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High vertical-resolution radiosonde data (HVRRD)
are radiosonde data saved at the native radiosonde
resolution, which is on the order of seconds and
corresponds to vertical-resolutions of metres (since
the balloon rise rate is about 5m/s). These data
provide valuable information on fine atmospheric
structures and processes in such diverse areas as
gravity waves, atmospheric turbulence, tropopause
structure, and atmospheric boundary layer depth,
among other uses. Some of the research on these
subjects is briefly discussed, as is the desirability of
increasing research access to HVRRD. One of the
purposes of this paper is to introduce FISAPS, a new
SPARC activity, and to solicit broader participation
in the FISAPS activity.
This article can be viewed as a follow-up and
expansion of two earlier papers, Love and Geller
(2012, 2013) and also as a companion to the recent
paper by Ingleby et al. (2016), which spoke to the
operational uses of HVRRD. The Love and Geller
(2012, 2013) papers discussed the scientific use of
HVRRD, and the need to expand access to these
data worldwide. In particular, Love and Geller (2013)
highlighted a proposed new WCRP/SPARC activity
on fine-scale atmospheric processes. FISAPS has
now become a full SPARC activity, and this review
article on scientific uses of HVRRD is written to
serve as an introduction to FISAPS and its goals.
There are several justifications for the FISAPS
activity within SPARC. One is historical. Hamilton
and Vincent (1995) detailed SPARC’s interest in
making HVRRD generally available to the worldwide
scientific community for gravity wave and other
research, and the SPARC Data Centre has made US
HVRRD generally available since 1998. HVRRD have
proven to be very valuable for gravity wave research,
and many papers on this research area have been
written using HVRRD obtained from the SPARC
Data Centre. These data have also been used for
research in several other areas, some of which will
be discussed in this article.
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The atmosphere, being a non-linear system, shows a
cascade of energy to higher (and lower) wavenumber
motions until at very high wavenumbers dissipation
occurs. Much of the turbulence occurring in the
stable stratosphere occurs through wave breaking,
as the amplitudes of gravity waves propagate to
higher altitudes where the density is much less than
the atmospheric levels where the gravity waves
had their origin. This also occurs as gravity waves
approach critical levels, where their phase velocity
is equal to the wind velocity. Understanding the
origin of atmospheric turbulent layers is important
both scientifically and for better prediction of
atmospheric turbulence for aviation operations.
Another motivation for research using HVRRD
is to study atmospheric phenomena that show
sharp transitions in altitude, some examples being
the tropopause and the top of the atmospheric
boundary layer. Also, aircraft and balloon
observations have shown relatively thin structures
in atmospheric chemical composition, and these
thin structures need to be related to atmospheric
motions through stirring and mixing. Accounting for
these thin structures might very well be important
for properly calculating chemical reaction rates in
the atmosphere.
Examples of Previous Studies Using
HVRRD
In the following, previous research utilising HVRRD
is briefly presented. The discussion is organised
around individual research topics.
Gravity Wave Research
This is the research area that initially motivated
SPARC to set up an HVRRD initiative (see Allen and
Vincent, 1995; and Hamilton and Vincent, 1995). It
also motivated SPARC to initiate archiving of US
HVRRD data in the SPARC Data Centre.There have
been many papers on gravity waves that utilised the
US HVRRD. Two interesting results (from among
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many) that have been derived from these data
are illustrated in figures 1 and 2 from Wang and
Geller (2003) and Wang et al. (2005), respectively.
Figure 3 shows that there is little correlation
between the time series for total gravity wave
energy in the troposphere and that in the lower
stratosphere. In fact, the correlation between these
time series for the entire year of 1998 was found
to be 0.15, which is insignificant at the 95% level.
Wang and Geller (2003) also showed that there was
little correlation between the spatial distribution of
tropospheric total gravity wave energy and that in
the lower stratosphere.
Figure 4 shows several things. One is that the gravity
waves in this HVRRD analysis are low frequency
gravity waves with intrinsic frequencies of a few times
the local Coriolis frequency. Another is that lower
frequency waves are seen in the lower stratosphere
than in the troposphere. The characteristic vertical
wavelengths are 2-3km in both the troposphere and
in the lower stratosphere. The lower stratospheric
vertical wavelengths show a clear decrease with
increasing latitude while the tropospheric vertical
wavelengths are approximately constant between
10-50°N and decrease sharply at latitudes higher
than 50°N. Longer horizontal wavelength waves
are seen in the lower stratosphere than in the
troposphere, and these horizontal wavelengths show
a clear decrease as latitude increases. Finally, a much
greater fraction of the gravity waves show upward
energy propagation in the lower stratosphere than
in the troposphere.
Interestingly, Wang et al. (2010) basically repeated
the calculations of Wang and Geller (2003) for
10 years rather than for four years. The authors of
Wang et al. (2010) are from China, but they analysed
US radiosonde data rather than Chinese radiosonde
data. Increased access to HRRVD worldwide is a
subject we will return to toward the end of this
article.
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Atmospheric Turbulence
Clayson and Kantha (2008) showed that 6-second
data (30m vertical resolution, assuming a balloon
rise speed of 5m/s) HVRRD might be adequate for
deriving turbulence parameters in the troposphere,
but that at least 1-second data (corresponding to
about 5m vertical resolution) is required to derive
similar turbulence information in the stratosphere.
The concept is as follows: Measurement of

temperature and pressure allows construction of
a potential temperature (θ) profile. Such a profile
almost surely will contain some unstable layers
where ∂θ/∂z < 0. The procedure then consists of
sorting the θ values in the vertical so that the profile
becomes at least neutrally stable at all altitudes, i.e.,
∂θ/∂z ≥ 0. The local vertical distance necessary for
this sorting is d’, the Thorpe displacement. Now,
LT=(d’2)1/2, where LT is the Thorpe length scale and
the bracket indicates averaging over the altitude
interval of instability over which the sorting is made.
The turbulence energy dissipation rate ε can be
computed using the formula ε = N3 L2O, where N is
the Brunt-Vaisälä frequency, and LO is the Ozmidov
length scale, which is the largest length scale of
turbulent eddies not affected by stable stratification.
LO is not directly observable using radiosonde data,
so Clayson and Kantha (2008) used the relationship
LO = CLT from Dillon (1982). Clayson and Kantha
(2008) adopted a value of C = 0.8, while Dillon
(1982) used C = 0.55. Of course, a balloon rising
through the atmosphere encounters turbulent
layers at various stages of development and initiated
by different physical processes, so one would not
expect LO = CLT to be a universal relationship
applicable to individual layers encountered by a rising
balloon. On the other hand, there is some evidence
from both turbulence observations and modelling
to suggest that the linear relationship between
the Ozmidov and Thorpe length scales is valid
with sufficient averaging. For instance, Figure 5a
shows a histogram for the relationship between LO
and LT from LITOS (Leibniz Institute Turbulence
Observations in the Stratosphere) measurements,
while Figure 5b shows the relationship of the
domain average ratio of LO to LT as a function of time
from the Direct Numerical Simulations (DNS) of
Fritts et al. (2016). Note that the histogram in Figure
5a indicates that for this particular balloon sounding,
the most probable value for C2 was approximately
0.1 and thus C for this flight is somewhere between
0.3 and 0.4. Schneider et al. (2015) also showed
a similar histogram for a different balloon flight,
BEXUS 12, which gave similar results for the average
value for C. Examining Figure 5b, we see that the
computational domain averaged value for C over
the region delineated by the red line is on the order
of 0.5-0.6. From these results, we conclude that, with
suitable averaging, the Dillon (1982) relationship,
LO = CLT, should be valid to within about a factor of
two. Further support for this conclusion is seen in
Figure 6, which combines results derived from the
data used in Schneider et al. (2015), Love and Geller
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Figure 3: Time series of tropospheric total gravity wave energy density (solid lines) versus lower stratospheric total gravity wave energy (dotted lines) over Norman, Oklahoma (35.2 °N, 262.5 °E), during four months (February, May, August, November) of 2008. From Wang and
Geller (2003).

Figure 4: Five-year (1998-2002), averaged (top left) dominant intrinsic gravity wave frequency divided by the Coriolis frequency, (top right)
dominant gravity wave vertical wavelength, (bottom left) dominant horizontal wavelength, and (bottom right) fractions of upward propagations
as a function of latitude in the troposphere (open dots) and lower stratosphere (filled dots). The dashed and solid lines are the latitudinally
binned results (with a bin size of 5°) for the troposphere and lower stratosphere, respectively. From Wang et al. (2005).
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Figure 5: (left) Statistics for the ratio (LO/LT)2 for LITOS measurements on the BEXUS 8 balloon flight (from Schneider et al., 2015), where
the red curve is a best-fit log-normal curve. (right) Estimates for C = LO/LT from 4 to 24 TB, where TB is the undisturbed buoyancy oscillation
period, for the full model computational domain using mean N2, ε, LO, and LT for the DNS (Direct Numerical Simulation) results of Fritts et
al. (2016), where the red line indicates approximately the conditions a rising balloon would be expected to encounter in determinations of LT.
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Figure 6: (left) Heating rate (in °K/day) and turbulent energy dissipation rate, ε in W/kg for the BEXUS 8 flight computed by spectral fitting
as in Schneider et al. (2015), as a function of altitude (in km). (middle) Turbulent dissipation rate, ε derived from Thorpe analysis of Riverton,
WY, radiosonde data for the winter of 2007 (from Love and Geller, 2012). (right) Turbulent energy dissipation rate computed directly from
DNS results in Fritts et al. (2016) over their computational domain (black curves) for two different times during the simulation 11.5 TB and
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20 TB, where TB is the buoyancy oscillation period for the computational basic state.
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Tropopause Studies
Birner et al. (2002) and Birner (2006) utilised
German and US HVRRD to analyse the averaged
fine structure of the tropopause. They developed
a smart averaging technique in which radiosonde
data were averaged, not with respect to the altitude
above ground level, but rather with respect to the
tropopause level. In this manner, they were able
to preserve the fine structure of the tropopause
(see Figure 7). The figure shows an inversion layer,
where a distinct increase in temperature occurs at
altitudes just above the tropopause, which is very
sharp due to the averaging method. The average
extra-tropical tropopause decreases in altitude
as latitude increases. Furthermore, the layer over
which the stability transitions from low tropospheric
values to higher stratospheric values is narrower in
altitude at lower latitudes.
Birner et al. (2002) and Birner (2006) motivated
quite a bit of recent research. This includes a paper
by Son and Polvani (2007), which showed that a
tropopause inversion layer (TIL) structure could
be simulated by a dry mechanistic model in which
the troposphere is represented simply by relaxation
to a baroclinically unstable radiative equilibrium
state. Furthermore, they showed that the sharpness
of the TIL seemed to depend more on increased
horizontal resolution than on increased vertical
resolution. They also showed that variability
in the modelled tropopause altitude showed
excellent correlation with the variability in upper
tropospheric relative vorticity, consistent with the
dynamics suggested by Wirth (2001). Bell and Geller
(2008) made a more detailed investigation into the
latitudinal and annual variation of the TIL. They
considered the stability feature of the TIL to be
fundamental to dynamics, and they coined the term
ESTL, the extra-tropical stability transition layer,
which is the depth of the region from the stability
maximum to the region where ∂N2/∂z = 0, i.e., from
the cold-point tropopause to the altitude where it
assumes normal stratospheric values, as a measure
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of tropopause sharpness. Figure 8, shows how the
latitudinal variation of the ESTL varies throughout
the year. Note that the tropopause is sharper at
lower latitudes, and the curve of the latitudinal
variation of the ESTL shifts about 15-20° poleward
in June-August and September-November relative
to December-March and March-May. Interestingly,
Son and Polvani (2007) were able to simulate this
when they varied the pole-to-equator difference in
the radiative equilibrium troposphere to which they
relaxed.
Considerable discussion has focused on the processes
responsible for the sharpness of the TIL. Wirth
(2001) suggested that the asymmetry in response
of tropopause structure to upper tropospheric
relative cyclonic and anticyclonic vorticity might be
responsible for the sharp TIL. Randel et al. (2007)
suggested that the sharp gradient in radiative
cooling accompanying the sharp gradients in ozone
and water vapour in the vicinity of the tropopause
is likely an important sharpening mechanism. Birner
(2010) suggested the importance of the BrewerDobson convergence of vertical velocity to be an
important sharpening mechanism, and finally Wang
and Geller (2016) suggested that baroclinic mixing
of potential vorticity is the most important of the
sharpening mechanisms.
One further note on this subject is that Bell and
Geller (2008) showed that conventional radiosonde
data could be used for many TIL studies due to their
inclusion of significant levels, where the temperature
gradients changed significantly, in addition to the
low vertical-resolution mandatory levels. This is
expanded upon in the next section.
High Vertical-Resolution Radiosonde
Data as a Transfer Standard
US HVRRD have been freely available since 1998
(see www.sparc-climate.org/data-center/
data-access/us-radiosonde).
For
many
research purposes, longer time series of highresolution radiosonde data are needed. Yuan et al.
(2014) required a long series of HVRRD to derive
the quasi-biennial oscillation (QBO) influence on
temperature and winds in the vicinity of the tropical
tropopause at a number of near-Equatorial stations.
Figure 9 shows comparisons between QBO
easterly (in blue) and westerly (in red) wind (top)
and temperature (bottom) profiles from 1998-2008
HVRRD (left) and the profiles from International
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(2012), and from the modelling results of Fritts et
al. (2016). Note that the three completely different
methods agree with one another quite well. What
remains to be determined is the degree of averaging
needed to determine a stable relationship LO = CLT,
so that quantitatively reliable averaged values of ε
can be determined for scientific studies as well as
for applications such as aviation turbulence.

Figure 7: Annual climatologies for (a) temperature, (b) buoyancy frequency squared, (c) horizontal wind, and (d) the vertical shear of the
horizontal wind for four West Coast stations: Miramar NAS, CA, - 33°N, 117°W (solid), Reno, NV, - 39.5°N, 119.5 °W (dotted), Quillayute,
WA, - 48°N, 124.5°W (dashed) and Yakutat, AK, - 59.5°N, 139.7°W (dash-dotted) with horizontal lines denoting the tropopause height for
each respective station. (Figure 5, from Birner, 2006).

Figure 8: Seasonallyaveraged

latitudinal

variability

of

the

ESTL depths for highresolution data for DJF
(blue

pluses), MAM

(red circles), JJA (green
asterisks) and SON
(black crosses). From
Bell and Geller (2008).

Figure 9: Comparison of
composite

QBO

easterly

(blue) and westerly (red)
temperature profiles (top)
and zonal wind profiles
(bottom) using high verticalresolution
data

(left)

radiosonde
and

IGRA

data (right) for the years
1998–2008 at Yap Island
(9.48°N, 138.08°E). The
right column shows (c) the
temperature and (f) zonal
wind differences between
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HRES/IGRA. The data were
composited using a 6-month
phase

lag

according

to

the wind shear at 50hPa.
From Yuan et al. (2014).
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The US radiosonde stations cover the continental US,
Alaska, Hawaii, and a number of Pacific and Caribbean
islands (see www.sparc-climate.org/datacenter/data-access/us-radiosonde).

This example shows how comparison between
HVRRD and IGRA data can be used to validate
using long time series IGRA data to examine QBO
and ENSO effects on winds and temperatures.

For instance, Figure 11 shows a world map of BUFR
radiosonde reports for December 2016 (courtesy of
Bruce Ingleby). This should be compared to Figure 6
of Ingleby et al. (2016), which showed the situation
for December 2015. Note the improvement in the
situation in one year. The percentage of stations
reporting over 3000 data points has improved
from 11% to 15% of reporting stations, with highresolution data from Korea and New Zealand now
being reported. The HVRRD coverage in the WMO
GTS is expected to improve in the future, with the
expectation of increased high-resolution data from
the United States and Russia in the next year or
so (Ingleby, personal communication). Forecast
centres cannot use the full vertical resolution but
can benefit from associated precision and metadata
improvements. Note the following two quotes from
Ingleby et al. (2016): “The impact of radiosonde data
is expected to increase further once the reporting
of the complete time and position information as
well as high vertical resolution have been widely
adopted and utilised in assimilation.” and “We
would encourage data producers to work towards
high resolution BUFR data as soon as possible and
to notify users in good time of such changes.” As
these high-resolution data become increasingly
available for real-time forecasting, it will be desirable
to archive them in a form where they can also be
used for research purposes.

Other Scientific Studies Using High
Vertical-Resolution Radiosonde Data
HVRRD were used by Folkins and Martin (2005)
to characterise the vertical structure of tropical
convection and the influence of this convection on the
water vapour and ozone budgets. They were also used
in the study of pyrocumulonimbus convective clouds
by Fromm et al. (2010), and Seidel et al. (2012) showed
that using HVRRD instead of conventional radiosonde
data considerably reduced uncertainties in their
analysis of the climatology of the planetary boundary
layer.
Need for Increased Access to HVRRD
The US HVRRD, available for the period 1998-2011,
have been archived at the SPARC Data Centre
with 6-second resolution (corresponding to
approximately 30m vertical resolution), but in 2005,
a transition from the 6-second MicroART data to the
1-second Radiosonde Replacement System (RRS)
data took place. Data at 1-second resolution for
all stations from the beginning of the RRS program
in 2005 to the present are now available directly
from NOAA’s National Centers for Environmental
Information at ftp://ftp.ncdc.noaa.gov/pub/
data/ua/rrs-data. MicroART data at 6-second
resolution from 1998 until the time of transition
to RRS for each station are available at ftp://ftp.
ncdc.noaa.gov/pub/data/ua/data/6-sec.
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HVRRD are also available for a number of UK stations
through the BritishAtmospheric Data Centre (BADC),
see http://catalogue.ceda.ac.uk/uuid/
c1e2240c353f8edeb98087e90e6d832e.
Interestingly, a number of stations send real-time
HVRRD data (mostly 2-second data from Europe
and Australia) via the World Meteorological
Organisation’s Global Telecommunications System
(WMO GTS) to forecast centres including the
European Centre for Medium Range Forecasts
(ECMWF).

Fine-scale Structures in Chemical
Constituents
Thin filamentary structures are also often seen in
measurements of atmospheric composition. For
instance, Figure 12 shows measurements of ozone,
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Global Radiosonde Archive (IGRA) data, using
the methods of Bell and Geller (2008) to simulate
high-resolution radiosonde data, from Yap Island
(9.5°N, 138°E). Note that there are significant QBOeasterly to QBO-westerly zonal wind differences in
the troposphere, which led us to believe that likely
ENSO (El Niño-Southern Oscillation) effects were
not sufficiently eliminated. In comparison, Figure 10
shows the same QBO-easterly/QBO-westerly wind
separation for Ponape Island when 60 years of IGRA
data (using the Bell and Geller (2008) techniques)
were used. Note that in Figure 10, no significant
tropospheric wind differences are seen between
QBO-easterly and QBO-westerly conditions, leading
us to believe that ENSO effects have been effectively
eliminated by the use of the longer dataset.

Zonal Wind for All Soundings

Zonal Wind for El Nino Months

Zonal Wind for La Nina Months

Temperature for All Soundings

Temperature for El Nino Months

Temperature for La Nina Months

Figure 10: The QBO variations in (top) zonal wind and (bottom) temperature difference for all (left) ENSO phases, (centre) El Niño and
(right) La Niña conditions for Ponape (7.0°N, 158.2°E). The blue curves correspond to QBO easterly conditions, and the red curves to QBO
westerly conditions. The data were composited using a 6-month phase lag according to the wind shear at 50hPa. The units of zonal wind and
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temperature difference are m/s and °C. From Yuan (2015).

Figure 11: Summary of BUFR radiosonde reports for 1-31 December 2016 decoded at the UK MetOffice, plotted by station. The colour
indicates the maximum number of levels per report (grey 1-29, light blue 30-99, dark blue 100-299, green 300-999, orange 1000-2999,
purple 3000 or more; the percentages in the key are relative to the number of stations plotted). Courtesy of Bruce Ingleby.
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For instance, the chemical reaction:

where A and B are two different chemical
constituents reacting to produce the constituent
AB, where the brackets indicate average constituent
concentrations over a model grid box could be
more accurately written as:

the primes denoting variations within the grid box),
in which case the reaction rate would be:

Thus, inclusion of the small-scale constituent
structures could be important for atmospheric
chemistry.
FISAPS
SPARC recently approved FISAPS as a SPARC activity
(see
www.sparc-climate.org/activities/
fine-scale-processes and Geller et al., 2016).
The present review paper is one of FISAPS’ initial
activities.
Initially, FISAPS is dynamically oriented, and its
stated purpose is to utilise operational HVRRD
and other sounding data to study phenomena that
influence large-scale dynamics, but occur on vertical
scales of less than one kilometre. These phenomena
clearly include those discussed earlier in this article.
One of the main FISAPS goals is to improve the
archiving of these data so that more are available
to the worldwide research community. With recent
improvements to the vertical resolution of GPS
radio occultation soundings, GPS data will also be
valuable for this activity, as will aircraft and other

Figure 12: Retrieved cross-sections of
(a) O3, (b) PAN, and (c) HNO3. The left
cross-section shows the results of the
western measurements and the right
cross-section shows correspondingly
the result of the eastward pointing
measurements.

Retrieved

volume

mixing ratios are depicted by coloured
boxes. A discrete, non-linear colour
scale was chosen to better highlight
filamentary

structures. The

axes

shows time of measurement and
latitude at 12km altitude. The altitude
of M55-Geophysica at the time of
measurement is indicated as a solid
black line with crosses marking the
time of successively measured profiles.
The position of primary and secondary
lapse-rate tropopause are indicated by
thick gray dots. The dotted gray lines
show horizontal ECMWF wind speeds
of 20 and 30m/s. The thick grey
contour lines show ECMWF potential
vorticity of 2 and 4 PVU.
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Peroxyacyl Nitrate (PAN), and nitric acid taken by
the CRISTA-NF infrared limb sounder flown on the
Russian M55-Geophysica. These structures appear
to be the result of differential advection or stripping
of high stratospheric potential vorticity (PV) into
the upper troposphere (see Wang and Geller, 2016,
for example).These vertically thin structures are not
seen in conventional chemical-transport models,
but may be important for atmospheric chemistry.

observations.
FISAPS’ objective is to realise the full potential
of large volumes of HVRRD archived worldwide.
Providing coordination for the growing community
of HVRRD users will promote the development of
innovative applications of HVRRD by facilitating the
sharing of expertise on analysis techniques, data
handling, and technical capabilities and limitations.
This sharing of expertise will be of similar benefit for
the refinement and improvement of existing fields
of research using HVRRD. Due to restrictions on
access to HVRRD, previous studies have been limited
to relatively small geographic coverage. This activity
aims to address this limitation by two means, first,
by coordinating broader regional intercomparisons
and global studies that bring together researchers
from the global HVRRD community. The second
is to provide improved access to HVRRD to the
research community.
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While the initial focus of FISAPS will be on finescale dynamical structures, it is anticipated
that FISAPS may expand its scope to fine-scale
constituent structures and processes. As shown
previously in this article, it is clear that tropospheric
and stratospheric observations of atmospheric
constituents show considerable fine structure,
yet chemistry-transport models display relatively
smooth structures. Quantifying how the absence
of fine-scale structures in modelled chemical
constituents affects computed chemical reaction
rates would be a focus of this expanded activity.
We urge all members of the scientific community
with an interest in FISAPS science to express their
interest to the authors of this article so that you
may be contacted for future FISAPS activities.
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