetary waves. Such a model is ideally suited for simulating surface pressure 
perturbations due to rain evaporation in msesoscale convective systems.

3.2.3 Front and cold pool detection  and properties
An analysis of 15 years of Oklahoma Mesonet near-surface data, covering the 1997-2011 period, 
has been performed in order to detect fronts and cold pools and document their properties (Lesage 
and Krueger 2011a,b, 2012, Lesage 2013, Lesage and Krueger 2014a). The 104 Mesonet stations 
present in 1997 were used in this study. Each year of a station’s data were included if at least 95% 
of the year’s 5-minute observations had the key variables (1.5-m temperature, surface pressure, 
10-m wind speed and direction, and relative humidity) observed. This criterion resulted in between 
99 and 104 stations being used for each of the 15 years.

Methods were developed to identify the locations of both frontal passages and cold pools using 
these near-surface observations. Identifying frontal passages starts with developing the cold pool 
score (CPS). This unitless measure combines temperature falls and pressure rises over 30-minute 
periods computed every 5-minute interval for each of the Mesonet stations. A pressure rise of 1 mb 
is considered equivalent to 1 K of temperature drop with each contributing 1 to the CPS. Pressure 
and tem perature are utilized due to their usefulness in defining fronts in a study by Engerer et al. 
(2008). Both temperature and pressure had elevation adjustments made to the average height of 
the Mesonet stations, as well as removal of the diurnal cycle. A front is defined to have reached a
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Figure 3: Front analysis for 07Z June 13, 1997. Red dots are regions of strong convergence while 
blue dots are regions of strong divergence. Black (magenta) lines mark frontal passages where all 
corners of the triangle reach cold pool scores > 3 (> 5). Green (cyan) squares are stations that 
currently have cold pool scores > 3 (>  5).
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Figure 4: Cold pool analysis for 07Z June 13, 1997. Blue dots represent triangles currently in cold 
pools. Green open circles indicate the front location.
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Mesonet station when the CPS at a station exceeds a minimum threshold and when the CPS is the 
highest it reaches within 3 hours in either direction. In this study, 3 and 5 are used as thresholds for 
fronts and strong fronts respectively. If the stations at all three corners of a Mesonet triangle meet 
the frontal passage threshold within a 2-hour interval, the triangle is considered to have undergone 
a frontal passage. Fig. 3 is an example of a frontal analysis.

A cold pool occurs for a mesonet triangle if the triangle experiences a frontal passage, and if 
there is strong divergence within half an hour before or an hour after the frontal passage. Strong 
divergence is considered to be divergence larger than lxlO -4 s_1. The duration of the cold pool is 
considered to be the interval which includes the divergence maximum and extends temporally in 
both directions until divergence is less than half the maximum value. An example of a cold pool 
analysis is shown in Fig. 4.

The remainder of this section documents the key results from the study: Ap and A T corre
lations, and diurnal, seasonal, and geographic distributions of frontal passages. For each frontal 
passage at a station, the Ap and A T values were calculated based on the largest pressure increase 
and tem perature decrease between 30 minutes before frontal passage and 2 hours after frontal pas
sage. Statistics for this analysis are shown in Table 2. Notably, summer had the lowest changes 
in pressure with frontal passages and the lowest correlation between Ap and AT, while spring 
and winter had the highest correlations and pressure changes. About 2/3 of the frontal passages 
occurred during spring and summer.

The seasonal distribution of frontal passages across station triangles was also calculated, along 
with the number that included cold pools (Table 3). Three-quarters of the yearly total of cold pools 
occurred during spring and summer. During spring, 59% of the fronts had cold pools, while during 
summer, 80% did, and during winter, only 35% did. The percentages with cold pools were 6-8% 
greater for strong fronts.

Diurnal distributions of frontal passages were also computed for 1997-2011. The diurnal distri
bution of fronts varies by season. During the summer there is a distinct peak around 22 UTC (17 
LST) while in other seasons, the distribution has less well-defined maxima (Fig. 5).

The geographic frequency of frontal passages across the Mesonet was computed as well. Fig. 6 
shows that the annual average frontal passage frequency significantly decreases from west to east.

3.2.4 Front and cold pool case studies
By applying the methods already described to 15 years of data, tens of thousands of frontal passages 
were detected in the Oklahoma Mesonet. There were hundreds of events that involved a front that 
swept through a large portion of the Mesonet. We analyzed four such cases in detail: (1) 13 June 
1997, (2) 15-16 June 2002, () 20 May 2011, and (4) 24-25 May 2011 (Lesage and Krueger 2014b).

Table 2: Ap and A T seasonal statistics and correlations, as well as frontal passage seasonal fre
quency for stations. All stats are given for CPS > 3 /  CPS > 5.

1997-2011 AT avg. Ap avg. A T A p correlation Frontal Passages at Stations
Total -6.1K/-8.1K +2.5K /+3.2K -0.28/-0.33 72,571/25,313

Spring (MAM) -5.8K/-7.6K +2.8K /+3.6K -0.32/-0.43 22,747/7,844
Summer (JJA) -6.1K/-7.6K +2.0K /+2.5K -0.15/-0.06 23,342/9,768

Fall (SON) -6.1K/-8.3K +2.4K /+3.1K -0.23/-0.17 13,440/4,283
Winter (DJF) -6.6K/-10.2K +2.9K /+4.4K -0.41/-0.38 13,042/3,418
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Table 3: Frontal passage and cold pool seasonal statistics. All stats are given for CPS > 3 /  CPS 
> 5.

1997-2011 Total 4̂  Triangles in Fronts #  Fronts w / Cold Pools % of Fronts w / Cold Pools
Total 74,906/26,551 44,967/18,161 60.0%/68.4%

Spring (MAM) 24,684/8,635 14,493/5,644 58.7%/65.4%
Summer (JJA) 23,706/9,362 18,859/8,170 79.6%/87.3%

Fall (SON) 13,500/4,579 6,993/2,719 51.8%/59.4%
Winter (DJF) 13,016/3,975 4,622/1,628 35.5%/41.0%
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Figure 5: Diurnal distribution of frontal passages for the spring (MAM) and summer (JJA) for 
1997-2011 Oklahoma Mesonet data for all cold pools and for strong cold pools.
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Figure 6: Frontal passage distribution for 1997-2011. Dot size represents the number of years a 
triangle centroid was in tha t location. The triangles are for the 1997 station locations.

For example, the first case involved a squall line that was initiated in southeastern Colorado 
and northeastern New Mexico, then entered Kansas, the Oklahoma panhandle, and Texas. The 
line of thunderstorms entered the Oklahoma Mesonet at roughly 0300 UTC on 13 June 1997 and 
was tracked for the next seven hours as it crossed the mesonet, as shown in Fig. 7. Plotting the 
evolution of the cold pool areas is an effective way to compare cold pool sizes and durations of the 
four cases, as shown in Fig. 8. We also compared the average time series (relative to the time of 
frontal passage) of divergence, temperature, and pressure during frontal passages for the four cases 
(not shown). The time series are qualitatively the same, but differ quantitatively. Using the frontal 
passage times at the corners of each mesonet triangle, we calculated the speed and direction of the 
front for each triangle (not shown). The front speeds vary from case to case, and also during each 
case, and are mostly between 10 and 20 m /s.
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Figure 7: Front and cold pool analysis for 13 June 1997 (a) 0300 UTC, (b) 0500 UTC, (c) 0700 UTC, 
and (d) 0900 UTC. Red dots indicate mesonet triangles with divergence < —10-4 s_1 while blue dots 
indicate those with divergence > 10-4 s_1. Yellow lines are fronts with 3 < Front.Score < 5 while 
magenta lines are fronts with Front.Score > 5. W hite squares are stations with 3 < Front.Score < 5 
while gray squares designate stations with Front.Score > 5. Black dots indicate mesonet. triangles 
designated as cold pools. Color shading indicates radar reflectivity. Radar images are from the 
UCAR image archive, NEXLAB - College of DuPage.
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a. cold pool for at least. 60 minutes (black).
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