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ABSTRACT

The El Reno Oklahoma Mesonet (ELRE) site is one of a few Oklahoma Mesonet sites that has measured
inversions of 10°C or greater between 1.5 and 9 m. Historical analyses revealed that strong inversions at
ELRE have occurred because of rapid cooling near the surface shortly after sunset when conditions are
calm, clear, and dry. In addition, ELRE is a very well sited station and is located on very slightly sloped
terrain with no obstructions nearby. Four Portable Automated Research Micrometeorological Stations
(PARMS) were deployed along a transect orthogonal to ELRE for 3 months in the spring of 2005 to
quantify the micrometeorological processes that caused rapid cooling and subsequent strong inversions to
form. One-minute data collected from the PARMS and ELRE during the study verified the variability and
duration of strong inversion events. Analyses from the field study also revealed that significant horizontal
and vertical differences in air temperature and wind speed existed during periods of differential wind speeds

between the PARMS and ELRE.

1. Introduction

At night longwave emission cools the land surface
more quickly than the air above it and the boundary
layer can become stable with cold air trapped near the
surface (Hartmann 1994). Low-level nocturnal inver-
sions are a common occurrence during these stable at-
mospheric conditions. Some inversions are induced by
synoptic-scale processes (Groen 1947; Fiebrich and
Crawford 1998), while others are influenced by local
conditions, such as terrain and landscape (Gustavsson
et al. 1998; Fiebrich and Crawford 1998), and typically
impact a very small area in the lowest levels of the
troposphere. Geiger et al. (1995) showed that a surface
inversion increases in strength until sunrise and often
reaches heights of 100 m or greater. Within the overall
inversion, an inversion sublayer also forms; the inver-
sion sublayer has an annual average height of 21 m
above the surface. Further, the authors demonstrated
that while the vertical extent of the inversion increases
through the night, the inversion sublayer develops rap-
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idly during the first 1-2 h following sunset and then
becomes relatively stable. Likewise, the maximum tem-
perature gradient of the inversion sublayer occurs
within the first 1-2 h after sunset and then decreases
somewhat for the remainder of the night.

Inversions that occur within the inversion sublayer
are a result of radiational cooling (Geiger et al. 1995).
The air aloft within the overall inversion cools as a
result of conduction and weak convective or shear-
induced mixing until sunrise the following day, while
strong temperature gradients in the inversion sublayer
occur when the wind profile is very weak. Hartmann
(1994) demonstrated that high vertical stability is
present with nocturnal inversions and the turbulent ex-
change of energy with the surface is suppressed. Latent
and sensible heat fluxes are also suppressed allowing
radiative forcing to dominate. Thus, the air just above
the surface continues to cool rapidly forming a large
vertical temperature gradient between the air near the
surface and the air aloft; the process is further accen-
tuated during clear sky and dry conditions as longwave
loss to the atmosphere is large (Perrotin 1920; Groen
1947; Hartmann 1994; Geiger et al. 1995). Geiger et al.
(1995) further showed that wind speeds and inversion
strength are interrelated as increases in wind speed are
followed by a breakdown of the inversion.

At the surface, studies have documented different
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types of cooling in different regions. Gustavsson et al.
(1998) found that very large temperature variations can
occur during clear nights with horizontal variations as
large as 15°C across a 22-km route of their study area in
southwest Sweden. It is widely accepted that the best
conditions for nocturnal cooling are clear nights with
calm or light winds, little moisture, and stable atmo-
spheric conditions (Thompson 1986; Gudiksen et al.
1992; Fiebrich and Crawford 1998). The primary docu-
mented mechanisms for nocturnal cooling include cold-
air drainage (Thompson 1986; Gudiksen et al. 1992;
Kondo 1995), katabatic flow (Thompson 1986; Feng
and Chen 2001), and in situ cooling (Thompson 1986;
Gustavsson et al. 1998; Fiebrich and Crawford 1998,
2001; Clements et al. 2003).

Cold-air drainage occurs when cold air flows down-
hill from gravity. Thompson (1986) found that a gradi-
ent of 1 m of elevation rise over a horizontal distance of
200 m was not enough to produce cold-air drainage and
that large gradients are needed for this type of flow to
occur. A study by Kondo (1995) on the Kanto Plain of
Japan’s Honshu Island showed that cold-air drainage
began approximately 2 h after sunset as the cold dense
air flowed off the nearby mountain and across the
Kanto Plain at nearly 4.7 m s~'. Gudiksen et al. (1992)
studied the nocturnal drainage flows within the Mesa
Creek Valley in western Colorado and found that in-
creased atmospheric moisture and wind speeds greater
than 5 m s~ ! hindered the drainage flows.

Within mountainous regions, higher elevations often
cool faster than the lower elevations and katabatic
winds develop that advect cooler air into the valleys.
The pressure over the warmer valley surface is lower
than the pressure over the cooler air that is on the top
or side of the hill. This creates a pressure gradient and
a downslope wind begins. For the katabatic flow to
maintain itself, the valley air must always be warmer
than the air being advected into the valley so that the
pressure gradient is maintained (Thompson 1986). The
katabatic wind can be measured within a few meters of
the surface and is normally very weak. Thompson
(1986) was able to measure a very weak katabatic wind
during the winter when the air over a lake located at the
bottom of a hill was warmer than the air on the side of
the hill. Feng and Chen (2001) used a numerical model
to study the katabatic flows on the island of Hawaii and
revealed that after 2 h of nocturnal cooling the ka-
tabatic flow reached the coast; as the night progressed,
the flow spread several miles offshore.

In situ cooling occurs when the air near the surface
does not mix with the surrounding air and is typically
associated with wind obstructions, such as hills and
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trees. These obstructions block the wind and can aid in
the creation of large horizontal temperature gradients if
skies are clear and winds are light. In situ cooling begins
and is most intense right after sunset. Measurements by
Thompson (1986) showed that the sheltering effect of
topography could be responsible for large temperature
variations while Gustavsson et al. (1998) found that
very large temperature variations are possible within 1
h of cooling. In situ cooling has also been found to be a
major reason for cold-air pools. Gustavsson et al.
(1998) demonstrated that in valleys, the greatest cool-
ing occurred during the first 2 h after sunset and during
the remainder of the night the rate slowed. Andre and
Mabhrt (1982) divided the nocturnal boundary layer into
the lower (turbulent) layer and the upper layer. The
study found that weak slopes can affect nocturnal cool-
ing rates and that the lower layer varied slowly through-
out the night and was different from night to night.

In situ cooling has been found to cause large vertical
temperature gradients near sunset at Oklahoma Meso-
net sites (Fiebrich and Crawford 2001). Several sites
across Oklahoma have been documented as being sus-
ceptible to intense radiational cooling and, although
rare, the Oklahoma Mesonet has measured inver-
sions over 10°C between 1.5 and 9 m at some locations.
Fiebrich and Crawford (1998) found that inversions
with magnitudes greater than 3°C were frequent, inver-
sions of at least 6°C were not as common, and inver-
sions of at least 10°C occurred only 6 times from 29
February 1995 to 1 March 1996. Fiebrich and Crawford
(1998) also found that winter was the most prominent
season for strong inversions.

One mesonet site in particular, the El Reno site
(ELRE), has yielded strong nocturnal inversions as
well as intense rapid cooling on a regular basis. How-
ever, the site has puzzled Oklahoma Mesonet person-
nel for years because it lacks the typical local features
associated with such cooling episodes (e.g., obstruc-
tions, terrain). In fact, ELRE is installed at a location
that greatly exceeds the standard siting requirements
established by the World Meteorological Organization
(WMO 1983). Siting requirements listed by WMO
(1983) include, but are not limited to, flat, open ground
with natural cover and a horizontal distance of at least
4 times the height of the nearest vertical obstruction.
Thus, the focus of this paper is to document the devel-
opment of inversions and rapid cooling at ELRE and to
diagnose the physical processes that contribute to the
unique conditions observed. Extensive analysis of his-
torical climate data is utilized as well as observations
from an intense field study near and around the ELRE
site during January—April 2005.
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Fi1G. 1. The Oklahoma Mesonet.

2. Data and methods
a. The Oklahoma Mesonet

The Oklahoma Mesonet consists of 116 remote me-
teorological stations (Fig. 1) across Oklahoma (Brock
et al. 1995; McPherson et al. 2007). Each site records air
temperature and relative humidity at 1.5 m, wind speed
and wind direction at 10 m, rainfall, downwelling solar
radiation, soil temperature, soil moisture (except at
sites with poor soil conditions), and barometric pres-
sure. Of the 116 stations, 100 also measure air tempera-
ture at 9 m and wind speed at 9 and 2 m (McPherson et
al. 2007). Mesonet sites are powered by a solar panel
and a battery. Data are relayed to a base via radio then
transmitted through the Oklahoma Law Enforcement
Telecommunications System (OLETS) to a central pro-
cessing facility in Norman, Oklahoma. The data are
then processed through rigorous automated and
manual quality assurance (QA) processes (Shafer et al.
2000) and archived, and products are generated for dis-
tribution via the Internet (McPherson et al. 2007
www.mesonet.org). During typical operation, each me-
sonet site records averaged data observations at 5-30-
min intervals, depending on the variable measured, and
reports every 5 min. Oklahoma Mesonet stations are
installed across a variety of vegetation, soil, terrain, and
climate conditions. Even so, rigorous siting require-
ments exist for mesonet stations such that each site
must be representative of the surrounding conditions, a
distance of approximately 300 m from the nearest ob-
struction, and in an area with no more than 5% change

in elevation (Brock et al. 1995; Shafer et al. 2000;
McPherson et al. 2007).

b. The ELRE site

The ELRE site is located approximately 8 km west-
northwest of El Reno, Oklahoma. The land surround-
ing the site is open terrain covered by natural tallgrass
prairie and is very slightly sloped from east to west.
During the study, high-resolution elevation data were
collected near and around the ELRE site at approxi-
mately 1200 locations. The observations (Fig. 2) clearly
reveal the minor elevation gradient oriented east
(lower elevations) to west (higher elevations).

A climatological study of ELRE was completed using
5-min-averaged data collected from January 2000
through December 2004 with particular focus on obser-
vations of air temperature at 1.5 and 9 m, wind speed at
2 and 10 m, wind speed and wind direction at 10 m, and
relative humidity at 1.5 m. From October 2004 through
April 2005, 1-min-averaged data were recorded at
ELRE and studied during nights with inversions
greater than 5°C. Additional site information and pho-
tos for ELRE were available online at the time of writ-
ing (http://www.mesonet.org/sites/sitedescription.
php?site=ELRE&dir=pr).

¢. Portable Automated Research
Micrometeorological Stations (PARMS)

Four PARMS (Basara 2005) were deployed along an
east—west transect near ELRE. The PARMS measured
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FiG. 2. Topographic map and deployment of the PARMS near the ELRE site. Horizontal distance between
PARMS 1 and PARMS 4 is approximately 700 m.

numerous meteorological variables at 1-min-averaged
intervals, including air temperature and relative humid-
ity at 1.5 m, the u, v, and w wind components at 2 m,
solar radiation, net radiation, and surface skin tempera-
ture. Table 1 documents the variables measured at the

TABLE 1. Instruments installed on PARMS.

Variable Instrument

Themometrics FastAir and
Vaisala HMP45A

Apogee IRTS-P

RM Young 81000 sonic
anemometer

Li-Cor 200S Pyranometer

Kipp and Zonen NR-Lite net
radiometer

1.5-m air temperature and
humidity

Surface skin temperature

2-m 3D wind speed and
direction

Solar radiation

Net radiation

PARMS and the instruments used. The PARMS were
deployed during an intensive field study from January
through March 2005 along an east-west-oriented
transect (Fig. 2) and spaced at intervals shown in Table
2. Unfortunately, the sonic anemometer at PARMS 1
failed a few weeks into the field study and wind data
were unusable after 21 February 2005.

TABLE 2. The distance between ELRE and the PARMS in
meters.

PARMS PARMS PARMS PARMS

ELRE 1 2 3 4
ELRE — 171 10 387 529
PARMS 1 171 — 167 557 699
PARMS 2 10 167 — 391 533
PARMS 3 387 557 391 — 143
PARMS 4 529 699 533 143 —




MARCH 2007

HUNT ET AL.

357

TABLE 3. RMS differences between PARMS for the u wind component (i), the v wind component (v), the w wind component (w),
air temperature measured by the Thermometrics Fastherm (TAIR 1), air temperature measured by the Vaisala HMP45A (TAIR 2),

RH, net radiation (RNET), and surface skin temperature (IRT).

u(ms') v(ms') w(ms') TAIR1(°C) TAIR2 (°C) RH (%) RNET (W m2) IRT (°C)
PARMS 1 vs PARMS 2 0.26 0.19 0.08 0.11 0.08 1.03 3.79 0.83
PARMS 1 vs PARMS 3 024 027 0.07 036 0.11 1.95 7.87 0.83
PARMS 1 vs PARMS 4 028 033 0.08 0.22 0.13 1.34 9.92 1.26
PARMS 2 vs PARMS 3 0.20 023 0.08 0.29 0.07 1.08 7.26 0.58
PARMS 2 vs PARMS 4 0.26 030 0.08 0.17 0.09 0.54 9.38 0.75
PARMS 3 vs PARMS 4 0.1 0.18 0.07 021 0.05 0.94 4.10 0.63

The utility of the PARMS for the intensive field
study was twofold; the PARMS include two separate
instruments that measure air temperature at 1.5 m
(Table 1; Basara 2005). Thus, redundant measurements
were available for validating the observed conditions.
Unlike the cup anemometer installed at 2 m at ELRE,
which has a minimum wind speed threshold of 0.5
m s~ !, the 3D sonic anemometer on each PARMS has
a minimum threshold of 0.01 ms™', an accuracy of
+0.05ms ! from 0 to 30 m s}, and a resolution of 0.1
ms~'. Thus, the PARMS recorded higher-resolution
near-surface wind observations needed for this study.

Prior to deployment at ELRE, the PARMS under-
went a field calibration whereby the sites were arranged
side by side and data were collected for nearly 2 weeks.
The purpose of the field calibration was to quantify the
variability of the measurements collected by the
PARMS in a controlled environment. Overall, very mi-
nor differences were noted between PARMS for the
variables utilized in this study (Table 3). Therefore, the
differences observed during the field study were a re-
sult of physical processes and not instrumentation bias.

3. Historical inversion climatology

a. Historical overview

Inversions at ELRE have often exceeded 5.0°C be-
tween the 1.5- and 9-m levels (defined as a significant
inversion for this study). Five years of data from Janu-
ary 2000 to December 2004 were analyzed to determine
the strength and number of inversions at ELRE relative
to surrounding Oklahoma Mesonet sites (Table 4). Sig-
nificant inversions at ELRE were observed on 273
nights during the 5-yr study period, as compared with a
median of 55 nights for the surrounding mesonet sites.
Inversions have been recorded throughout the entire
year at ELRE but are most prevalent in the meteoro-
logical autumn, with a peak in September (Fig. 3). Au-
tumn seemed to be the optimal time for significant in-
versions as strong ridges of high pressure would often

settle into the southern plains following the passage of
a cold front. The clear, calm, dry, yet relatively warm
conditions left in the wake of early autumn cold frontal
passages were ideal conditions for the formation of sig-
nificant inversions.

The nature of the inversions at ELRE is tied to the
rate of cooling at 1.5 m versus other mesonet sites.
Table 5 shows the mean temperature difference at 1.5
and 9 m between ELRE and the surrounding sites of
Spencer (SPEN), Minco (MINC), Kingfisher (KING),
and Hinton (HINT) at the time of the peak of the in-
versions at ELRE between January 2000 and Decem-
ber 2004. At 9 m the differences were minimal and, on
average, ELRE was slightly warmer than KING at the
peak of the inversion events. However, at 1.5 m ELRE
was substantially cooler than the surrounding sites with
differences ranging, on average, from 3.84° to 6.26°C.
Thus, during inversion events, the 9-m temperature was
very similar among the sites while the rate of cooling at
1.5 m was dramatically different.

ELRE has recorded some of the strongest inversions
observed at Oklahoma Mesonet sites. The inversions at
ELRE were unique regarding the time of night when
they occurred. Unlike typical nocturnal inversions that
usually reach maximum strength shortly before sunrise
(Geiger et al. 1995), the significant inversions at ELRE
usually occurred in the first few hours following sunset.

Inspection of past surface conditions at ELRE as well

TABLE 4. Number of days with significant inversions by meteo-
rological season and maximum inversion recorded at ELRE and
surrounding sites from 0000 UTC 1 Jan 2000 to 1200 UTC 12 Dec
2004 (here ID is identifier).

Total No. of inversions at ELRE and surrounding mesonet sites

Site ID  Spring ~ Summer  Autumn  Winter  Total
ELRE 54 28 101 89 273
HINT 16 1 17 14 48
KING 21 1 9 30 61
SPEN 21 5 37 21 84
MINC 0 1 4 2 7
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ELRE Number of Inversions by Month:
January 2000-December 2004
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Fi1G. 3. Number of significant inversions by month at ELRE from January 2000 to
December 2004.

as SPEN, MINC, KING, and HINT did not reveal any
significant or consistent differences that would create
such atmospheric anomalies. All Oklahoma Mesonet
sites are installed over native vegetation and the surface
conditions inside the site are maintained to match those
outside as closely as possible (Fiebrich et al. 2006;
McPherson et al. 2007). Throughout the year, vegeta-
tion height at ELRE and the surrounding sites changed
because of the natural variation of land cover. While
subtle differences occurred from site to site, a consis-

TABLE 5. Mean difference in TAIR (°C) at 1.5 and 9 m between
surrounding sites and ELRE at the time of peak inversion
strength.

Difference in 1.5 m Difference in 9 m

Site ID TAIR (°C) TAIR (°C)
SPEN 425 0.46
KING 3.84 —0.49
HINT 4.55 0.32
MINC 6.26 1.24

tent pattern that highlighted ELRE versus the other
sites was not found. In addition, for these sites little if
any bare soil was exposed regardless of season. Addi-
tional metadata concerning each site, including histori-
cal site photos and soil characterizations, were located
online at the time of writing (http://www.mesonet.org/
sites/).

b. Historical example

Consider the example that occurred on 9 September
2004, which is the strongest inversion observed to date
at ELRE. Conditions at 0000 UTC (approximately 45
min prior to sunset) 9 September 2004 included clear
skies, a large dewpoint depression (~18°C), and light
northeast winds. Following sunset, the wind speed at 2
m became calm and the air temperature at 1.5 m began
to cool rapidly (Fig. 4). Conversely, the air temperature
at 9 m cooled at a much slower rate and a significant
inversion formed by 0100 UTC (15 min after sunset).
Calm conditions prevailed during the next hour and the
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F1G. 4. Air temperature at 1.5 and 9 m at ELRE from 0045 to
0845 UTC 9 Sep 2004.

air temperature at 1.5 m continued to decrease while
inversion strength intensified. The inversion reached a
maximum magnitude at 0230 UTC with a difference
between the 1.5- and 9-m air temperature values of
11°C. During the inversion, wind speed values at 2 m
were calm (or very near calm) during the first hour
after sunset while at 10 m were slightly stronger, allow-
ing minor turbulent mixing to occur (Fig. 5).

During the 9 September 2004 case, ELRE was sub-
stantially cooler than surrounding Oklahoma Mesonet
sites during the time of the inversion. For example, the
1.5-m air temperature at ELRE was 8.8°C at the time of
the maximum inversion, while the next coolest sur-
rounding mesonet site was SPEN at 15.9°C. ELRE was
not only much cooler than surrounding mesonet sites, it
was also the coldest mesonet site in the state (Fig. 6)
and remained so for a few hours before sites in the far
northern and western sections of Oklahoma became
cooler. Additionally, similar trends have been noted on
numerous other evenings when rapid cooling occurred
at ELRE. Figure 7 shows the air temperature at ELRE
in comparison with surrounding mesonet sites in central
Oklahoma on 9 September 2004. After the inversion
reached a maximum magnitude, the cooling rate
sharply decreased and the air temperature fluctuated
for the remainder of the night; the fluctuations in air
temperature were highly correlated with fluctuations in
the wind speed. Thus, periods of calm winds at 2 m
allowed air temperature values to decrease while peri-
ods of increased wind speeds allowed for turbulent mix-
ing and increased air temperature values. Eventually, as

Time (UTC)

F1G. 5. Wind speed at 2 and 10 m at ELRE from 0045 to 0845
UTC 9 Sep 2004.

the night progressed, the air temperature at ELRE be-
came more comparable to air temperature values at
surrounding mesonet sites (Fig. 7). Once the rapid sur-
face cooling ceased at ELRE because of slightly stron-
ger wind speeds, the inversion strength slowly de-
creased. Thus, even though the inversion remained very
strong for several hours on 9 September 2004, the mag-
nitude of the significant inversion decreased when the
wind speed values increased (Figs. 4 and 5). Historical
analysis is consistent with this sequence of events, con-
firming that during strong inversion events, the differ-
ence in air temperature at 1.5 m between ELRE and
surrounding mesonet sites typically decreases to a mini-
mum just prior to sunrise.

4. Field study analysis

Four PARMS were placed along a transect orthogo-
nal to the slope near ELRE for a 3-month period from
23 January 2005 to 19 April 2005. PARMS 1 was lo-
cated at the east end of the transect at the lowest el-
evation while PARMS 2 was collocated with the ELRE
site. PARMS 3 was installed in an area representing the
greatest slope to the local terrain and PARMS 4 was
deployed at the west end of the transect near the apex
of the local terrain. The overall length of the transect
spanned 699 m with an elevation change of approxi-
mately 10 m (Fig. 2; Table 2). During the field study,
ELRE recorded significant inversions on 10 occasions
(Table 6). The PARMS also observed a horizontal tem-
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F1G. 6. Air temperature at 1.5 m at 0230 UTC 9 Sep 2004.

perature difference across the slope of 5°C or greater
during five of the inversion events (Fig. 8). One-minute
data from the PARMS and ELRE and the placement of
the four PARMS allowed for further analysis of air
temperature, wind speed, etc. along the slight grade of
slope during nights with strong inversions. Clear to
mostly clear skies were observed shortly before and
during the time of significant inversions during all cases
over the 3-month field study.

a. Dewpoint depression

Large dewpoint depressions often aid strong radia-
tional cooling (Ahrens 2000) and were an important
factor in nearly all of the inversion cases observed by
the PARMS. Table 6 shows the dewpoint depression
observed by ELRE at 0000 UTC preceding each inver-
sion case as well as the elapsed time from sunset to the
development of the significant inversion. Significant in-
versions also tended to occur more quickly with larger
dewpoint depressions. For example, the 20.2°C dew-
point depression observed at 0000 UTC 13 March 2005
corresponded to the shortest amount of elapsed time
from sunset to a significant inversion.

b. Wind speed

Reduced wind speeds at ELRE yielded less mixing.
Historical analysis revealed that when wind speeds be-
came calm at ELRE, strong inversions often formed.
While wind speeds were light at all of the PARMS on

nights with significant inversions during the field study,
some variability existed on different occasions. Figure
9a demonstrates the wind speed at ELRE for all 10
cases at the time of the maximum inversion between 1.5
and 9 m, while Fig. 9b shows the wind speed at the time
of the maximum horizontal temperature difference be-
tween the PARMS. For every case observed during the
field study, the wind speed at PARMS 2 and the 2-m
wind speed at ELRE were 1.5 ms™ ! or less during the
time of the maximum inversion. In addition, the maxi-
mum difference in temperature between the PARMS
was always between one of the sites located at the bot-
tom of the slope (1 or 2) and one of the sites situated
near or at the top of the slope (3 or 4).

Overall wind speed values observed at PARMS 2 and
ELRE during the formation of significant inversions
were very weak and markedly different than the 10-m
wind speed values observed at ELRE. This difference
in wind speed appeared to be a primary cause for the
formation of significant inversions. The very light wind
speeds at 2 m yielded little mixing at the time of the
maximum inversion. As a result of the lack of mixing,
strong radiational cooling occurred. Hence, air tem-
peratures at 1.5 m cooled rapidly while temperatures
cooled more slowly at 9 m, where slightly greater wind
speeds and mixing inhibit rapid cooling. Thus, the rapid
cooling preceded the formation of the nocturnal inver-
sion.

Wind speed differences leading to differential cool-
ing also contributed to strong horizontal temperature
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F1G. 7. Air temperature at 1.5 m from 0045 to 1300 UTC 9 Sep 2004 at ELRE and surrounding Oklahoma Mesonet sites.

differences that often formed between the PARMS.
However, even though the horizontal temperature dif-
ferences and maximum inversions were driven by simi-
lar processes, they did not occur simultaneously. Addi-
tionally, the magnitude of the horizontal temperature
difference was usually a few degrees less than that of
the maximum inversion strength (Fig. 8). The large
horizontal temperature differences (i.e., >5°C) only oc-
curred when wind speeds were very light at the bottom
of the slope when compared with the PARMS near the
top of the slope. As such, the difference in wind speed
between the PARMS also resulted in a difference in
mixing between the sites. Higher wind speeds at

PARMS 3 and 4 led to increased mixing causing the air
temperature to decrease slowly, remain static, or even
rise slightly, despite radiational cooling. Conversely,
wind speeds at PARMS 1 and 2 were minimal, mixing
was minimized, and air temperatures cooled more rap-
idly. Even so, the large differences between PARMS
normally did not last longer than 10 min, as even slight
fluctuations in wind speed caused air temperature dif-
ferences between PARMS to become negligible. Fig-
ures 10a,b demonstrate the impact of wind speed dif-
ferences on the horizontal temperature difference be-
tween PARMS 2 and 4 on 28 March 2005. The largest
difference in air temperature among the PARMS
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TABLE 6. Dewpoint depression at 0000 UTC and elapsed time
from sunset to the start of a significant inversion for all 10 cases.

Elapsed time

Inversion Date of Dewpoint from sunset to
No. inversion depression  significant inversion
Inversion 1 26 Jan 2005 8.2°C 82 min
Inversion 2 3 Feb 2005 5.0°C 346 min
Inversion 3 4 Feb 2005 6.2°C 52 min
Inversion 4 14 Feb 2005 14.7°C 42 min
Inversion 5 21 Feb 2005 13.2°C 413 min
Inversion 6 13 Mar 2005 20.2°C 21 min
Inversion 7 28 Mar 2005 11.9°C 136 min
Inversion 8 2 Apr 2005 18.7°C 59 min
Inversion 9 8 Apr 2005 15.5°C 57 min
Inversion 10 13 Apr 2005 19.0°C 72 min

shown in Fig. 9a corresponds to the largest difference in
wind speed shown in Fig. 9b. Figures 10a,b also dem-
onstrate the strong correlation between wind speed and
air temperature (i.e., decreases in wind speed yielded a
decrease in air temperature at the PARMS).

c. Wind direction

Wind direction also contributed to the formation of
significant inversions and horizontal temperature dif-
ferences. While no specific wind direction was neces-
sary for the formation of a significant inversion, a gen-
eral westerly and southerly component to the wind was
very common at all PARMS on nights with significant
inversions. At times, inversion strength would increase
when wind direction became southwesterly at the
PARMS. For example, on 28 March 2005, even though
the wind speed at PARMS 2 was generally less than
1 ms™', the inversion was approximately 3° to 4°C.
However, as wind direction veered to the southwest
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a) Wind Speed at Maximum Inversion
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FI1G. 9. (a) Wind speed observed at 2 m at the PARMS and the
10 m wind speed of ELRE observed at the time of the maximum
inversion during the field study. (b) Wind speed observed at 2 m
at the PARMS and the 10-m wind speed of ELRE observed at the
time of the maximum temperature difference during the field
study.

PARMS 3 PARMS 4 ELRE 10m

(Fig. 11a) 1.5-m air temperatures at PARMS 2 and
ELRE continued to cool at roughly the same rate, but
the air temperature at 9 m remained nearly the same
value. Thus, the inversion between 1.5 and 9 m in-
creased in magnitude (Fig. 11b).

d. Skin temperature, upwelling longwave radiation,
and net radiation

Net radiation and skin temperature data from the
field study showed very consistent trends throughout all
10 cases. Typically, little variation was observed in skin
temperature observations between the PARMS during
the strong inversions (less than 2°C), and the coldest
site was predominantly PARMS 4 while the warmest
was typically PARMS 3. Upwelling longwave radiation
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was estimated from the skin temperature values with
the Stefan-Boltzmann equation,

Egr = eoT?, (1)

where ¢ was equal to 1.0; the emissivity specifically used
by the infrared temperature sensor is 1.0 (Fiebrich et al.
2003). As expected from the skin temperature analysis,
the differences in upwelling longwave radiation be-
tween the PARMS were minimal and typically less than
10 W m~? during inversion periods. Further, the great-
est longwave emissions were mostly at PARMS 3 while
the least typically occurred at PARMS 4. The radiative
trends were further confirmed via the total net radia-
tion values observed at each of the PARMS. Again,
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during the inversion cases, minimal variability was typi-
cally noted and was generally less than 10 W m~ 2. This
is not surprising given that in absence of downwelling
shortwave radiation and the general lack of turbulent
heat fluxes at night, the radiation balance is a function
of downwelling and upwelling longwave radiation. As
such, because the upwelling longwave showed minimal
differences and downwelling longwave radiation is typi-
cally homogeneous over limited spatial distances, the
temporal variations mirrored the upwelling longwave
trends.

The example case from 28 March 2005 demonstrates
the typical trends observed throughout the field study.
During the inversion period, the skin temperature was
slightly warmer at PARMS 3, which resulted in slightly
greater upwelling longwave and reduced net radiation
values (Figs. 12a,b). Conversely, the skin temperature
at PARMS 4 was slightly cooler than the other loca-
tions and subsequently the upwelling longwave and in-
creased net radiation values were less (Figs. 12a,b).
During the inversion period on 28 March 2005, the ra-
diative variables at PARMS 2 ranged between the val-
ues observed at PARMS 3 and 4.

Even though PARMS 2 recorded the coldest tem-
perature values at 1.5 m throughout the field study, the
radiation variables did not reveal consistent or similar
trends that would identify those specific variables as the
reason for the rapid cooling. In fact, the site with the
coolest skin temperature values was generally PARMS
4, which typically recorded the greatest temperature
values at 1.5 m during inversion periods. It is also im-
portant to note the measurement differences associated
with the radiation values versus air temperature, hu-
midity, and wind speed. The latter variables represent
point measurements of the integrated atmosphere
around the sensor with a fetch determined by wind
speed and measurement height. The radiation values
(net radiation, skin temperature, etc.) utilize sensor
technology that observes an integrated footprint on the
surface with a diameter spanning a meter or two de-
pending on the sensor’s field of view; such sensors are
much more likely to be influenced by minor variability
in surface conditions.

5. Discussion

The analyses from the 5-yr period of historical data
and the 3-month field study demonstrated that rapid
cooling events led to significant inversions at ELRE.
Further, the frequency and strength of the inversions at
the surrounding Oklahoma Mesonet sites were rare
when compared with ELRE (Table 4). The inversions
observed at ELRE were strongly correlated to rapid
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cooling near the surface after sunset, and as a result, the
atmospheric conditions at ELRE were often very dif-
ferent than surrounding sites during the early nighttime
hours (Figs. 6 and 7).

Because the most intense cooling occurred 1) within
the first hours after sunset, 2) when wind speed values
were nearly calm, and 3) when organized drainage
flows were not observed, the most likely cause for the
observed conditions was because of in situ cooling.
However, in situ cooling has typically been reported in
areas that have major obstructions, such as hilly terrain
and large trees (Thompson 1986; Gustavsson et al.
1998; Clements et al. 2003). Conversely, ELRE is very
well sited by the WMO (WMO 1983) as the slope of the
land surrounding ELRE is very minimal (less than 1%)
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and the only vegetation surrounding ELRE is natural
tallgrass prairie. Yet, rapid in situ cooling seems to oc-
cur at ELRE on any night when clear, dry, and calm
conditions exist, while not at other surrounding sites.

Even though all three factors are important at
ELRE, in situ cooling and the subsequent formation of
significant inversions are primarily driven by wind
speed. Significant inversions have been observed at
ELRE when the dewpoint depression was not large and
have occurred when skies were marginally clear. Sig-
nificant inversions have never formed at ELRE when
wind speeds were greater than 2 ms~! at 2 m. Thus,
2-m wind speeds at ELRE must be near calm for rapid
in situ cooling to occur and strong inversions to form.
Further, the analyses revealed that stronger significant
inversions (greater than 6.5°C) mainly occurred when
2-m wind speeds were less than 1 m s~ ! and borderline
significant inversion cases (approximately 5.5°C) oc-
curred with wind speed values closer to 1.5 ms™".

The role of wind speed is critical in the formation,
maintenance, and erosion of the nocturnal inversion.
The results of this study revealed that during the for-
mation of strong inversions at ELRE, significant hori-
zontal and vertical temperature gradients develop at
and near the site. Rapid in situ cooling and subsequent
formation of the nocturnal inversion occur only when
the wind speed values decrease below the critical
threshold value of 2 ms™' at 2 m. When the winds
increase above these thresholds, the mixing causes the
temperature gradients to weaken and the low-level noc-
turnal inversion erodes. The processes responsible for
the mixing have not been explicitly quantified in this
study and are likely due to a combination of horizontal
turbulence, including eddies and shear-induced vertical
mixing.

6. Concluding remarks

The frequent occurrence of strong inversions and
rapid cooling at ELRE is unique when compared with
surrounding locations. However, perhaps the most per-
plexing aspect of the conditions at ELRE is that the
rapid cooling and inversion formation occur at a loca-
tion with minimal terrain and obstructions. As such, the
conditions occur at a station that greatly exceeds cur-
rent WMO siting standards while other locations that
are not as well sited do not see such occurrences. The
critical results of the study include the following:

e Under most atmospheric conditions, ELRE is very
similar to surrounding Oklahoma Mesonet sites.
However, under the conditions described in this pa-
per, microscale variability driven by in situ cooling
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creates an environment where ELRE is very differ-
ent from surrounding locations.

e The rapid in situ cooling allows near-surface tem-
peratures measured at 1.5 m to decrease much faster
than the observed temperature values at 9 m. As
such, significant inversions form because of the large
vertical gradient that develops as a result of the rapid
near-surface cooling.

e Rapid in situ cooling and the formation of significant
inversions have never occurred at ELRE when wind
speeds were greater than 2 ms™~ ' at 2 m. Addition-
ally, inversions greater than 6.5°C mainly occurred
when 2-m wind speeds were less than 1 ms~' and
borderline significant inversion cases (approximately
5.5°C) occurred with wind speed values closer to
1.5ms™ "

e The field study revealed the presence of strong hori-
zontal temperature differences when wind speeds
were very light; half of the cases during the 3-month
field study included a 5°C air temperature difference
between sites separated by only a few meters of el-
evation change and a few hundred meters in distance.

e The results of the field study demonstrated that the
skin temperature, upwelling longwave radiation, and
net radiation were not well correlated with the trends
noted in the rapid cooling at 1.5 m during inversion
periods.

The slope of the land surrounding ELRE is minimal.
However, the results of this study revealed that the
location of the site is situated such that microscale dif-
ferences in wind speed and air temperature are accen-
tuated under certain environmental conditions. If the
site were installed approximately 500 m farther west at
the apex of the local terrain (an elevation change of
only 10 m), the observed conditions would be dramati-
cally different; the nocturnal 1.5-m temperature values
on nights characterized with calm winds, low humidity,
and clear skies would be very similar to surrounding
mesonet sites.

Long-term consistency of the climate record is a key
consideration in the continued monitoring of environ-
mental conditions using the Oklahoma Mesonet. Thus,
it is not recommended that ELRE be moved to the
apex of the slope or any other location on the property
because of temporal inconsistencies that would appear
in the climate record at the site. As such, sites like
ELRE present a challenge to continuous monitoring of
environmental conditions. Further, when analyzing the
output of quality assurance tests, it can be difficult to
ascertain whether data are valid or erroneous when the
scales of representativeness oscillate from very local to
regional over relatively short temporal scales.

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 46

In the case of ELRE, Oklahoma Mesonet personnel
initially responded to the observations of the rapid in
situ cooling at ELRE by rotating air temperature sen-
sors between ELRE and other mesonet sites. Once the
phenomenon was detected on numerous occasions by
multiple sensors, mesonet personnel determined the
anomalous observations at ELRE were caused by
physical processes and not sensor error. Thus, while the
station will not be relocated, because of the prior ex-
periences and the results of this study, information con-
cerning the nocturnal in situ cooling at ELRE is fully
documented in the site’s metadata. In addition, the
knowledge gained is used to validate the removal of
automated QA flags directly related to such cooling
events.
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