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ABSTRACT: The 1-s-resolution U.S. radiosonde data are analyzed for unstable layers, where the potential temperature
decreases with increasing altitude, in the troposphere and lower stratosphere (LS). Care is taken to exclude spurious un-
stable layers arising from noise in the soundings and also to allow for the destabilizing influence of water vapor in saturated
layers. Riverton, Wyoming, and Greensboro, North Carolina, in the extratropics, are analyzed in detail, where it is found
that the annual and diurnal variations are largest, and the interannual variations are smallest in the LS. More unstable layer
occurrences in the LS at Riverton are found at 0000 UTC, while at Greensboro, more unstable layer occurrences in the LS
are at 1200 UTC, consistent with a geographical pattern where greater unstable layer occurrences in the LS are at 0000 UTC
in the western United States, while greater unstable layer occurrences are at 1200 UTC in the eastern United States. The
picture at Koror, Palau, in the tropics is different in that the diurnal and interannual variations in unstable layer occurrences
in the LS are largest, with much smaller annual variations. At Koror, more frequent unstable layer occurrences in the LS
occur at 0000 UTC. Also, a “notch” in the frequencies of occurrence of thin unstable layers at about 12 km is observed at
Koror, with large frequencies of occurrence of thick layers at that altitude. Histograms are produced for the two midlatitude
stations and one tropical station analyzed. The log-log slopes for troposphere histograms are in reasonable agreement with
earlier results, but the LS histograms show a steeper log-log slope, consistent with more thin unstable layers and fewer thick
unstable layers there. Some radiosonde stations are excluded from this analysis since a marked change in unstable layer
occurrences was identified when a change in radiosonde instrumentation occurred.
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1. Introduction information on atmospheric turbulence. These methods were
then refined by Wilson et al. (2010, 2011, 2013) to discriminate
between actual unstable layers and apparent unstable layers
arising from noise in radiosonde soundings and also to account
for moisture effects. Thorpe analysis applied to the atmosphere
involves resorting the potential temperature in altitude to
achieve a stable sounding. The individual sorting distances in
this process are the Thorpe displacements D7. The Thorpe
scales are then obtained by taking the root-mean-square of the
Thorpe displacements over the identified unstable regions,

Ly = \/Zf]DZT/N . Deriving turbulence parameters from Ly
requires relating the Thorpe scale to the Ozmidov scale L by

Unstable layers in the free atmosphere, defined as layers in
which the potential temperature decreases with increasing al-
titude, occur from convective activity associated with clouds,
Kelvin—Helmholtz instability resulting from shear, gravity
wave breaking, and density intrusions (see Fritts et al. 2016).
Such instabilities can lead to turbulence and launching of
secondary gravity waves. The atmospheric turbulence associ-
ated with such instabilities is of interest since it can be associ-
ated with momentum deposition by gravity waves, local
heating, and dissipation of kinetic energy. The resulting tur-
bulence can also have practical effects on aircraft operations

and air passenger safety and comfort. Identification of unstable
atmospheric layers is the starting point of methods to derive
turbulent parameters in the atmosphere from radiosonde data.

The identification of unstable layers in atmospheric sound-
ing data using Thorpe analysis (see Thorpe 1977) was intro-
duced by Luce et al. (2002). Such methods were subsequently
employed by Gavrilov et al. (2005) and Clayson and Kantha
(2008), who indicated how Thorpe analysis could be applied
to high-vertical-resolution radiosonde soundings to derive
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the relation C = Lo/L7, but this last assumption cannot be
universally true for individual unstable layers since one has no
idea of the nature of the instability that initiated the turbulence
nor whether the turbulence is in its growing phase, its mature
stage, or its dying stage (see Wang et al. 2019). In spite of such
shortcomings, Wilson et al. (2018) have indicated that Thorpe
analysis does give valuable information on atmospheric tur-
bulence, and Ko et al. (2019) have applied those methods to
derive information on Thorpe scales and atmospheric turbu-
lence over the continental United States.

In this paper, we draw back a bit from the goal of deriving
quantitative turbulence parameters, but rather seek climato-
logical information on the instability layers that form the
starting point for Thorpe analysis. We do this by analysis of
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FIG. 1. Unstable layer thickness statistics as a function of altitude for (top) July 2007-18 and (bottom) December

2007-18 for Riverton, WY. Results for (left) 1200 and (right) 0000 UTC are shown. The color code on the right side
of the figure shows the frequency (per sounding) with which a layer of the indicated thickness occurs centered at the
indicated altitude. The frequencies of thicknesses greater than 1000 m at a given altitude are shown along the right

boundary of each panel.

high-vertical-resolution radiosonde data from U.S. National
Weather Service operational soundings. Section 2 describes
our methodology for deriving the unstable layer climatology.
Section 3 presents some results of our calculations, and
section 4 summarizes the results, gives some conclusions, and
indicates some needed future research.

2. Methodology
a. Data

High-vertical-resolution radiosonde data from U.S. National
Weather Service (NWS) Radiosonde Replacement System
(RRS) operational soundings archived at the U.S. National
Centers for Environmental Information (NCEI) were utilized
for this study. Soundings occur twice daily at the nominal times
of 0000 and 1200 UTC with measurements recorded at 1-s
resolution, corresponding to approximately 5-m vertical reso-
lution based on the balloon target ascent speed of 5ms™'.
Archived data include the raw measurements prior to inter-
polation and smoothing. Data are available for 97 stations
across North America, islands in the central and northern
Pacific Ocean and the Caribbean. Those stations have been
listed in Table 1 of Wang et al. (2005). Starting dates for

individual station archives vary from 2005 to 2013 and the data
span the period up to the present. Changes to the radiosonde
instrumentation occur at most stations within these periods
with implications for continuity that will be discussed in later
sections.

b. Identification of unstable layers

Here we employ the method of identifying statically unsta-
ble regions associated with convective overturning developed
by Wilson et al. (2010, 2011, 2013). The method is outlined
below and the reader is referred to the appropriate references
for more details.

The first step for each sounding is to reduce the quantization
noise as described by Wilson et al. (2011). The first differences
of the pressure profile are determined and the resulting profile
smoothed using a cubic spline. The smoothed first differences
are then used to calculate the geopotential height profile.
Temperature and relative humidity are interpolated onto a
regular 5-m vertical grid.

The potential temperature profile is calculated, taking into
account the effects of water vapor saturation on stability
following Wilson et al. (2013). The relative humidity profile
is adjusted in regions below 0°C to account for saturation
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Riverton, WY (43.06°N, 108.47°W, 1688 m)
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FIG. 2. Monthly statistics for Riverton, WY. (top) Monthly time series of the vertical-scale- and altitude-
aggregated frequency of the occurrence of unstable layers of thickness 10-400 m and between 15 and 25 km since
September 2006, for all soundings (black) and at 0000 (blue), and 1200 UTC (red). (left) Vertical-scale-aggregated
frequency of the occurrence of unstable layers as a function of month and altitude for (second row) all soundings
and at (third row) 0000, and (bottom) 1200 UTC. (right) Log;, of altitude-aggregated frequency of the occurrence
of unstable layers as a function of month and vertical scale for (second row) all soundings and at (third row) 0000
and (bottom) 1200 UTC. Month 0 is September 2006. The months of January and July are denoted by vertical
dashed and dotted lines, respectively. The month of January of each year is annotated at the top of the figure. See
text for details on how the aggregated frequencies are defined.

vapor pressure over ice and saturated layers identified using
the relative humidity thresholds described by Zhang et al.
(2010). A composite Brunt—Viisila frequency profile is cal-
culated using the dry (wet) lapse rate for unsaturated (satu-
rated) regions, from which the potential temperature profile is
calculated.

The potential temperature is sorted to obtain a monotoni-
cally increasing profile and the displacement of each mea-
surement from its original height is the Thorpe displacement
D Inversions are identified as regions where . %_,D7(k) =0,
where n is the number of height bins within the inversion
(Dillon 1984), and Y%  D7(i) <0 for any 1 = k < n (Wilson
et al. 2010). The range of the potential temperature values
within each region is tested against the 95th-percentile range
of a normally distributed noise sample of the same size to
determine the whether the region is an artificial inversion
induced by noise or a real overturn (with a significance level
of 5%). Those potential temperature inversions remaining

after rejecting those that are determined to be spurious are
hereafter referred to as unstable layers.

3. Results

Figure 1 shows some unstable layer statistics for Riverton,
Wyoming (43.06°N, 108.47°W, 1688 m above sea level) for the
months of July and December, 2007-18. The frequencies of
occurrence (per sounding) of layers of the indicated thick-
nesses, shown in the abscissa, are plotted as a function of alti-
tude, shown in the ordinate. The most obvious feature shown in
this figure is that thinner layers are found at higher altitudes,
with more thick layers seen below the tropopause and thinner
layers above. More thick layers are seen in July than in
December. Also, thicker layers seem to extend to higher alti-
tudes at 0000 UTC (corresponding to 1700 MST) than at
1200 UTC (corresponding to 0500 MST) in July. There appear
to be lesser differences in unstable layer thicknesses between
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FIG. 3. Unstable layer thickness statistics as a function of altitude for (top) April 2007-18 and (bottom) December
2007-18 for Greensboro, NC. Results for (left) 1200 and (right) 0000 UTC are shown. The color codes are as

in Fig. 1.

0000 and 1200 UTC in December than in July. In December,
there appear to be more of the thicker layers (about 4001000 m)
at high altitudes than there were in July. The number of thin
layers (<100m) drops rapidly above 18 km in December in
contrast to July when thin layer occurrence is much more con-
sistent throughout the lower stratosphere. In the July 0000 UTC
(daytime) soundings, the analysis frequently identifies the
planetary boundary layer as a single deep unstable layer.
Figure 1 shows detailed information on the climatological
statistics of unstable layers for 2 months at one station,
Riverton, Wyoming, while Fig. 2 shows time series of less de-
tailed statistics for the same station over the same period. The
top of Fig. 2 displays the time series for the aggregated fre-
quency of unstable layer occurrences with thickness 10-400 m
between altitudes of 15 and 25km. These aggregated fre-
quencies were derived by summing the 2D spectra results of
Fig. 1 over both unstable layer thicknesses 10400 m and alti-
tudes of 15-25km. The vertical scale aggregated frequencies,
shown in the lower-left-hand panels, were derived by summing
only over the layer thickness bins 10-400 m, while the altitude
aggregated frequencies, shown in the right-hand panels, were de-
rived by summing only over the altitude bins. Thus, the left-hand
panels of Fig. 2 show the frequency of occurrence (per sounding)
of unstable layers of thickness 10400 m for each month and alti-
tude bin, while the right-hand panels show log;, of the frequency

of occurrence (per sounding) of unstable layers between 15 and
25 km altitude for each month and vertical scale bin.

Looking at the top of Fig. 2, we see more unstable layers of
thicknesses 10-400m occurring during spring and summer
months. There is a tendency for the peak in the 0000 UTC
soundings to occur in spring with narrower peaks in the 1200 UTC
sounding tending to occur in summer. We also see that during the
summer months particularly, there are more unstable layers at
0000 than at 1200 UTC. Looking at the lower panels of Fig. 2, we
see quite a lot of interannual variability in unstable layer occur-
rences. We also see there are fewer unstable layers of thicknesses
10-400 m in the 15-25 km altitude range at Riverton, Wyoming, at
1200 UTC relative to what are seen at 0000 UTC, and that the
unstable layers of those thicknesses at the higher altitudes occur
more during the summer months. Looking at the right-hand side
of Fig. 2, we see that more thick, unstable layers extend to higher
altitudes at 0000 than at 1200 UTC.

Figure 3 shows unstable thickness statistics for Greensboro,
North Carolina (36.08°N, 79.95°W, 277 m above sea level), in
the same format as in Fig. 1, but for April and December, 2007-
18. Note that the thicker unstable layers extend to higher al-
titudes in April than in December, consistent with the higher
tropopause in April. In the troposphere there are more un-
stable layers at 0000 UTC (corresponding to 1900 EST) than at
1200 UTC (corresponding to 0700 EST). A more marked drop
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Greensboro, NC (36.08°N, 79.95°W, 277 m)
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FIG. 4. As in Fig. 2, but for Greensboro, NC. The starting date is February 2007.

in unstable layer occurrence above about 20km is seen at
0000 UTC than at 1200 UTC in both April and December.
Figure 4 shows the time series, in the same format as Fig. 2,
but for Greensboro. As at Riverton, more unstable layers are
seen during the spring and fall months, but unlike at Riverton,
the tendency is for larger peaks to occur in the 1200 UTC
soundings than in the 0000 UTC soundings. Also in contrast to
Riverton, the unstable layers extend to higher altitudes at
1200 UTC than is the case for 0000 UTC. Again, there is
considerable interannual variability in the unstable layer sta-
tistics at Greensboro, similar to what was seen at Riverton.
To interpret the results shown in Figs. 2 and 4, Fig. 5 shows
the geographical distribution of the multiyear averages of the
aggregated frequency of occurrence of unstable layers of
thickness 10-400 m at altitudes of 15-25 km over the contigu-
ous United States for the DJF, MAM, JJA, and SON seasons
shown separately for 0000 and 1200 UTC with the locations
of Riverton shown as a magenta circle, and the location of
Greensboro shown as a magenta triangle.! Note at the

!'We used all available data to produce these plots, so the 0000
and 1200 UTC results were averages computed using different
years at different points. We do not believe that this affects the
results.

Riverton location, the unstable layer occurrences are greater in
JJA than in DJF for both 0000 and 1200 UTC, with a greater
0000-1200 UTC difference being seen in JJA. Furthermore,
the 0000 UTC occurrences are greater than the 1200 UTC
occurrences for all seasons. Looking at the Greensboro loca-
tion, the MAM occurrences are greater than the DJF occur-
rences for both 0000 and 1200 UTC, with the 1200 UTC
occurrences being greater than those at 0000 UTC for all sea-
sons. Research remains to explain those geographical and local
time differences.” It should be noted that Ko et al. (2019) Fig. 5
did show some differences between the 0000 and 1200 UTC
occurrences of unstable layers for their 4-yr-averaged results
for 68 U.S. radiosonde stations, and they did note a tendency
for more thick layers in both the troposphere and lower
stratosphere at 1200 UTC relative to 0000 UTC. This was
particularly marked for very thick layers (over 1000 m in the
lower stratosphere and over 2000 m in the troposphere).
Several authors have shown histograms for the thicknesses
of atmospheric unstable layers (e.g., Bellenger et al. 2017;

%It is likely that the odd maximum feature at the extreme upper-
right corner of the 1200 UTC results in Fig. 5 is spurious, and is
caused by the transition in radiosonde instrumentation to RS92 in
2012 at Caribou, Maine.
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FIG. 5. Geographical distribution of multiyear averaged aggregated frequency of the occurrence of
unstable layers of thickness 10-400 m occurrence between 15 and 25 km altitude for the December—
February (DJF), March-May (MAM), June-August (JJA), and September-November (SON) sea-
sons over the contiguous United States, excluding stations and seasons where the data are adversely
affected by radiosonde instrument transition, as discussed later in the paper. Results for (top) 0000
and (bottom) 1200 UTC are shown. Locations of Riverton, WY, and Greensboro, NC, are indicated
by a magenta circle and triangle, respectively. All available data between 2005 and 2018 were used to
construct these plots, so different years’ data were used for different radiosonde stations in producing
these maps.
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FIG. 6. Log-log histogram for unstable layer depths (in m) vs number of occurrences in the indicated altitude
intervals for Riverton, WY. The numbers in parentheses indicate the slope of the best-fit straight lines (dot-dashed
lines). The best fits were made for layer depths between 100 m and 5 km. Results are shown for (top) July and
(bottom) December at (left) 1200 and (right) 0000 UTC.

Wilson et al. 2018; Ko et al. 2019), so we show similar histo-
grams for Riverton, Wyoming, in Fig. 6 and for Greensboro,
North Carolina, in Fig. 7. We show log—log plots for these so
that one may more easily see whether these histograms show a
linear log-log relationship, as was noted in Wilson et al. (2018),
although they did note that this linear relationship does not
appear to be universal. Histograms are shown in Fig. 6 for July
and December averages corresponding to the number of Julys
and Decembers in Figs. 1 for Riverton, Wyoming, while the
histograms for Greensboro, North Carolina, in Fig. 7 are for
April and December, corresponding to the months shown in
Fig. 3. Separate histograms are shown for the altitude ranges
for the free troposphere (3.0-9.0km at Greensboro and 4.5-
9.0km for Riverton due to its higher elevation), 13.0-25.0 km
for the lower stratosphere, and 9.0-13.0 km, an altitude region
that spans the tropopause in both months. Some of the obvious
features seen are that all the histograms show approximate
linear behavior between thicknesses of about 200-1000 m. The
highest number of very thick unstable layers (greater than
about 1000 m) in the troposphere are seen in July at Riverton,
likely reflecting more prevalent convection leading to those
unstable layers. The highest number of very thin layers
(thickness less than about 100m) are seen in the lower

stratosphere at both Riverton and Greensboro. The slopes of
the log-log plots are similar for the troposphere and tropo-
pause regions, with a steeper slope being seen in the lower
stratosphere at both stations, reflecting the greater prevalence
of thinner unstable layers there. The 9.0-13.0 km histograms
depart more from the 4.5-9.0 km histograms in December than
in July at Riverton, likely as a result of the lower tropopause
during December as well as more variation in tropopause
heights from baroclinic wave activity. Similar behavior is seen
at Greensboro, but the tropopause region slopes in April
show a small departure from the troposphere slopes with
greater slope differences seen in December, but the December
slope differences are not as large at Greensboro as at Riverton.
At Riverton, the LS histogram slopes are larger in July than in
December, while at Greensboro, the largest LS slope is at
1200 UTC in April.

So far, we have examined the nature of unstable layers at
two extratropical locations in the continental United States,
their annual and diurnal variations, and we also noted that the
seasonal variation was the largest, followed by the diurnal
variability, with lesser interannual variation. Figure 8 shows
unstable layer statistics for Koror, Palau (7.33°N, 134.48°E,
33 m) for average April and July, 2011-18. Several features are
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FIG. 7. As in Fig. 6, but for Greensboro, NC, and for (top) April and (bottom) December.

seen in this figure. One is that the maximum in unstable layer
occurrence occurs at a higher altitude than for Riverton and
Greensboro, consistent with the higher tropical tropopause at
Koror. Also, the unstable layer occurrences appear to be more
confined in altitude at 0000 UTC (corresponding to 0900 LT)
than at 1200 UTC (corresponding to 2100 LT) at Koror, but
perhaps the most striking difference at Koror is that at about
12-13 km, there are many thick unstable layers and fewer thin
unstable layers, giving what looks like a “‘notch” in the red and
yellow colored thin unstable layers. Furthermore, this “notch”
is less pronounced at 1200 UTC than at 0000 UTC in both April
and July, and it appears to be a bit higher at 1200 UTC than at
0000 UTC in both months. Figure 9 shows a similar time series
for Koror to what was shown previously for Riverton and
Greensboro in Figs. 2 and 4. For Koror, the diurnal and in-
terannual variability in turbulent layer occurrence at altitudes
between 15 and 25 km are largest, with little discernable annual
variability. The peaks occurring in spring 2015, winter 2016 and
2017 do not seem to be related to the occurrence of El Nifio or
La Niiia, and there does seem to be a secular increase in un-
stable layer occurrence from 2014 to 2016 with a small decrease
in occurrence in the year following. The peaks in unstable layer
occurrences are more obvious during spring, and are more
prominent at 0000 UTC than at 1200 UTC. Figures 10 and 11
show histograms for Koror, with Fig. 10 showing separate
histograms for the troposphere (3-15km), the tropopause

region (15-18km), and the lower stratosphere (18-25km).
Note that the slopes of the tropospheric histograms and those
for the tropopause region are very similar, with steeper slopes
seen in the lower stratosphere region. Also, the histograms for
the troposphere and tropopause regions seem to come closer to
one another for thinner layers, this being more obvious in the
0000 UTC histograms. Figure 11 focuses on the “notch” region
at Koror. Note that the results for the altitude regions below
and above the “notch” altitude are very close to one another,
while the 10-14km histograms show more thick layers and
fewer thin layers than do the results for altitudes above and
below the “notch” altitude range. This feature is more obvious
at 0000 UTC than at 1200 UTC in both months, consistent with
what appeared to be the case in Fig. 8.

When doing the calculations for this research, we did
notice a data peculiarity that appears to be associated with the
transition from the Lockheed Martin LMS-MklIla to the
Vaisala RS92-NGP radiosonde instruments. This is seen in
Fig. 12, which shows unstable layer results for Jacksonville,
Florida. Note the discontinuity in apparent unstable layer oc-
currences in early 2013, when the instrument transition oc-
curred. This discontinuity was seen in several other stations,
which are noted in Table 1. The stations included in the anal-
ysis (i.e., not listed in Table 1) were subject to a transition from
the LMS-MklIIa to the LMS-6 radiosonde instruments with no
apparent discontinuity.
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FI1G. 8. Unstable layer thickness statistics as a function of altitude for (top) average April 2011-18 and (bottom)
average July 2011-18 for Koror, Palau. Results for are shown for (left) 1200 and (right) 0000 UTC. The color codes

are as in Figs. 1 and 3.

4. Summary and conclusions

We have examined available 1-s radiosonde data to develop
climatological information on the spatiotemporal variability of
unstable layers, defined as those layers in which the potential
temperature profile decreases with increasing altitude. In do-
ing so, we have used criteria for rejecting spurious unstable
layers due to noise in the soundings and also allowing for the
destabilizing effects in moist saturated regions. In doing this
study, we have been limited by the availability of suitable data,
so only U.S. radiosonde stations were considered, and results
are only available at 0000 and 1200 UTC. Some of our findings
are as follows.

1) At midlatitude stations, the main variabilities of unstable
layer occurrences in the altitude range 15-25km were an-
nual and diurnal variations. While we did see considerable
interannual variability in unstable layer occurrence, this
was smaller.

Our characterization of diurnal variability of unstable
layer occurrences was limited by the availability of sound-
ings at only 0000 and 1200 UTC. We found that at some
stations more unstable layer occurrences between 15 and
25 km were seen at 0000 UTC while at other stations, more
occurrences were seen at 1200 UTC. This was consistent
with a coherent pattern of the 1200-0000 UTC differences

2)

3)

4)

5)

over the contiguous United States where greater unstable
layer occurrences were seen over the western United
States at 0000 UTC, while at 1200 UTC, greater unstable
layer occurrences were seen over the eastern United
States. The causes for this were beyond the scope of this
paper, but understanding the causes for this should be
pursued.

Log-log histograms for the thicknesses of unstable layers
at the two midlatitude stations examined show slopes in
the troposphere consistent with Wilson et al. (2018) result
at Shigaraki, Japan, with steeper slopes seen in the lower
stratosphere.

At the tropical station examined in this paper, Koror, Palau,
the variability in unstable layer occurrences between 15 and
25 km was very different. The diurnal variability was much
larger than the annual variability, and a significant secular
increase in unstable layer occurrences was seen both at 0000
and 1200 UTC from 2013 to 2016, with some indication of a
decrease since then.

Maximum thicker (above 400 m thickness) unstable layer
occurrences were seen at altitudes just below and just
above the tropopause at both the midlatitude and tropical
stations. Interestingly, a decrease in thinner layers (below
about 200 m thickness) was seen at Koror at altitudes of 11—
13km, but such a feature was not seen at the midlatitude
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Koror, Palau (7.33°N, 134.48°E, 33 m)
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stations examined. As was seen at the two midlatitude sta-
tions examined, steeper slopes of the log—log distribution of
the number of occurrences of unstable layer thicknesses were
seen at lower stratosphere altitudes than in the troposphere.
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FIG. 10. As in Figs. 6 and 7, but for Koror for (top) April and (bottom) July. Note that the altitude
ranges are different, reflecting the higher tropopause at Koror than at Riverton and Greensboro.
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6) At some stations, a clear discontinuity in unstable layer
occurrences was observed to occur in early 2013 when there
was a transition from the Lockheed Martin LMS-MkIIa to
the Vaisala RS92-NGP radiosonde instruments.
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F1G. 11. Histograms for Koror, focusing on the “notch” region, which is centered at an altitude
of about 12 km. Histograms are shown for 6.0-10.0 km (below the “‘notch” altitude), 10.0-14.0 km
(including the “notch” altitude), and 14.0-18.0 km (above the “notch” altitude).

This paper shows some early results from our investigation of the ~ be examined, and further research is needed to interpret the
climatology of unstable layer thicknesses in the atmosphere. results. For instance, what is the cause of the difference
Much more remains to be done, however. More stations should in UTC behavior of unstable layer thicknesses in the LS over
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FIG. 12. As in Figs. 2, 4 and 9, but for Jacksonville, FL, and month 0 is January 2007.
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TABLE 1. List of stations having similar unstable layer occurrence discontinuities as were shown in Fig. 12. Station WBAN numbers,
latitude-longitude locations, city and state, and dates at which the discontinuities were seen are listed from left to right, respectively.

WBAN Lat (°) Lon (°) City State Month and year
03020 31.87 —106.70 Santa Teresa/El Paso NM Mar 2013
03190 32.85 -117.12 San Diego CA Apr 2013
03937 30.13 -93.22 Lake Charles LA Apr 2013
04102 47.46 -111.39 Great Falls MT Mar 2013
04830 42.70 —83.47 Detroit/White Lake MI Mar 2013
04837 4491 —84.72 Gaylord MI Mar 2013
11641 18.43 -65.99 San Juan PR Mar 2013
12850 24.55 —81.79 Key West FL Jul 2012
12919 25.92 —97.42 Brownsville X Mar 2013
12924 27.78 -97.50 Corpus Christi X Apr 2013
13889 30.48 —81.70 Jacksonville FL Apr 2013
13995 37.24 —93.40 Springfield MO Jul 2012
14918 48.56 -93.40 Intl Falls MN Apr 2013
23160 3223 —110.96 Tucson AZ Mar 2013
24225 42.38 —122.88 Medford OR Feb 2013
27502 71.28 156.79 Barrow" AK Jul 2012
53103 35.23 —111.82 Flagstaff AZ Apr 2012
53813 30.34 —89.83 Slidell LA Apr 2013
54762 43.89 —70.26 Gray (Portland) ME Feb 2013
92803 25.76 —80.38 Miami FL Apr 2013
93768 34.78 —76.88 Newport NC Mar 2013
94240 47.93 —124.56 Quillayute WA Apr 2013
94703 40.87 —72.86 Upton (Brookhaven) NY Mar 2013

# The name of Barrow, Alaska, was officially changed to Utqiagvik as of December 2016.

the continental United States? In this paper, we have con-
centrated on LS results, but the climatology of unstable layers
in the troposphere needs to be examined more closely. There
should be model and data investigations of the nature and
causes of unstable layers near the tropopause. There should be
studies of atmospheric unstable layers at more tropical sta-
tions, and the interannual variations in unstable layer behavior
in the tropics should be characterized, and understanding of
those variations should be sought.

One particular topic to be investigated further is the “notch”
seen at Koror. As mentioned earlier, fewer thin, unstable
layers and more thick, unstable layers at an altitude of about
12-13 km characterize this feature. This is well below tropopause
heights at this station. We suspect that this “notch” is associated
with the minimum stability region shown in Fig. 1 of Grise et al.
(2010). This feature had been noted in earlier works by Gettelman
and Forster (2002) and Fueglistaler et al. (2009). Figure 1 of
Fueglistaler et al. (2009) and Fig. 11 of Gettelman and Forster
(2002) note that this altitude region is a region of convective cloud
outflow, so it is likely that at Koror we are seeing a mixture of in-
cloud and cloud outflow turbulence at this “notch” altitude.

The results of this paper are not only of interest in the
characterization of unstable layers in the atmosphere, but the
determination of these layers also form the beginning basis for
characterizing atmospheric turbulence using Thorpe analysis
(e.g., Thorpe 1977; Gavrilov et al. 2005; Clayson and Kantha
2008; Bellanger et al. 2017; Ko et al. 2019).
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