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ABSTRACT

The Oklahoma Mesonet provides an extensive surface observation network

for analyzing frontal passages and cold pools using station time series of tem-

perature and pressure along with divergence on a triangular grid. These events

were able to be further investigated in case studies and a 15-year climatology

of frontal passages and cold pools. Cold pools extended around 50-100 km

behind the front with duration primarily 30-60 mins under the algorithm used.

Winter had the largest mean−∆T and ∆p (6.6 K and 2.9 mb) while spring and

summer had the smallest magnitudes of−∆T (5.8 K) and ∆p (2.0 mb), respec-

tively. Correlations between−∆T and ∆p were smallest in summer (0.15) and

largest in winter (0.41). Surface convergence was similar in magnitude ahead

of fronts from spring to fall while surface divergence behind fronts exhibited

a distinct seasonal cycle; the largest values occurred during the summer and

the smallest during winter. The magnitude of convergence ahead of fronts was

not a strong indicator of cold pool formation. Fronts and cold pools were most

frequent in June (3.8 fronts and 3.0 cold pools per triangle per June) while July

and August had the highest percentage of fronts associated with cold pools.

Fronts and cold pools were over twice as likely to occur during 21-0 UTC

hours than during 1-19 UTC hours during the summer; other seasons showed

a weak diurnal cycle with a slight nocturnal maximum.
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1. Introduction27

Cold pools are a prominent and common feature of frontal passages which have been studied for28

over half a century. Observations from the Thunderstorm Project described regions of descending29

air behind a squall line caused by evaporative cooling (Newton 1950). Convergence ahead of the30

leading edge of the cold pool with divergence behind was also noted as a prominent feature in31

case studies of these squall lines. The results were similar to those observed during the Cloud32

Physics Project in which pressure jumps, temperature falls, wind shifts, and precipitation features33

were observed with squall lines (Tepper 1950). Tepper referred to the squall lines as propagating34

“pressure jump lines”.35

In his synoptic analysis of squall lines in the Central United States, Fujita identified three main36

features of the associated surface pressure field: the pressure surge line, the thunderstorm high,37

and the wake depression (Fujita 1955). The pressure surge line marks the thunderstorms’ leading38

edge and moves in the storm propagation direction. The thunderstorm high, later more commonly39

referred to as a mesohigh (Stout et al. 1957), is the high pressure region led by the pressure surge40

line that contains cool downdrafts that spread out upon reaching the surface. The region of surface41

cooling from these downdrafts is what would become known as the cold pool of the thunderstorm42

and is often associated with the mesohigh. The wake depression is a region of low pressure,43

typically behind the thunderstorm high, which forms a “pressure dipole” with the thunderstorm44

high.45

Quantitative analysis of the dynamics and structure of a cold front in Oklahoma was first per-46

formed over half a century ago (Sanders 1955; Schultz 2008). Sanders found that horizontal47

temperature gradients and divergence associated with a cold frontal passage were strongest near48

the surface. Additionally, the cold front in Sanders (1955) progressed with a rearward tilt with49
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height, which is most common though there are exceptions to this structure (Schultz and Steen-50

burgh 1999). A model simulation revisiting the Sanders (1955) case found a vertical leading edge51

in the lowest km and a prefrontal wind shift (Schultz and Roebber 2008).52

While the classical cold front conceptual model contains a colocated temperature decrease, pres-53

sure trough, and wind shift, this is far from the only type of cold front structure. Oftentimes these54

features are disconnected with a prefrontal trough or prefrontal wind shift ahead of the cold front55

(Schultz 2005). Schultz reviewed ten different mechanisms, six internal and four external, po-56

tentially responsible for prefrontal wind shifts. The magnitude of potential temperature gradients57

were larger for a case with coincident temperature gradient, pressure trough, and wind shift, than58

in a case with similar initial horizontal temperature gradient and frontogenesis but with a prefrontal59

wind shift (Schultz 2004).60

In some cases a temperature increase is possible after a cold frontal passage (Doswell III and61

Haugland 2007). Their 7 December 2006 case involved a front where shear-induced turbulence62

from strong postfrontal winds resulted in mixing of a pre-frontal surface inversion which had63

developed overnight in calm winds.64

Evaporation of convective precipitation has long been known to result in downdrafts65

(Humphreys 1914). Cold pool wakes have been shown to recover faster if the downdraft re-66

gion contains weaker subsidence (Johnson and Nicholls 1983). When these downdrafts reach the67

surface they spread horizontally as density currents with divergent flow (Knupp and Cotton 1985;68

Knippertz et al. 2009). In studies where only surface variables are known, surface winds have69

been used to estimate downdraft mass fluxes (Sun and Krueger 2012).70

Downdrafts have been found to cause damage through strong surface outflow winds (Fujita and71

Wakimoto 1981; Coleman and Knupp 2011). These outflow winds are gust fronts, “the leading72

edge of a mesoscale pressure dome followed by a surge of gusty winds on or near the ground”73
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(Wakimoto 1982). Wakimoto found that gust front edges were frequently the location of updrafts.74

The gust front propagation speed increases with the horizontal pressure gradient driving the gust75

front (Seigel and van den Heever 2012). High surface winds in the outflows are commonly found76

with slow propagation speeds, large amplitude pressure disturbances, and ambient winds of the77

same sign, such as a headwind with a pressure trough (Coleman and Knupp 2009).78

Cold pools have a large range of sizes. Those associated with a single cumulonimbus cell are79

on the order of 10 km across (Tompkins 2001) while cold pools associated with a mesoscale80

convective system (MCS) can be 100-400 km wide (Stensrud et al. 1999). Air entrained from81

above the boundary layer into the wake of the downdraft resulted in temperature recovery of the82

cold pools in the Tompkins study.83

A four-stage convective life cycle for MCSs was developed by Engerer et al. (2008) based on84

Oklahoma Mesonet cases that produced cold pools: 1) first storms, 2) MCS initiation, 3) mature85

MCS, and 4) MCS dissipation. The stages with the largest potential temperature decrease and86

pressure increase, respectively, were 9.5 K for the first storms stage and 4.5 mb for the mature87

stage. Adams-Selin and Johnson (2010) also used Oklahoma Mesonet data to find thirty-six bow88

echo cases and produced a conceptual model for bow echoes that exhibits a pressure rise and89

temperature drop pattern associated with cold pools.90

Cold pool climatologies have been performed for the Atlas Mountains regions of North Africa91

(Emmel et al. 2010; Redl et al. 2015). For An Integrated Approach to the Efficient Management92

of Scarce Water Resources in West Africa (IMPETUS) data Emmel et al. (2010) used dew point93

temperature increases and wind speed thresholds for rain-free stations to identify density currents94

at stations. IR satellite images were examined manually to subjectively verify the presence of95

those identified density currents. Later work by Redl et al. (2015) used brightness temperature at96

microwave frequencies as an objective satellite verification method for cold pool leading edges.97

5



In this study, temperature drops and pressure rises at Oklahoma Mesonet automated weather98

stations are analyzed for the 1997-2011 period to generate a dataset for a climatology. These time99

series are used with a triangular spatial grid. Fronts associated with convective, mesoscale, and100

synoptic systems would be detected in this front analysis. Cold pool area is defined to include101

regions of surface divergence exceeding a threshold following a frontal passage, which is detected102

by a temperature drop and a pressure rise.103

Modeling studies have looked at downdraft and cold pool influences on convection. Colliding104

outflow boundaries have been modeled in 3-D numerical cloud models (Droegemeier and Wil-105

helmson 1985). It was found that collision areas were warmer and moister resulting in greater106

lifting of air over the cold pool aiding in the formation of new convection. Simulations of squall107

lines have shown that low-level shear can aid in deeper lifting at cold pool outflow boundaries108

allowing squall lines to maintain structure for several life cycles of convective cells (Rotunno et al.109

1988).110

Modeling of GATE ship array cases found that precipitation evaporation influences the wake111

height and thermodynamic characteristics (Nicholls and Johnson 1984). Without evaporative pre-112

cipitation the mixed layer would be shallower with reduced surface fluxes due to a higher mixed113

layer temperature. Analysis of simulated trade wind cold pools from Rain In Cumulus over the114

Ocean (RICO) campaign data found updrafts close to the cold pool boundary were moister and115

had higher vertical velocity than updrafts further away from the cold pool (Li et al. 2014).116

Parameterizations have looked at convective cells for years; however, convective downdrafts117

were considered to be a lesser source of downward mass flux compared to the environment and118

thus were left out (Moorthi and Suarez 1992; Pan and Randall 1998). Neglecting the compensating119

cumulus downdraft mass fluxes tends to result in a too warm and dry lower troposphere (Johnson120
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1976). Later versions of models included downdrafts as well as exchanges between clouds and the121

environment (Cheng and Arakawa 1997; Kain and Fritsch 1990).122

One attempt at parameterizing cold pool processes involved parameterizing cold pool area,123

depth, and propagation speed, treating the propagation like a gravity wave that recovers via surface124

and entrainment fluxes (Qian et al. 1998). The scheme performed reasonably well for GATE, Trop-125

ical Ocean and Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA-126

COARE) cases and when incorporated in the NCAR Community Climate Model (CCM3), albeit127

with shallow, warm, and moist biases (Rozbicki et al. 1999).128

Another method of parameterizing cold pools involved a prognostic variable, org, which at-129

tempted to capture the effects of convective organization on properties of entraining plumes130

(Mapes and Neale 2011). A higher org value resulted in more entrainment, precipitation, con-131

vective heating, and rain evaporation.132

Cloud-system resolving simulations with parameterized large-scale circulation have found that133

convection remains disorganized with weak vertical shear, but larger vertical shear resulted in134

linear mesoscale systems (Anber et al. 2014). They found that high surface fluxes had higher135

organization even without shear, suggesting that, while shear can promote organization, it is not136

required. The more organized systems had more rain, larger mass fluxes, more cloud cover, higher137

vertical velocity, and higher moist static energy.138

Pressure rise data in this study could serve as a basis for comparison of rain evaporation esti-139

mates. Fujita proposed a method to estimate rain evaporation which assumed that the pressure140

rise is a result of cooling (and associated hydrostatic adjustment) due to precipitation evapora-141

tion (Fujita 1959). Comparing such rain evaporation estimates to rain evaporation derived from142

convection-resolving model simulations would allow one to test and refine the method. The re-143

sulting rain evaporation estimates could be used to evaluate and improve microphysical parame-144
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terizations in convection-resolving models. More accurately representing regions of cold air pro-145

duction due to precipitation evaporation and surface outflow boundaries could lead to an improved146

predictability of cold pool properties and convection initiation which could, in turn, be used to147

evaluate cold pool parameterizations in global weather and climate models.148

2. Methodology149

a. Oklahoma Mesonet dataset150

The 1997-2011 period of Oklahoma Mesonet dataset was used in this analysis (Brock et al.151

1995; McPherson et al. 2007). Mesonet observations have been collected since 1994 at 5-minute152

frequency with each county of Oklahoma represented by at least one station for a total of over 100153

stations spaced “just under 30 km” apart (Engerer et al. 2008). The data were downloaded from154

the ARM archive (Atmospheric Radiation Measurement (ARM) Climate Research Facility 2012).155

Mesonet stations were placed with preferences for rural sites with low-level vegetation, away156

from lakes and forests, on a slope less than 5◦, with soil properties representing a large area, and157

that any obstructions should be at least 20 times the height of the obstruction away from the site158

(Brock et al. 1995). However, not all stations could meet all of the preferences due to variations159

primarily involving how hilly and forested terrain is across the state.160

Mesonet site instrumentation, uncertainty, and resolution are detailed in Brock et al. (1995). A161

10-m Rohn 20G tower holds a R. M. Young 5103 wind monitor mounted at 10m AGL for wind162

speed and direction and a modified Vaisala HMP35 sorption probe with a thermistor to measure163

relative humidity and temperature at 1.5m AGL. A Vaisala PTB 202 barometer is included in the164

data logging enclosure. Precipitation is measured with a MetOne 099M tipping-bucket rain gauge165

with a wind screen to reduce influence from the rain gauge being sited in open areas.166
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Over the years stations have been added but for the purposes of this analysis, only the 113 sta-167

tions present at the beginning of 1997 were considered. Six stations residing in the Oklahoma168

Panhandle were excluded to leave a simpler map for tracking fronts in case studies. Of the re-169

maining stations, each station was checked for data availability of 1.5-m air temperature, 10-m170

vector average wind magnitude, 10-m vector average wind direction, and station pressure. Only171

stations which exceeded 90% data availability for a given year were included in analysis for that172

year, which ranges from 99 to 104 stations, to minimize the influence of stations that were down173

for significant amounts of time.174

The climatology developed in this analysis is of frontal passages and cold pools at gridded175

Mesonet triangles, described in the following subsections. The station spacing of the Oklahoma176

Mesonet is sufficient to resolve large MCS events and their associated cold pools over many tri-177

angles while smaller systems, such as a cold pool from an individual cumulonimbus cloud, might178

be missed in the Mesonet data. Events that cover large portions of Oklahoma will be counted for179

each triangle crossing in order to represent the proportion of times a larger system is responsible180

for a front and/or cold pool the average triangle experiences.181

b. Mesonet grid182

Mesonet stations which met the observation threshold described in section 2a for a year were183

gridded using the Delaunay triangulation procedure (Fig. 1) similar to that used in Sun and184

Krueger (2012). The triangles provide the highest resolution supported by the Oklahoma Mesonet.185

Additionally, frontal passages could be tracked across the Mesonet using the triangle edges to map186

estimated movement. Triangular grid cells were defined in order to calculate surface divergence187

(described in section 2c). The resulting grids for each year contained some low aspect ratio tri-188
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angles1 along the border which were removed. Two stations very close to each other located at189

approximately 35◦N 98◦W resulted in two low aspect ratio triangles which were also removed.190

The station coordinates (longitude, latitude, and altitude) changed in the case of a few stations191

which moved during the 15-year period (1997-2011). These stations were excluded from the grid192

during the year in which they moved. Due to the varying number of stations that met the observa-193

tion threshold each year, and to stations that changed location during a year, the grid was adjusted194

slightly from year to year.195

It was also determined that triangles with relatively long side lengths were not representative of196

the temporal scales used in the analysis of this study which require all three corners of a triangle to197

experience a frontal passage within two hours. After considering having a large enough maximum198

side length to retain most of the center of the grid, but small enough that triangles would not lose199

too many fronts due to speed requirements to cross the triangle, all triangles with a longest side200

length of greater than 80 km were excluded. This resulted in the removal of 10 to 13 triangles each201

year which were primarily along the borders of the domain.202

c. Divergence203

The Mesonet stations’ 5-minute average wind magnitude and direction values were used to deter-204

mine the divergence in each Mesonet triangle. This calculation used the equations for the horizon-205

tal divergence of triangles on irregular grids (Davies-Jones 1993; Dubois and Spencer 2005). Sun206

and Krueger (2012) performed these divergence calculations for the Oklahoma Mesonet specifi-207

cally for surface divergence analyses. The divergence values then had a 15-minute rolling average208

applied to smooth out some of the noise in the data.209

1The aspect ratio of a triangle is defined as 2Ri/Ro where Ri is the radius of the circle inscribed within a triangle and Ro is the radius of the

circle circumscribed around the triangle.

10



d. Front analysis210

Temperatures at each station were adjusted to remove the diurnal cycle. Without the removal211

of the diurnal cycle for temperature, many spurious frontal passages would be generated by the212

analysis in the late afternoon and evening when the surface is rapidly cooling. The diurnal cycle for213

a station was calculated based on the average temperature for each observation time. The average214

temperature was determined by using all valid temperature measurements at a station during the215

15-year period for the observation time as well as all of the observations 24 and 48 hours before216

and after the observation time at the station (Eq. 1).217

Tdiur. = [
2011

∑
1997

day+2

∑
day−2

Tt ]/n (1)

In this equation, n is the total number of valid observations and t is the observation time. Though218

much less likely to cause a spurious front detection, the diurnal cycle was also calculated for the219

pressure observations. These diurnal temperature and pressure values were then subtracted from220

the observations to yield the diurnal cycle adjusted datasets of temperature and pressure.221

Since temperature drops and pressure rises comprise the core aspects of cold frontal passages,222

and frontal passages sometimes involve one much more than the other, combining these two vari-223

ables provides a useful metric for front occurrence and strength. The front score (FS) is a unitless224

variable used in this study to represent the strength of a frontal passage. The FS uses the diurnal-225

adjusted over 30-minute interval temperature falls,−(∆T )30, and pressure rises, (∆p)30, calculated226

every 5 minutes. For example, the FS at 1230 UTC uses the changes in adjusted temperature and227

pressure between 1200 UTC and 1230 UTC. A 1 mb pressure increase is equivalent to a 1 K tem-228

perature drop. Later, observations will show that temperature drops tend to be larger than pressure229

rises. Adding these changes yields the FS:230

FS(t) =−1 K−1(∆T )30 +1 mb−1(∆p)30. (2)
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231

As an example, the FSs at the Blackwell Mesonet station for JJA 1997 are shown in Fig. 2. The232

front scores for all stations for all 5-minute observations over the 1997-2011 period are shown in233

Fig. 3. Higher magnitude positive front scores are more common than negative front scores of the234

same magnitude.235

FSs were used to detect when a frontal passage occurred at a Mesonet station or triangle. A front236

is considered to have reached a Mesonet station when (1) the FS at the station exceeds a threshold237

and (2) the FS is the maximum value reached during the 6 hours centered at the analysis time.238

Requiring both conditions more accurately identifies the primary front associated with a system.239

A FS >= 3 was used as the threshold to detect a front.240

A frontal passage at a Mesonet triangle (as opposed to a Mesonet station) is stipulated to have241

occurred if all three stations that comprise the triangle corners experience a frontal passage within242

a 2-hour interval. The 2-hour limit limited the size of triangle side length that could be used so243

as to avoid an underestimate in frontal passage frequency. However, extending the 2-hour limit244

would have captured more spurious fronts. The duration of a frontal passage at a triangle is the245

time elapsed from when the first corner is reached until the time when the last corner is reached.246

The resulting fronts could be tracked across the Mesonet as they progressed through Oklahoma.247

The statistics of changes in temperature and pressure were comprised of all three corner stations248

of the triangle individually involved in a frontal passage across a Mesonet triangle. The maximum249

temperature drop during a frontal passage, −∆T , was calculated by subtracting the lowest tem-250

perature within 2 hours after the frontal passage at a station from the highest temperature within251

30 minutes before the frontal passage. The maximum pressure rise, ∆p, was calculated by sub-252

tracting the lowest pressure within 30 minutes before the frontal passage at a station from the253

highest pressure within 2 hours after the frontal passage. This finds the total changes in pressure254
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or temperature associated with a front while −(∆T )30 and (∆p)30 were used to ensure that the255

temperature decreases and pressure increases are connected.256

e. Cold pool analysis257

Surface divergence is used in this study to separate fronts associated with cold pools from other258

frontal passages. Consequently, a cold pool region is defined in this study to be a Mesonet triangle259

with surface divergence (that exceeds a threshold described below) following a frontal passage.260

The cold pools in this study generally consist of regions in which a cold air mass is expanding261

via precipitation processes such as evaporative cooling and downdrafts. Precipitation is necessary262

for evaporative cooling, though the precipitation does not have to reach the ground for evaporative263

cooling to occur. Dry (non-precipitating) frontal passages generally did not result in cold pools in264

this study due to insufficiently large divergence values.265

Quantitatively, a cold pool was deemed to have occurred in this study at a Mesonet triangle if the266

triangle experienced a frontal passage and if the 15-minute-averaged strong divergence threshold267

(10−4s−1) was exceeded within half an hour before to an hour after the front propagates halfway268

through the triangle. The longer time duration after the frontal passage recognizes that cold pools269

follow gust fronts. It is possible, given the resolution of the Mesonet grid, that a cold pool region270

could seemingly be slightly ahead of a front. When a cold pool region is determined to have271

occurred, its duration at the triangle is calculated. The time interval during which the divergence272

exceeds half of its maximum value in a triangle is defined as the stations’ cold pool duration.273

The half maximum is used to reduce the influence of triangle size on divergence. Other studies274

with three-dimensional data have used near-surface negative buoyancy thresholds to identify cold275

pools (Tompkins 2001; Feng et al. 2015). For the Mesonet, divergence at the surface is the closest276

analogue to negative buoyancy.277
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Fig. 4a shows the average precipitation for each divergence bin with precipitation rates higher278

for higher magnitude divergence values, and higher for divergence than convergence. Fig. 4b279

shows that the percentage of fronts with precipitation is approximately 50% for the divergence280

threshold used in this study and exceeds 80% for maximum divergence values above double the281

threshold. This result indicates that high divergence is indicative of precipitation which is com-282

monly associated with cold pools.283

3. Case study results284

Identified fronts and cold pools can be tracked across the Mesonet giving a detailed view of the285

analysis for case studies. Over the course of 15 yrs of Mesonet data, tens of thousands of frontal286

passages at triangles were detected in the Oklahoma Mesonet. Hundreds of events involving a287

front that sweeps through large portions of the Mesonet can be used for case studies. Four such288

cases will be shown in this section: 1) 13 June 1997, 2) 15-16 June 2002, 3) 30 April 2011, and 4)289

24-25 May 2011. These cases are supplemented with radar images from the UCAR image archive.290

a. 13 June 1997 case291

At approximately 0000 UTC on 13 June 1997 a squall line, which initiated in southeastern292

Colorado and northeastern New Mexico, entered Kansas, the Oklahoma Panhandle, and Texas.293

The disorganized line of thunderstorms reached the Mesonet grid at roughly 0300 UTC and was294

tracked for the next seven hrs across the Mesonet (Fig. 5) with isolated thunderstorms popping up295

ahead of the main line. At 0330 UTC (Fig. 5a) the front analysis found only smaller segments of296

a front in western and northwestern portions of Oklahoma. The radar images show a gap between297

two thunderstorms that coincides with the lack of strong convergence (Fig. 5a). In the areas where298

a front was defined, convergence was present to the east ahead of the front and divergence to the299
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west behind the front. At 0330 UTC there was only one triangle designated as in a cold pool,300

located in the northwestern corner of the Mesonet domain.301

From the 0500 UTC front analysis (Fig. 5b), the stronger, more well-defined front marked the302

leading edge of the system which had been organizing over the previous two hours. There was303

some bowing of the front present with trailing stratiform precipitation. The squall line had caught304

up to the isolated thunderstorms that developed ahead of the line. The area ahead of the front had305

strong convergence while strong divergence was present behind the front. Farther behind the front,306

near the back edge of the stratiform precipitation, there was a second region of convergence where307

a one-triangle front is marked. The analysis was designed to capture the strongest fronts at each308

triangle and in this instance this latter front was stronger at that particular triangle than when the309

initial line passed through. This was likely a result of the squall line being somewhat disorganized310

in that area at the time it passed that triangle. A large active cold pool stretched from the front of311

the main squall line to the back edge of the stratiform precipitation in western Oklahoma.312

From 0500 to 0700 UTC, a supercell at the south end of the squall line separated from the rest313

of the line. This separation is shown in the form of a gap in the front indicated by lower FSs and314

the lack of significant radar returns (Fig. 5c). The southern cell had weaker FSs than the more well315

defined squall line to the northeast. The region of strong divergence was primarily concentrated in316

northern Oklahoma, with a smaller area of strong divergence behind the southern supercell. Cold317

pools were identified in both of these areas. In western Oklahoma a few small convective cells had318

formed behind the secondary convergence line.319

By 0900 UTC the southern supercell had progressed southeastward much farther away from320

the rest of the line while the main squall line continued eastward (Fig. 5d). The area of strong321

divergence behind the front was more concentrated on the southern half of the squall line. There322

was a weaker front to the east of the southern supercell. Behind the supercell to the northwest,323
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trailing convection developed over the previous two hrs and eventually merges with the southern324

supercell (not pictured). There was clear separation between the convergence and divergence325

regions in the trailing convection. Overall, the front analysis performed well at representing the326

location of the front that would be expected based on the radar images. Despite the separation in327

the front, the cold pool along the front almost extended from the southern border with Texas to328

the northern border with Kansas. At this time, the primary cold pool has been in place for hours329

and has advanced eastward over time behind the squall line. However, large areas of stratiform330

precipitation were not classified as in a cold pool because the divergence values were not high331

enough at 0900 UTC. Many of the triangles in northeastern Oklahoma would likely be defined332

as in a cold pool using a different definition relying more on sustained stratiform precipitation or333

lingering temperature falls.334

b. 15-16 June 2002 case335

Around 1800 UTC 15 June, a line of thunderstorms oriented from northwest to southeast was336

located in northern Kansas and southern Nebraska moving southeastward. Over the next few hours337

the line merged with pop-up thunderstorms in western Kansas and spread out allowing for a much338

more southwest to northeast oriented storm front to develop as the combined system moved south339

towards the Oklahoma border. The frontal passage and cold pool (Fig. 6) analysis for this event340

are shown.341

At 0000 UTC 16 June the squall line had just entered the northwest corner of Oklahoma. Very342

strong convection was present ahead of the line, including triangles over 50 km ahead of the squall343

line (Fig. 6a). Divergence behind the front was present as well since this line had developed into a344

mature system several hours earlier. The FSs exceeded the strong front threshold. A few isolated345

triangles along and just behind the line were designated as cold pools at this time.346
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Ninety minutes later the squall line had progressed further into the state reaching from almost347

the southwest corner to the northeast corner of Oklahoma (Fig. 6b). The stronger radar echoes348

were in the western half of the squall line, matching up with the stronger FSs. Additionally,349

the convergence-divergence pattern ahead of and behind the front was more well-defined in the350

western half of the state though present throughout the squall line. A broad region of heavy351

stratiform precipitation was located in northern Oklahoma. In that stratiform precipitation region352

a cold pool was detected far behind the squall line. Additionally, along the front there was a narrow353

band of scattered triangles that are in cold pool status, just behind strong convective cells.354

By 0300 UTC the eastern half of the squall line had lost much of its strong convection resulting355

in a front that does not extend all the way to the Arkansas border (Fig. 6c) with regard to the FS356

threshold. The southwestern corner of Oklahoma still featured strong convection, with the line357

extended towards north central Texas. The eastern half of the state had lost most of its divergence358

behind the line as the convective structure had fallen apart. However, there was still a narrow359

region of convergence ahead of the squall line. South central Oklahoma had a very large area of360

divergence behind the front. This extended up into north central Oklahoma with the trailing portion361

of the stratiform precipitation region. A small line of convergence was detected in the stratiform362

precipitation region in north central Oklahoma with an additional larger line of convergence behind363

the stratiform precipitation. There were many triangles experiencing a cold pool in south central364

Oklahoma behind the squall line. Extending back several triangles deep, this cold pool covered365

roughly one eighth of the state. The eastern half of the state had much less cold pool coverage in366

this analysis though a couple triangles in the northeast corner were still in a cold pool where the367

front had passed over an hour prior.368

As the system moved farther southeast the strength of the convection in Oklahoma weakened369

further as the strongest cells moved into Texas. The stratiform region of precipitation was well-370
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defined and contained a large area of divergence behind the remnants of the squall line in Okla-371

homa (Fig. 6d). The line of convergence that was just behind the stratiform precipitation region372

had fallen farther behind the precipitation though it maintains an almost continuous line through a373

large portion of the northwest to north central region. The cold pool was concentrated in the south374

central stratiform precipitation with a few solitary triangles elsewhere in cold pools.375

c. 30 April 2011 case376

An example of a dry frontal passage is shown for a 30 April 2011 case (Fig. 7). At 0700 UTC377

(Fig. 7a) a strong front entered the northwestern corner of Oklahoma with a long line of strong378

convergence values ahead of it. As the front progressed across the state (Fig. 7b) the convergence379

ahead of the front remains with some of the line being detectable in the radar (as a narrow line of380

brighter green reaching from Iowa down into Texas at 0900 UTC). Divergence behind the front is381

very weak with no cold pools marked at this time. There is no precipitation anywhere in the state382

during the duration of this frontal passage.383

Throughout the morning the line continues to cross Oklahoma. Every so often an isolated trian-384

gle will reach the divergence threshold and be marked as a cold pool, as was the case for 3 triangles385

still marked as such in Fig. 7c. The front strength weakens by mid-morning with a smaller length386

designated as a front (Fig 7d). However, by the afternoon showers and thunderstorms develop387

ahead of the front in Arkansas and southeastern Oklahoma (not shown).388

d. 24-25 May 2011 case389

The final case study is a case which occurred during the Midlatitude Continental Convective390

Clouds Experiment (MC3E). On 24 May the 1800 UTC sounding (not shown, UCAR archive)391

from Norman, Oklahoma (KOUN) had strong southerly winds at low-levels veering with height.392
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A strong stable layer at roughly 825 mb was in place; however, low-level moisture and unstable393

mid-levels resulted in CAPE values over 2500 Jkg−1. The Storm Prediction Center (SPC) had394

issued a high risk convective outlook for central and northeastern Oklahoma.395

By 2000 UTC the first thunderstorm cells had formed, rapidly developing into severe thunder-396

storms with a threat of tornadoes. The frontal passage and cold pool (Fig. 8) analysis had some397

difficulty capturing the front and any associated cold pool with these thunderstorms due to the398

low resolution of the Mesonet station grid (Fig. 8a). There was a large region of convergence399

both ahead of and behind the supercells at this time. The front, although strong, did not extend400

throughout all of the supercells, and only one triangle observed a cold pool at this time.401

Over the next couple hrs, more cells had flared up and a clear north-south line had formed402

(Fig. 8b) though there were gaps between the cells that made up the line. There was only a slight403

signature of the usual convergence-divergence pattern ahead of and behind the front, possibly a404

result of the strong rotation in tornadoes, or systems capable of potentially producing tornadoes.405

At this point multiple tornadoes had formed, including one that struck the El Reno Mesonet station406

at 2120 UTC recording a maximum wind gust of 151 mph. Only a few triangles in north central407

and northwestern Oklahoma observed cold pools at the time. Strong rotation tends to lead to408

surface inflow from all directions, reducing the likelihood of divergence and cold pools behind a409

front in this situation.410

By 0000 UTC, however, the squall line was straighter and had fewer, smaller gaps between411

individual storm cells (Fig. 8c). A convergence-divergence distribution ahead of and behind the412

front was more well-defined in the north central Oklahoma line than the smaller, weaker (in terms413

of front strength) line in south central Oklahoma. A large region of convergence is present in414

northwestern Oklahoma where a secondary front was present that lacked precipitation. Cold pool415

coverage had grown behind the main line in central Oklahoma.416
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As the main front progressed further eastward the strength of the front weakened slightly with417

regards to FSs (Fig. 8d). However, convection was still intense with radar echoes reaching up to418

60 dBZ. The fronts in western Oklahoma had a disorganized structure and covered more area at419

this time. Cold pools were detected behind the main storm line. Radar coverage in northwestern420

Oklahoma was sparse by comparison, though the secondary line does not appear to develop pre-421

cipitation as it moves throughout the state the next few hours. At 0300 UTC (not shown) there was422

a faint green line visible on the radar signifying this secondary front.423

e. Cold pool time series424

Observing the change in cold pool area over time allows for greater visualization of the size and425

time scales of the areas experiencing a cold pool (Fig. 9).426

From roughly 0300 to 1100 UTC in the 13 June 1997 case at least one Mesonet triangle resided427

in a cold pool (Fig. 9a). The peak size of cold pool area was around 0930 UTC at a size of nearly428

14×103 km2. Around a third of the cold pool areas retained a cold pool for at least 30 mins, and429

some triangles, particularly later in the period, retained cold pool status for over an hr.430

For the 15-16 June 2002 case the cold pool time series shows a larger maximum cold pool area431

than the first case study with a maximum size of roughly 18×103 km2 (Fig. 9b). The duration of432

the cold pools tended to be longer than the first case study. Later in the time period over half the433

cold pool area comprised of locations which had been in a cold pool for half an hr or more. The434

cold pool area that was present for at least an hr peaked at roughly 5×103 km2 around 0400 UTC.435

For the 30 April 2011 dry frontal passage case the cold pool time series showed very little cold436

pool coverage with a maximum that only reached roughly 2.5× 103 km2 (Fig. 9c). There are437

frequent jumps in the amount of area covered by cold pools.438
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The cold pool time series for the final case study showed a maximum cold pool area of just over439

11× 103 km2 (Fig. 9d). The entire period with cold pools present lasted approximately 10 hrs.440

The cold pools were rather short in duration with few lasting even half an hr. Cold pools later in441

the event had longer durations than cold pools in the first half of the event, a result likely due to442

the increased organization of the convergence-divergence gradient across the front over time.443

f. Front characteristics444

For each of the four case studies the average divergence, temperature, and pressure timeseries445

were identified and centered on the time step when the front was halfway through the Mesonet446

triangle. For temperature and pressure each triangle uses the average of the three corner Mesonet447

stations. The average time series is plotted along with the standard deviation for each variable and448

case (Fig. 10). For temperature and pressure, the values are normalized to 0 at the midpoint of449

frontal passage. As a result, the standard deviation near the midpoint was artificially low so the450

standard deviations for temperature and pressure 15 minutes before and after the frontal passage451

midpoint are removed. The x-axis was reversed on the plot to show a west to east pattern.452

For the fronts with precipitation the divergence profile begins in similar fashion with a dip to-453

wards strong convergence values before a reversal to strong divergence as the front crosses the454

triangle. However, for two of the cases the average divergence trends back towards 0 after the455

frontal passage while for the 15-16 June 2002 case the average divergence remains at an elevated456

level even two hours after the middle of frontal passage. The dry frontal passage starts like the457

others with strong convergence but instead of strong divergence behind the front it merely returns458

to around 0.459

Temperature profiles start similarly with temperatures around 3-4 K higher on average before460

frontal passage than in the middle of a frontal passage. The drop in temperature begins around 30-461
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45 minutes before the middle of a frontal passage and continues until around 15 minutes afterwards462

generally. After frontal passage three of the cases show a slight rebound in temperature of 1-2 K.463

The dry frontal passage case has the largest temperature drop and continues falling long after the464

front has passed.465

Pressure profiles start with a wide range of lower pressure values before frontal passage but466

show an increasing trend during frontal passage. For the 13 June 1997 and 15-16 June 2002 cases467

there is a drop off in pressure after frontal passage, while for the 24-25 May 2011 case the average468

pressure drop after frontal passage is minimal. For the 30 April case pressure continues to increase469

after the front.470

g. Front wind maps471

Using the front locations from the case studies plots of front propagation speed can be made for472

the case studies (Fig. 11) and (Fig. 12). These plots help identify characteristics of the front such as473

the separation in the 13 June 1997 case where the main storm line propagates to the east southeast474

while the southern supercell moves more southward at a slower speed (Fig. 11a). Propagation475

speeds are roughly a factor of 2 different in that instance. Generally, front speeds are similar in476

adjacent triangles with the five minute time resolution being a contributor to the differences.477

The 15-16 June 2002 case shows near uniform south to southeast flow through Oklahoma with478

wind speeds primarily around 20 ms−1 (Fig. 11b). An exception is around 0400 UTC when most479

triangles experiencing a front are closer to 10-15 ms−1. Around this time the primary area of480

strong convection was in southwestern Oklahoma which ended up surging farther ahead of the481

stratiform precipitation regions to the east where the front speed appears to slow.482
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The dry frontal passage 30 April 2011 case developed northwest of Oklahoma and swept across483

the state (Fig. 12a). The speed of the front decreased over time until eventually weakening in484

eastern Oklahoma during mid-morning.485

In the 24-25 May 2011 case the front speed is generally 10-15 ms−1 across Oklahoma (Fig. 12b).486

The front itself propagates east-southeastward though the storm cells that make up the line move487

from the southwest to northeast.488

4. 15-year climatology of fronts and cold pools489

The 1997-2011 period of Oklahoma Mesonet data was analyzed for frontal passages (across490

Mesonet triangles) and cold pools and statistics were compiled. These frontal passage and491

cold pool statistics are now presented for: (1) temperature and pressure changes, (2) conver-492

gence/divergence, (3) monthly distribution, and (4) diurnal distribution.493

a. Temperature and pressure changes494

The seasonal average temperature and pressure changes during all frontal passages (FS 3+) are495

shown in Fig. 13. Seasons are defined as: spring (MAM), summer (JJA), fall (SON), and winter496

(DJF). Results for all frontal passages were similar to those for fronts associated with cold pools497

(not shown). Average temperature drops during frontal passages were smallest in spring (5.8 K)498

and largest in winter (6.6 K). Average pressure rises were smallest in summer (2.0 mb) and largest499

in winter (2.9 mb).500

In comparison to Fig. 13, Engerer et al. (2008) found that the average pressure rise in cold501

pools from 39 MCS events between April and August was 4.5 mb (which occurred during the502

mature stage) while the average potential temperature fall was 9.5 K (which occurred during the503

first storms stage), likely a result of having a stronger set of cases than the climatology includes504
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though the differences in methodology may also play a role. Additionally, the Mesonet dataset505

includes frontal passages at triangles which may only see one stage of the MCS or just a fraction506

of an MCS.507

For individual stations, a frontal passage typically exhibited a 3 to 9 K temperature drop and a 0508

to 4 mb pressure rise (Fig. 14). The correlation between−∆T and ∆p was low (0.28). Correlations509

were calculated for all fronts and strong fronts for each season (Fig. 15). Considering only fronts510

associated with cold pools made little change in the correlations (not shown). Summer correlations511

were the smallest in magnitude while winter and spring had the largest correlations.512

The correlations of −∆T with ∆p varied from 0.41 for fronts during the winter to only 0.15 for513

fronts during the summer. Engerer et al. (2008) also reported a weak to moderate correlation (0.38)514

between −∆T with ∆p. Engerer et al. (2008) speculated that the weak relationship between −∆T515

and ∆p is due to the complex vertical buoyancy profiles that often occur within and above cold516

pools (Bryan et al. 2005). As a consequence, the surface temperature deficit is often not correlated517

with the buoyancy profile and the resulting surface pressure rise. This relationship between −∆T518

and ∆p may at least partially explain the low correlations found during the summer, which was519

when the largest fraction of fronts were associated with cold pools (detailed in section 4c).520

b. Convergence/divergence521

Divergence values were calculated for the beginning, middle, and end of each triangles’ frontal522

passages. The beginning of the frontal passage was defined as the observation time when the first523

corner of a Mesonet triangle experiences a local maximum FS. The end of the frontal passage was524

defined as the observation time when the third corner of a Mesonet triangle experiences a local525

maximum FS. The middle of the frontal passage was the observation time halfway between the526

beginning and the end.527
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The average divergence values for all frontal passages are shown (Fig. 16a). On average, as528

a front reaches a Mesonet triangle, there is strong convergence (divergence < −10−4 s−1). The529

magnitude of the convergence at the beginning varied slightly from season to season with conver-530

gence for all fronts slightly weaker in winter and convergence for strong fronts slightly stronger531

in spring and fall. Halfway through the frontal passages, there were large seasonal differences532

in divergence. Summer frontal passages had divergence on average while the other three seasons533

maintained convergence. At the end of a frontal passage, summer had the strongest divergence on534

average: a factor of 2 larger than spring and fall, and a factor of 5 larger than winter. End-of-front535

divergence in summer was roughly the same magnitude as beginning-of-front convergence. For536

the other three seasons the magnitude of convergence at the beginning of a frontal passage was 2537

to 5 times the magnitude of divergence at the end of a frontal passage.538

Average divergence values for frontal passages that produced cold pools are also shown (Fig.539

16b). Because cold pools required the divergence threshold to be exceeded, their ending diver-540

gence and mid-passage divergence values were larger than for all frontal passages. However, the541

seasonal pattern was about the same as for frontal passages with summer having the highest diver-542

gence values for the middle and end of frontal passages and winter having the lowest convergence543

at the beginning of frontal passages and lowest divergence at the end of frontal passages. It is no-544

table that the beginning covergence values were roughly the same for cold pools as for all frontal545

passages. This suggests that the strength of convergence ahead of a front is not closely related to546

the strength of divergence behind a front.547

c. Monthly distributions548

For the monthly distributions, the data from the triangles which experienced fronts or cold pools549

were used (Fig. 17). There were more fronts (3.8 per triangle per month) and cold pools (3.0550

25



per triangle per month) during June than the other months. December had the fewest fronts and551

January the fewest cold pools. The higher frequency of fronts from April-June matches up well552

with the time of the annual maximum of convective activity in Oklahoma. Frontal passages during553

July and August had the highest percentage of fronts associated with cold pools.554

d. Diurnal distributions555

The mean diurnal distributions of frontal passages and cold pools were calculated by summing556

the number of fronts and cold pools present in all triangles for each hourly interval (0000-0055557

UTC, 0100-0155 UTC,..., 2300-2355 UTC) during each season for the 15-year period of record558

(1997–2011) (Fig. 18). The error bars indicate the standard deviations of the yearly means.559

There was a significant seasonal variation in the diurnal distribution of frontal passages. In the560

summer (Figure 18b) there was a large peak in frontal passage frequency in the afternoon, from561

20-01 UTC (14-19 LST), with frontal passage frequencies then twice as high as during the rest562

of the day. The other three seasons exhibited relatively small amplitudes in their diurnal cycles.563

The diurnal distribution of cold pool frequency (not shown) was very similar to that for frontal564

passages.565

The percentages of frontal passages with cold pools were also calculated for the diurnal cycle566

(Fig. 19). In spring, roughly 60% of fronts are associated with cold pools throughout most of567

the day. The morning hours were the exception with the percentage dropping below 50% for568

several hours (15-19 UTC). Summer had the largest fraction of frontal passages associated with569

cold pools, exceeding 80% in the evening hours. No individual hour during summer fell below570

70%. In the fall evening hours approximately 60% of frontal passages are associated with cold571

pools. During the day these percentages fell to between 40 and 50% until the mid-afternoon. In572

the winter the fraction of frontal passages associated with cold pools was between 30 and 40%573

26



except for a few hours in the evening which dropped lower. Winter fractions were approximately574

half as large as summer.575

5. Conclusions576

A 15-year climatology of Oklahoma Mesonet frontal passages and cold pools was created and577

analyzed. Previous studies involving cold pools in the Oklahoma Mesonet have looked at shorter578

time periods with a focus on features such as MCSs (Engerer et al. 2008), squall lines (Adams-579

Selin and Johnson 2010; Hocker and Basara 2008a), and supercells (Hocker and Basara 2008b).580

Additionally, four cases studies were analyzed representing a very small fraction of the 15 yrs of581

Mesonet data. However, they highlight varying storm structures and profiles of key variables. The582

13 June 1997 and 15-16 June 2002 cases involve MCSs tracking through the Mesonet with a strong583

forward line of thunderstorms with a large region of trailing stratiform precipitation. The 30 April584

2011 case showed an example of a dry frontal passage which showed a lack of strong divergence585

when precipitation was not present. The 24-25 May 2011 case involved supercells which formed586

into a line crossing Oklahoma, with more rotation which likely resulted in the delayed formation587

of a convergence-divergence couplet in the storm line.588

The cold pools in this study were similar to other studies in terms of length along a front.589

However, the width a cold pool extended behind the lead storm axis was typically only 50-100km590

in these cases while the distances can be 100-400 km for other analysis techniques (Stensrud et al.591

1999). Most triangles in the Mesonet case studies remained in cold pools for 30-60 mins.592

The temperature falls and pressure rises during frontal passages were objectively determined.593

Spring had the smallest average temperature falls while summer had the smallest average pressure594

rises. Both variables had their largest average magnitude changes in the winter. Correlations be-595

tween −∆T and ∆p for individual frontal passages were low, 0.28, with the smallest correlation in596
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summer and highest in winter and spring. The average temperature and pressure changes and their597

correlations were generally similar for all fronts and fronts associated with cold pools. Since the598

Mesonet observations are at the surface, obtaining vertical profiles of temperature could improve599

understanding of the reasons for the low correlations between changes in pressure and temperature600

during frontal passages, particularly in the summer.601

Cold pools were evaluated based on temperature falls, pressure rises, and surface divergence.602

The associated gust front exhibits convergence ahead of the front and divergence behind the front.603

Convergence values ahead of frontal passages were similar from spring to fall with slightly lower604

values in winter. However, summer frontal passages transitioned to divergence sooner, and had605

larger divergence values as a front finished crossing a Mesonet triangle, than was the case for the606

other seasons, especially winter. While divergence values were much stronger for fronts resulting607

in cold pools than all fronts because of the divergence requirement, the convergence values ahead608

of a front showed very little difference between all fronts and fronts resulting in cold pools.609

June had the highest frequency of cold pools while July and August had the highest percentage610

of frontal passages which resulted in cold pools. Winter months were the lowest in all three611

categories. In contrast, May was the most frequent month for squall lines and supercells over612

Oklahoma in 1994-2003 climatologies (Hocker and Basara 2008a,b). August had the highest613

number of density currents and cold pools in studies of the Atlas Mountains (Emmel et al. 2010;614

Redl et al. 2015).615

The diurnal cycle of fronts and cold pools showed a strong seasonal variation. During the sum-616

mer, frontal passages and cold pools were most frequent in the late afternoon to evening hours,617

coinciding with daytime-heating-induced convection, over twice as often as the other hours (∼130618

vs ∼50 per summer). The other seasons had much smaller diurnal variation in frontal passage and619

cold pool frequency. The summer pattern was the dominant influence on the annual pattern for620
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the diurnal cycle. In Hocker and Basara (2008b) supercell initiation was most frequent in the late621

afternoon while in Hocker and Basara (2008a) squall line initiation was most frequent in the early622

evening hours.623

The methods used in this analysis could be applied to simulations using convection-resolving624

models such as the Weather Research and Forecasting (WRF) model and the System for Atmo-625

spheric Modeling (SAM). Particularly useful would be increased resolution in a model relative626

to that of the Oklahoma Mesonet. Higher resolution would improve the sampling, especially for627

cases of smaller-scale features and isolated convection that can be missed by the 40-km spacing628

of the Mesonet stations. A regularly spaced grid in a model simulation would allow for evaluating629

geographic distributions.630
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FIG. 2. Front scores for the JJA 1997 period at the Blackwell Mesonet station (36.75◦N, 97.25◦W). Large

positive front scores indicate frontal passages.
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FIG. 3. Front score frequency for all stations at each 5-minute observation over the 1997-2011 period.
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FIG. 10. Average (solid) and +- 1 standard deviation (dashed) divergence, normalized temperature, and nor-

malized pressure values for frontal passages at Mesonet triangles. The x-axis is reversed to show a west to east

pattern. Case studies are: a) 13 June 1997 0-12 UTC, b) 15-16 June 2002 20-8 UTC, c) 30 April 4-18 UTC, d)

24-25 May 2011 18-6 UTC.
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FIG. 11. Frontal passage location and timing (contours) with front speeds (in m s−1) represented by quivers.

Case studies are: a) 13 June 1997 0-12 UTC and b) 15-16 June 2002 20-8 UTC.
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FIG. 12. Frontal passage location and timing (contours) with front speeds (in m s−1) represented by quivers.

Case studies are: a) 30 April 2011 4-18 UTC and b) 24-25 May 2011 18-6 UTC.
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FIG. 14. ∆p versus−∆T at stations that are part of frontal passages across triangles in the Oklahoma Mesonet

from the 1997-2011 period. The color bar represents the frequency of occurrence. Bin widths are .1 K and .1

mb. The correlation is 0.28.
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FIG. 15. Seasonal correlations between −∆T and ∆p at stations during frontal passages across triangles.

53



Spring Summer Fall Winter Spring
Season

-20

-10

0

10

20

D
iv

er
ge

nc
e 

(
x1

0
-5

s-1
)

Average Divergence Across Triangles
During Frontal Passages

Beg. Mid. End

Spring Summer Fall Winter Spring
Season

-20

-10

0

10

20
D

iv
er

ge
nc

e 
(

x1
0

-5
s-1

)

Average Divergence Across Triangles During
Frontal Passages w/ Cold Pools

Beg. Mid. End
(a) (b)

FIG. 16. Average divergence values (in 10−5s−1) at the beginning, middle, and end of (a) all frontal passages

and (b) frontal passages resulting in cold pools experienced by Mesonet triangles from 1997-2011 by season.
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FIG. 17. Average and standard deviation of the number of fronts and cold pools experienced by Mesonet

triangles per month for the 1997-2011 period.

874

875

55



0 6 12 18 24
Hours (UTC)

30

60

90

120

150

H
ou

rly
 A

vg
. &

 S
td

ev
. F

ro
nt

 F
re

q.

Spring Frontal Passage Diurnal Cycle (a)

0 6 12 18 24
Hours (UTC)

40

80

120

160

200

240

H
ou

rly
 A

vg
. &

 S
td

ev
. F

ro
nt

 F
re

q.

Summer Frontal Passage Diurnal Cycle (b)

0 6 12 18 24
Hours (UTC)

30

60

90

120

150

H
ou

rly
 A

vg
. &

 S
td

ev
. F

ro
nt

 F
re

q.

Fall Frontal Passage Diurnal Cycle (c)
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FIG. 18. Seasonally averaged (MAM, JJA, SON, DJF) diurnal cycle (in UTC time) and standard deviations

of frontal passage frequency at triangles in the Oklahoma Mesonet for the 1997-2011 period.
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FIG. 19. Seasonally averaged diurnal cycle (in UTC time) and standard deviations of the percentage of frontal

passages resulting in cold pools for the 1997-2011 period.
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