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ABSTRACT

The Oklahoma Mesonet provides an extensive surface observation network
for analyzing frontal passages and convective cold pools. Frontal passages
and convective cold pools were identified from Mesonet station time series of
temperature and pressure as well as divergence on a triangular grid. From this,
a 15-year climatology of frontal passages and convective cold pools was pro-
duced. Fronts and cold pools were characterized by their associated temper-
ature drop, —AT, and pressure rise, Ap. Winter had the largest —AT and Ap
while spring had the lowest magnitudes of —A7 and summer had the lowest
magnitudes of Ap. Correlations between —AT and Ap were lowest in the more
convectively active summer season. Surface convergence was similar 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 most likely
occurred in spring and summer with summer having the highest percentage
of fronts associated with cold pools. Fronts and cold pools were substan-
tially more likely to occur during the late afternoon and early evening in the
summer; other seasons showed a weak diurnal cycle with a slight nocturnal
maximum. Western Oklahoma had higher frequencies of frontal passages and
cold pools than Eastern Oklahoma. These findings could aid modeling studies

in understanding cold pool processes and parameterizations.
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1. Introduction

A convective cold pool is a region of cold air adjacent to the surface in a convective system.
The cooling is due to evaporating precipitation in the system and can be influenced by downdrafts;
however, downdrafts are not a necessary component. A surface pressure rise is expected in the
cold pool as a result of the hydrostatic adjustment to cooling.

Cold pools are a prominent and common feature of convective systems which have been studied
for over half a century. Observations from the Thunderstorm Project described regions of descend-
ing air behind a squall line caused by evaporative cooling (Newton 1950). Convergence ahead of
the leading edge of the cold pool with divergence behind was also noted as a prominent feature
in case studies of these squall lines. The results were similar to those observed during the Cloud
Physics Project in which pressure jumps, temperature falls, wind shifts, and precipitation features
were observed with squall lines (Tepper 1950). Tepper referred to the squall lines as propagating
“pressure jump lines”.

In his synoptic analysis of squall lines in the Central United States, Fujita identified three main
features of the associated surface pressure field: the pressure surge line, the thunderstorm high,
and the wake depression (Fujita 1955). The pressure surge line marks the thunderstorms’ leading
edge and moves in the storm propagation direction. The thunderstorm high, later more commonly
known as a mesohigh, is the high pressure region led by the pressure surge line that contains
cool downdrafts that spread out upon reaching the surface. The region of surface cooling from
these downdrafts is what would become known as the cold pool of the thunderstorm and is often
associated with the mesohigh. The wake depression is a region of low pressure, typically behind

the thunderstorm high, which forms a “pressure dipole” with the thunderstorm high.
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A gust front is “the leading edge of a mesoscale pressure dome followed by a surge of gusty
winds on or near the ground” (Wakimoto 1982). These gust fronts often tilt forward with height
due to surface drag effects (Markowski and Richardson 2012). The gust front propagation speed
increases with the horizontal pressure gradient driving the gust front (Seigel and van den Heever
2012).

Cold pools have a large range of sizes. Those associated with a single cumulonimbus cell are
on the order of 10 km across (Tompkins 2001) while cold pools associated with a mesoscale
convective system (MCS) can be 100-400 km wide (Stensrud et al. 1999). In the Tompkins study
the simulated cold pools had a mean lifetime of 2.5 hours, while in an observational study they
lasted over 6 hours (Young et al. 1995). Air entrained from above the boundary layer into the wake
of the downdraft resulted in recovery of the cold pools in the Tompkins study.

A four-stage convective life cycle for MCSs was developed by Engerer et al. (2008) based on
Oklahoma Mesonet cases that produced cold pools: 1) first storms, 2) MCS initiation, 3) mature
MCS, and 4) MCS dissipation. A mean potential temperature decrease of 9.5 K and a mean
pressure increase of 3.2 hPa were found for cold pools during the first storms life cycle stage. The
temperature deficit decreased to 5.4 K by the dissipating stage, but the pressure rise increased to
4.5 hPa for the mature stage before dropping to 3.3 hPa for the dissipation stage.

Adams-Selin and Johnson (2010) used Oklahoma Mesonet data to find dozens of bow echo
cases. They produced a conceptual model for bow echoes that exhibits a pressure rise and temper-
ature drop pattern associated with cold pools that is similar to those for MCSs.

Cold pool climatologies have been performed for the Atlas Mountains regions of North Africa
(Emmel et al. 2010; Redl et al. 2015). For An Integrated Approach to the Efficient Management
of Scarce Water Resources in West Africa IMPETUS) data Emmel et al. (2010) used dew point

temperature increases and wind speed thresholds for rain-free stations to identify density currents
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at stations. IR satellite images were examined manually to subjectively verify the presence of
those identified density currents. Later work by Redl et al. (2015) used brightness temperature at
microwave frequencies as an objective satellite verification method for cold pool leading edges.

In this study, the pressure and temperature changes over 5-minute intervals at surface Okla-
homa Mesonet stations are analyzed for the 1997-2011 period to generate a dataset for a climatol-
ogy. Individual station time series are used because the 5-minute temporal resolution is preferred
compared to the roughly 40-km spatial resolution of the Oklahoma Mesonet grid as a means of
detecting fronts and cold pools.

Surface divergence is another feature associated with dynamically active cold pools. In this
study, cold pool area is defined to include regions of “strong” surface divergence following a
frontal passage, which is detected by a temperature drop and a pressure rise. This definition of a
cold pool is more restrictive than those used in other studies of cold pools which might include all
areas with precipitation or maintain a cold pool until its temperature has recovered. As a result,
cold pools in this study are generally smaller and shorter lasting. The cold pools defined here
represent regions of active mesoscale cold air production due to precipitation evaporation. Other
parts of a system not defined as a cold pool in this study but likely to be marked as a cold pool in
other studies may be considered to be in a dissipating or residual cold pool.

Section 2 covers the methodology used in the frontal passage and cold pool analyses. Section 3
presents the results from the 15-year climatology of frontal passages and cold pools. The clima-
tology includes the changes in temperature and pressure, the convergence/divergence associated
with frontal passages, and the seasonal, diurnal, and geographic distribution of frontal passages

and cold pools. Section 4 discusses the conclusions.
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2. Methodology

a. Oklahoma Mesonet Dataset

The Oklahoma Mesonet dataset was used in this analysis (Brock et al. 1995; McPherson et al.
2007). The University of Oklahoma and Oklahoma State University are sponsors of the Oklahoma
Mesonet. Mesonet observations have been collected since 1994 at 5-minute frequency. Each
county of Oklahoma is represented by at least one station, for a total of over 100 stations. These
stations are spaced roughly 40 km apart. The 1997-2011 period was selected for study (Atmo-
spheric Radiation Measurement (ARM) Climate Research Facility 1970, updated hourly.).

Over the years stations have been added but for the purposes of this analysis, only the 113
stations present at the beginning of 1997 were considered. Of these, six were excluded due to
residing in the Oklahoma panhandle. Of the remaining stations, each station was used for the years
in which observation data for 1.5-m air temperature, 10-m vector average wind magnitude, 10-m
vector average wind direction, and station pressure exists for at least 90% of the year. Between 99
and 104 of the 108 non-panhandle stations met the observation threshold each year.

The station resolution of the Oklahoma Mesonet is suitable to resolve large MCS events and
their associated cold pools. Smaller systems, such as a cold pool from an individual cuamulonimbus

cloud, might be missed in the Mesonet data.

b. Mesonet Grid

Mesonet stations that met the observation threshold described in section 2a for a year were
gridded using the Delaunay triangulation procedure (Figure 1). Triangular grid cells were defined

in order to calculate surface divergence (described in section 2¢). The resulting grids for each year
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contained some low aspect ratio triangles' along the border which were removed. Two stations
very close to each other located at approximately 35°N 98°W resulted in two low aspect ratio
triangles which were also removed. The station coordinates (longitude, latitude, and altitude)
changed in the case of a few stations which moved during the 15-year period (1997-2011). These
stations were excluded from the grid during the year in which they moved. Due to the varying
number of stations that met the observation threshold each year, and to stations that changed
location during a year, the grid was adjusted slightly from year to year.

It was also determined that triangles with relatively long side lengths were not representative of
the temporal scales used in the analysis of this study, so all triangles with a longest side length of
greater than 80 km were excluded. This resulted in the removal of 10 to 13 triangles each year

which were primarily along the borders.

c. Divergence

The Mesonet stations’ 5-minute average wind magnitude and direction values were used to deter-
mine the divergence in each Mesonet triangle. This calculation used the equations for the horizon-
tal divergence of triangles on irregular grids (Davies-Jones 1993; Dubois and Spencer 2005). Sun
and Krueger (2012) performed these divergence calculations for the Oklahoma Mesonet specifi-
cally for surface divergence analyses. The divergence values then had a 15-minute rolling average

applied to smooth out timing discrepancies that may occur in a study with large station spacing.

d. Front Analysis

This study looked at frontal passages as potential indicators for cold pool existence. Previous

studies have shown that temperature falls and pressure rises are associated with gust fronts and cold

IThe aspect ratio of a triangle is defined as 2R;/R, where R; is the radius of the circle inscribed within a triangle and R, is the radius of the

circle circumscribed around the triangle.
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pools (Engerer et al. 2008; Adams-Selin and Johnson 2010). These temperature falls and pressure
rises were used to mark the frontal passage. In addition to fronts associated with convective and
mesoscale systems, some synoptic fronts were also detected in the front analysis.

Temperatures at each station were adjusted to remove the diurnal cycle. The diurnal cycle for a
station was calculated based on the average temperature for each observation time. An example of
an observation time is 10 June 1200 UTC. The average temperature was determined by using all
valid temperature measurements at a station during the 15-year period for the observation time as

well as all of the observations 24 and 48 hours before and after the observation time at the station

(Eq. 1).

2011day+2

Thiur. = [Z Z 7}]/” (1)
1997 day—2

In this equation, n is the total number of valid observations and ¢ is the observation time. Without
the removal of the diurnal cycle, many spurious frontal passages would be generated by the anal-
ysis in the late afternoon and evening when the surface is rapidly cooling. Similarly, the diurnal

cycle was also calculated for the pressure observations (Eq. 2).

2011 day+2

Pdiur.:[z Z PI]/” 2)

1997 day—2

Temperature and pressure measurements were also adjusted to account for elevation. Each sta-
tion was adjusted to the Mesonet-averaged station elevation (between 365 and 370 m depending
on the year; only stations that met the observation threshold for the particular year were included
in the average altitude for that year). The temperature values were adjusted to the mean station
elevation by changing the station values dry adiabatically, while the pressure values were adjusted
using the hypsometric equation. The elevation adjustments had little impact on the analyses since

the differences in adjustment from one observation time to the next were very small.
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Since temperature drops and pressure rises comprise the core aspects of gust fronts and cold
pools, combining these two variables provides a useful metric for front occurrence and strength.
The front score (FS) is a unitless variable used in this study to represent the strength of a frontal
passage. The FS uses the diurnal- and elevation-adjusted over 30-minute intervals, temperature
falls, —(AT )30, and pressure rises, (Ap)3p, calculated every 5 minutes. For example, the FS at
1230 UTC uses the changes in adjusted temperature and pressure between 1200 UTC and 1230
UTC. A 1 hPa pressure increase is equivalent to a 1 K temperature drop. Later, observations will
show that temperature drops tend to be larger than pressure rises. However, temperature has often
been used as a cold pool initiation or ending signal so it is allowed the higher relative weight here.

Adding these changes yields the FS:

FS(t) = —1 K~ '(AT)30+ 1 hPa~ ' (Ap)3. 3)

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

FSs were used to detect when a frontal passage occurred at a Mesonet station or triangle. A front
is considered to have reached a Mesonet station when (1) the FS at the station exceeds a threshold
and (2) the FS is the maximum value reached during the 6 hours centered at the analysis time.
Requiring both conditions more accurately identifies the primary front associated with a system.
FSs of 3 and 5 were used as the thresholds for “fronts” and “strong fronts,” respectively.

A frontal passage at a Mesonet triangle (as opposed to a Mesonet station) is stipulated to have
occurred if all three stations that comprise the triangle corners experience a frontal passage within
a 2-hour interval. The 2-hour limit was the reason for limiting maximum triangle side length
to 80 km since slower fronts would be less likely to be detected in larger triangles leading to
an underestimate in frontal passage frequency. However, extending the 2-hour limit would have

captured more spurious fronts. The duration of a frontal passage at a triangle is the time elapsed
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from when the first corner is reached until the time when the last corner is reached. The resulting

fronts could be tracked across the Mesonet as they progress through Oklahoma.

e. Cold Pool Analysis

The front analysis was necessary for determining the location of potential cold pools since a gust
front marks the leading edge of a cold pool (Wakimoto 1982). Cold pools are primarily identified
by temperature falls and pressure rises, as was the case for the frontal passages in the previous
section. Additionally, “active” cold pools are regions of surface divergence. Surface divergence
is an identifier used in this study to separate fronts associated with active cold pools from other
frontal passages. Consequently, a cold pool region is defined in this study to be a Mesonet triangle
with surface divergence (that exceeds a threshold described below) following a frontal passage.

This definition is more limiting than those that are generally used for which continuing precip-
itation and/or a lack of surface temperature recovery indicates a sustained cold pool. The cold
pools in this study consist of regions in which a cold air mass is expanding via precipitation pro-
cesses such as evaporative cooling and downdrafts whereas other studies include areas in which
cold air persists due to a lack of surface heating. Precipitation is necessary for evaporative cool-
ing, though the precipitation does not have to reach the ground for evaporative cooling to occur.
Dry (non-precipitating) frontal passages generally did not result in cold pools in this study due to
insufficiently large divergence values.

Quantitatively, a cold pool was deemed to have occurred in this study at a Mesonet triangle if the
triangle experienced a frontal passage and if the 15-minute-averaged strong divergence threshold
(10~*s~1) was exceeded within half an hour before to an hour after the front propagates halfway
through the triangle. The longer time duration after the frontal passage recognizes that cold pools

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

10
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could seemingly be slightly ahead of a front which would suggest a strong cold pool covering less
than half the triangle area. When a cold pool region is determined to have occurred, its duration
at the triangle is calculated. The time interval during which the divergence exceeds half of its
maximum value in a triangle is defined as the stations’ cold pool duration. Fronts and cold pool
regions can be tracked across the Mesonet giving a detailed view of the analysis for case studies

and cold pool areas which is explored in Part II.

3. 15-year Climatology of Fronts and Cold Pools

The 1997-2011 period of Oklahoma Mesonet data was analyzed for frontal passages (across
Mesonet triangles) and cold pools and statistics were compiled. These frontal passage and
cold pool statistics are now presented for: (1) temperature and pressure changes, (2) conver-
gence/divergence, (3) seasonal distribution, (4) diurnal distribution, and (5) geographic distribu-

tion.

a. Temperature and Pressure Changes

For each frontal passage across a Mesonet triangle, all three corner stations of the triangle were
individually included in the statistics of changes in temperature and pressure. The temperature
and pressure changes during all frontal passages (FS 3+), and strong frontal passages (FS 5+) are
shown in Figure 3.

The maximum temperature drop during a frontal passage, —AT, was calculated by subtract-
ing the lowest temperature within 2 hours after the frontal passage at a station from the highest
temperature within 30 minutes before the frontal passage. The maximum pressure rise, Ap, was
calculated by subtracting the lowest pressure within 30 minutes before the frontal passage at a

station from the highest pressure within 2 hours after the frontal passage.

11
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Generally, results for all frontal passages were similar to those for fronts associated with cold
pools (not shown). The magnitudes of both —AT and Ap were slightly greater on average for
fronts with cold pools compared to all fronts (FS 3+). For strong fronts (FS 5+) the converse is the
case, with strong fronts yielding slightly greater magnitudes of average —AT and Ap than strong
fronts resulting in cold pools.

Average temperature drops during frontal passages were lower in magnitude in spring and higher
in magnitude in winter. Average pressure rises had a distinct minimum in magnitude in summer
while the winter pressure changes were largest on average.

Engerer et al. (2008) analyzed 1389 Oklahoma Mesonet station time series to determine pressure
and temperature changes associated with convective cold pools during each of the four MCS life
stages. The MCS events were chosen because they had leading convective lines of 200 km or more
in length sometime during their life cycle. Their study found that the average pressure rise in cold
pools from 39 MCS events between April and August was 4.5 hPa (which occurred during the
mature stage) while the average temperature fall was 9.5 K (first storms stage). Their weighted
average pressure rise was 4.1 hPa and weighted average temperature fall was 6.9 K. The ratio
—AT /Ap calculated from Engerer et al.’s results decreases from 3.0 for first storms to 1.6 for
mature and dissipating storms while the ratio of the weighted averages of —AT and Ap was 1.7.

Since the 15-year climatology was generated from Mesonet triangles which may only see part of
a storm lifecycle for a given event, it is better to compare to the weighted average of Engerer et al.’s
results. The seasonal averages for strong fronts resulting in cold pools in the 15-year climatology
were 3.5 hPa pressure rises in spring, 2.5 hPa pressure rises in summer, 7.5 K temperature falls in
spring, and 7.7 K temperature falls in summer, with —AT /Ap ratios of 2.1 for spring and 3.1 for
summer. Some of the difference between the 15-year climatology and Engerer et al.’s results is

likely a result of the 15-year climatology including more than just MCS events.

12
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For individual stations, a frontal passage typically exhibited a 3 to 9 K temperature drop and a 0
to 4 hPa pressure rise (Figure 4). The correlation between —AT and Ap was low (0.28). Correla-
tions were calculated for all fronts and strong fronts for each season (Figure 5). The correlations
did not change significantly when only strong fronts were considered. Likewise, considering only
fronts resulting in cold pools made little change in the correlations (not shown). Summer correla-
tions were the smallest in magnitude while winter and spring had the largest correlations.

The correlations of —AT with Ap varied from 0.44 for strong fronts during the spring to only
0.06 for strong fronts during the summer. Engerer et al. (2008) also reported a weak to moderate
correlation (0.38) between —AT with Ap, noting that for Ap between 4 and 6 hPa, —AT can vary by
more than a factor of 10. Engerer et al. (2008) speculated that the weak relationship between —AT
and Ap is due to the complex vertical buoyancy profiles that often occur within and above cold
pools (Bryan et al. 2005). As a consequence, the surface temperature deficit is often not correlated
with the buoyancy profile and the resulting surface pressure rise. This relationship between —AT
and Ap may at least partially explain the low correlations found during the summer, which was

when the largest fraction of fronts were associated with cold pools (detailed in section 3c).

b. Convergence/Divergence

Divergence values were calculated for the beginning, middle, and end of each triangles’ frontal
passages. The beginning of the frontal passage was defined as the observation time when the first
corner of a Mesonet triangle experiences a local maximum FS. The end of the frontal passage was
defined as the observation time when the third corner of a Mesonet triangle experiences a local
maximum FS. The middle of the frontal passage was the observation time halfway between the

beginning and the end.

13



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

The average divergence values for all frontal passages are shown (Figure 6). On average, as
a front reaches a Mesonet triangle, there is strong convergence (divergence < —10~* s™!). The
magnitude of the convergence at the beginning varied slightly from season to season with conver-
gence for all fronts slightly weaker in winter and convergence for strong fronts slightly stronger
in spring and fall. During the middle of the frontal passages, there were large seasonal differences
in divergence. Summer frontal passages had divergence on average while the other three seasons
maintained convergence. At the end of a frontal passage, summer had the strongest divergence on
average: a factor of 2 larger than spring and fall, and a factor of 5 larger than winter. This is largely
attributable to the greater evaporative cooling in the summer compared to winter. End-of-front di-
vergence in summer was roughly the same magnitude as beginning-of-front convergence. For the
other three seasons the magnitude of convergence at the beginning of a frontal passage was 2 to 5
times the magnitude of divergence at the end of a frontal passage.

Average divergence values for frontal passages that produced cold pools are also shown (Figure
7). Because cold pools required the divergence threshold to be exceeded, their ending divergence
and mid-passage divergence values were larger than for all frontal passages. However, the seasonal
pattern was about the same as for frontal passages with summer having the highest divergence
values for the middle and end of frontal passages and winter having the lowest convergence at the
beginning of frontal passages and lowest divergence at the end of frontal passages. It is notable that
the beginning covergence values were roughly the same for cold pools as for all frontal passages.
This suggests that the strength of convergence ahead of a front is not closely related to the strength

of divergence behind a front.
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c. Seasonal Distributions

The seasonal distributions of frontal passages and cold pools were also determined. For these
calculations, the data from the triangles that experienced fronts or cold pools were used (Figure
8). There were more cold pools during the summer than the other seasons while the number of
frontal passages were similar for spring and summer. Winter had the lowest number of fronts and
cold pools. The dominance of spring and summer matches up well with the time of the annual
maximum of convective activity in Oklahoma. Frontal passages during the summer also had the
highest percentage of fronts leading to cold pools. A greater fraction of strong fronts (FS 5+)
compared to all fronts (FS 3+) resulted in cold pool formation.

One factor that influences the seasonal distributions of fronts and cold pools is the dependence
of precipitation evaporation rate on temperature. An increase in temperature leads to an increase
in precipitation evaporation rate, for the same relative humidity and rain water mixing ratio. As
a result, summer months are more highly influenced by precipitation evaporation which explains
some of the seasonal differences, particularly for cold pools. Additionally, seasonal variation
between convective and stratiform precipitation is likely an influence in this result. During the

summer, high precipitation rates occur more frequently than during the winter.

d. Diurnal Distributions

The mean diurnal distributions of frontal passages and cold pools were calculated by summing
the number of fronts and cold pools present in all triangles for each hourly interval (0000-0055
UTC, 0100-0155 UTC.,..., 2300-2355 UTC) during each season for the 15-year period of record
(1997-2011) (Figure 9). Seasons were defined as: MAM for spring, JJA for summer, SON for

fall, and DJF for winter. The error bars indicate the standard deviations of the yearly means.
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There was a significant seasonal variation in the diurnal distribution of frontal passages. In the
summer (Figure 9b) there was a large peak in frontal passage frequency in the afternoon, from
20-01 UTC (14-19 LST), with frontal passage frequencies then twice as high as during the rest
of the day. The other three seasons exhibited relatively small amplitudes in their diurnal cycles.
The diurnal distribution of cold pool frequency (not shown) was very similar to that for frontal
passages.

The standard deviations shown in Figure 9 are quite large. Despite it being impossible for there
to be more strong frontal passages than total fronts in a given year, the standard deviations overlap
which means it can be expected that some years have more strong fronts in a given hour of the day
for a season than other years have total fronts in that hour for a season.

The percentages of frontal passages with cold pools were also calculated for the diurnal cycle
(Figure 10). For most hours of the day in each of the four seasons, the percentage of strong
fronts with cold pools was higher than the percentage of all fronts with cold pools. Consistently
throughout the year, the evening hours, 00-06 UTC (18-00 LST), had the largest spread between
all and strong frontal passages associated with cold pools. In spring (Figure 10a) roughly 60% of
fronts resulted in cold pools throughout most of the day. The morning hours were the exception
with the percentage dropping below 50% for several hours (15-19 UTC). Summer (Figure 10b)
had the largest fraction of frontal passages yielding cold pools, exceeding 90% in the evening
hours for strong frontal passages. No individual hour during summer fell below 70% of total
fronts yielding cold pools. In the fall evening hours (Figure 10c) 60% of frontal passages and 75%
of strong frontal passages resulted in cold pools. During the day these percentages fell to between
40 and 55% until the mid-afternoon. In the winter (Figure 10d) the fraction of frontal passages
which resulted in cold pools was uniform throughout the day between 30 and 40%, which was less

than half as large as for summer.
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e. Geographic Distribution

Finally, the geographic distributions of frontal passages and cold pools across the Mesonet were
computed. It was found that Mesonet triangles with larger areas and larger longest side lengths had
lower frequencies of frontal passages and cold pool occurrences on average. This was expected
since all three triangle corners have to be crossed within two hours to qualify as a frontal passage
for the triangle. Linear regressions were performed using a least-squares fit to determine the
dependence of triangle frequencies on triangle area and longest side length. The regressions were
calculated for all fronts, strong fronts, all cold pools, and cold pools with strong fronts.

The linear fits were assumed to exactly describe how the frontal passage and cold pool frequen-
cies vary with (1) the triangle area, and (2) the longest side length, relative to the mean frontal
passage or cold pool frequency of a triangle with an area equal to the Mesonet mean triangle
area (~ 802 km~2) and a longest side length equal to the Mesonet mean longest side length (~
55 km). Any deviations of the observed frontal passage or cold pool frequency for a specific
Mesonet triangle from those predicted by the linear fits for that triangles’ area or side length were
assumed to be due to geographical variability. The two deviation methods for each triangle were
averaged and then added to the mean frontal passage or cold pool frequency. Before plotting, the
adjusted frequencies were spatially smoothed using a three iteration Barnes analysis with a half-
degree smoothing length scale. The end results shown are the geographic distributions of front
frequencies (Figure 11) and cold pool frequencies (Figure 12).

For the frontal passage frequencies, a west to east gradient is apparent with western regions
of Oklahoma exhibiting larger frequencies of frontal passages than eastern regions of Oklahoma
(Figure 11a). Strong frontal passage frequencies (Figure 11b) have a similar distribution. In both

cases the highest frequencies are in the northwest and the lowest frequencies in the southeast.
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The geographic distribution of cold pool frequencies is similar to that for frontal passages (Fig-
ure 12a). Western areas have the highest cold pool frequencies while the northeast and southeast
have the lowest average frequencies of cold pools. There is slightly more irregularity to the pattern
for cold pools compared to that for fronts. Cold pools resulting from strong fronts (Figure 12b)
show roughly the same geographic frequency pattern as for all cold pools.

One possible reason for the higher frequency of frontal passages in Western Oklahoma is the
dryline which frequently develops in the lee of the Rocky Mountains and advances into Oklahoma
where numerous case studies have been investigated over the years (McCarthy and Koch 1982;
Ziegler and Hane 1993; Buban et al. 2007). The dryline is a favored zone for cumulus cloud for-
mation and deep convection initiation. A climatology of springtime dryline position matches well
with the frontal passage geographic distribution anomaly pattern (Hoch and Markowski 2005).
Their Figure 2 shows that the dryline is most frequently located around 101°W longitude and the
range is generally from 103°W to 97°W with rare occurrences farther eastward. The west to east
pattern is slightly weaker for cold pools, possibly suggesting that western stations have a higher

rate of frontal passages not resulting in cold pools.

4. Conclusions

A 15-year climatology of Oklahoma Mesonet frontal passages and convective cold pools was
created and analyzed. Previous studies involving cold pools in the Oklahoma Mesonet have looked
at shorter time periods with a focus on features such as MCSs (Engerer et al. 2008) and squall lines
(Adams-Selin and Johnson 2010).

Frontal passages at Mesonet stations were objectively detected by calculating a non-dimensional
variable, the front score (FS), from 30-minute temperature falls and pressure rises. When all three

stations in a Mesonet triangle experienced a frontal passage within 2 hours, a front was deemed
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to have crossed the Mesonet triangle. A cold pool event required a frontal passage to occur at
a Mesonet triangle and for the divergence of the triangle to exceed 10~*s~! within half an hour
before or an hour after the frontal passage was halfway through the triangle.

The temperature falls and pressure rises during frontal passages were objectively determined.
Spring had the smallest average temperature falls while summer had the smallest average pressure
rises. Both variables had their largest average magnitude changes in the winter. Correlations be-
tween —AT and Ap for individual frontal passages were low, 0.28, with the smallest correlation in
summer and highest in winter and spring. This result indicated that there was a large variety in the
vertical structure of the temperature perturbations accompanying cold pools. The average temper-
ature and pressure changes and their correlations were generally similar for fronts with cold pools
and for all fronts. Since the Mesonet observations are at the surface, obtaining vertical profiles of
temperature could improve understanding of the reasons for the low correlations between changes
in pressure and temperature during frontal passages, particularly in the summer.

Convective cold pools were evaluated based on temperature falls, pressure rises, and surface
divergence. The associated gust front exhibits convergence ahead of the front and divergence be-
hind the front. Convergence values ahead of frontal passages were similar from spring to fall
with slightly lower values in winter. However, summer frontal passages transitioned to divergence
sooner, and had larger divergence values as a front finished crossing a Mesonet triangle, than was
the case for the other seasons, especially winter. While divergence values were much stronger for
fronts resulting in cold pools than all fronts because of the divergence requirement, the conver-
gence values ahead of a front showed very little difference between all fronts and fronts resulting
in cold pools.

Seasonally, spring and summer had the highest frequency of frontal passages (approximately

9 total fronts including 3 strong fronts per Mesonet triangle per season), while summer had the
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highest frequency of cold pools and the percentage of frontal passages which resulted in cold pools
(79% of fronts and 87% of strong fronts). Winter was lowest in all three categories with roughly
half as many fronts, a quarter as many cold pools and only 35% of fronts and 40% of strong fronts
resulting in cold pools.

The diurnal cycle of fronts and cold pools showed a strong seasonal variation. During the sum-
mer, frontal passages and cold pools were most frequent in the late afternoon to evening hours,
coinciding with daytime-heating-induced convection, over twice as often as the other hours (~130
vs ~50 per summer). The other seasons had much smaller diurnal variation in frontal passage and
cold pool frequency. The summer pattern was the dominant influence on the annual pattern for the
diurnal cycle.

Geographically, the size of Mesonet triangles, in terms of area and longest side length, had a
significant influence on the analyzed frequency of frontal passages and cold pools. After this
analysis artifact was accounted for, it was evident that western regions of Oklahoma experienced
higher frequencies of frontal passages and cold pools than eastern regions.

The methods used in this analysis could be applied to simulations using convection-resolving
models such as the Weather Research and Forecasting (WRF) model and the System for Atmo-
spheric Modeling (SAM). Particularly useful would be increased resolution in a model relative
to that of the Oklahoma Mesonet. Higher resolution would improve the sampling, especially for
cases of smaller-scale features and isolated convection that can be missed by the 40-km spacing of
the Mesonet stations. A regularly spaced grid in a model simulation would also aid in evaluating
geographic distributions.

Pressure rise data in this study could serve as a basis for comparison of rain evaporation esti-
mates. Fujita proposed a method to estimate rain evaporation which assumed that the pressure

rise is a result of cooling (and associated hydrostatic adjustment) due to precipitation evapora-
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tion (Fujita 1959). Comparing such rain evaporation estimates to rain evaporation derived from
convection-resolving model simulations would allow one to test and refine the method. The re-
sulting rain evaporation estimates could be used to evaluate and improve microphysical parame-
terizations in convection-resolving models. More accurately representing regions of cold air pro-
duction due to precipitation evaporation and surface outflow boundaries could lead to an improved
predictability of cold pool properties and convection initiation which could, in turn, be used to

evaluate cold pool parameterizations in global weather and climate models.
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552 FI1G. 2. Front scores for the JJA 1997 period at the Blackwell Mesonet station (36.75°N, 97.25°W). Large

ss3  positive front scores indicate frontal passages.
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Average Divergence of Triangles During
Frontal Passages Resulting in Cold Pools
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s« (FS 5+) frontal passages resulting in cold pools experienced by Mesonet triangles from 1997-2011 by season.
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572 F1G. 11. Geographic distributions of (a) all frontal passages and (b) strong frontal passages. Frontal passage
s frequencies were adjusted using Mesonet triangle areas and longest side lengths, then spatially smoothed using

s« a Barnes analysis.
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(a) Average Annual Cold Pools (FS 3+) 1997-2011  (b) Average Annual Cold Pools (FS 5+) 1997-2011
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