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Abstract. An empirical technique for retrieving profiles whereé (K) is potential temperature<{7 (1000/ p)%7], T

of the square of the Bruntaisila frequency,w%, from (K) is absolute temperature, (hPa) is pressureg (ms2)
MST radar return signal power is presented. The validityis gravitational acceleration and(m) is altitude. Negative

of the technique, which is applied over the altitude rangevalues Ofw% imply that the atmosphere is statically (con-
1.0-15.7 km, is limited to those altitudes at which the humid- vectively) unstable, whereas positive values imply that a ver-
ity contributions to the mean vertical gradient of generalisedtically displaced air parcel will oscillate at frequenay.
potential refractive index), can be ignored. Although this As will be seen shortly, the value 05% is typically small

is commonly assumed to be the case above the first few kilothroughout the troposphere,1x10~4rad? s2, it increases
metres of the atmosphere, it is shown that humidity contri-sharply at the tropopause level, and~igx10*rac? s 2
butions can be significant right up to the tropopause levelthroughout the more statically stable lower-stratosphere. Per-
In specific circumstances, however, the technique is valicurbations from these values are commonly seen in associ-
over large sections of the troposphere. Comparisons of radaation with a variety of atmospheric phenomena, including
and (balloon-borne) radiosonde—derive§ profiles are typ-  fronts (e.g.Rottger 1979 Larsen and Bitger, 1983 1985,
ically quantitatively and qualitatively well matched. How- gravity waves (e.gKitchen and Shutts1990 and turbulence
ever, the horizontal separation between the radar and the rge.g.Browning and Watkins1970. Moreover, the variations
diosondes (which were launched at the radar site) increasesf 2 as a function of altitude have an effect on both gravity
with increasing altitude. Under conditions of mountain wave wave propagation (e.dPrichard et al.1995 and turbulence
activity, which can be highly localised, large discrepanciesgeneration (e.gFritts and Rastogil985. Routinely avail-

can occur at lower-stratospheric altitudes. This demonstrategble altitude profiles o&)% will therefore have a variety of
the fact that radiosonde observations cannot necessarily bscientific applications.

assumed to be representative of the atmosphere above theBalloon-borne radiosondes measure both temperature and
launch site. pressure, at vertical intervals of a few tens of metres, and so

Key words. Atmospheric composition and structure the data are an ideal source of high-resolutigh profiles.

(pressure, density and temperature; instruments and tecrll-Jo_wever, radiosond_es are seldom Iaunc_hed more than twice
niques) — Radio science (remote sensing) daily, whereas the time scales over whm% changes oc-

cur can be considerably less than 12 hours (€itghen and
Shutts 1990. Moreover, radiosondes can drift horizontally
more than 100 km from their launch site by the time that they
reach an altitude of 15km. As will be shown in Séntw%
values can change significantly within horizontal scales of

;Trz \(/)?‘r:;]céi;?r:]?sleEfag’sgtzggﬂt;%??iferia;uroef ?gfg’sziistrgre]?;ust a few tens of kilometres. Profiles of radiosonde-derived
: nospher : Y, 1.€. OF It a)ZB cannot therefore necessarily be assumed to be representa-
to vertical motions. It is conveniently quantified in terms of

. ive of the atmosphere immediatel ve th lloon launch
the square of the Bruntdisala frequencyq? (rad? s~2): tive of the atmosphere immediately above the balloon launc

1 Introduction

site.
, gof 9lno Mesosphere-Stratosphere-Troposphere (MST) radar ob-
@p = 09z 9z ) 1) servations made in a vertically pointing direction (henceforth

referred to as vertical beam observations) are another poten-
Correspondence tdD. A. Hooper tial source ofa)g profiles. The frequency-power spectra of
(d.a.hooper@rl.ac.uk) the radial velocity fluctuations often show a pealkgtand a
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sharp decrease in power at higher frequendiéstger, 198Q of 45x45m. During the period in question, observations
Fukao et al.1981; Ecklund et al.1985 Revathy et a|.1996. were typically switched, in sequence, between a variety of
It is therefore possible to derive a profileaoi with an alti-  formats, which made use of both the spaced antenna and the
tude resolution equal to that of the radar observations — typiDoppler beam swinging modes and a number of range res-
cally 150 or 300 m. A limitation of this technique is that it is olutions. In the present study, attention will be confined to
necessary to make vertical beam observations at intervals dhe format which is common to all periods: using the spaced
less than 1 min; the Bruntdisala period is typically 10 min  antenna mode and with a range resolution of 300 m. Obser-
in the troposphere and 5min in the lower stratosphere. Fowations were made over the altitude interval 1.0-15.7 km at
MST radars which are operated in the Doppler beam swing-300-m intervals, giving a total of 51 range gates. The data
ing mode, the interval between vertical beam observations igcquisition period for each observation was slightly less than
typically greater than 1 min. However, it is possible to over- 1 min, and the interval between observations varied depend-
come this by making multiple vertical beam observationsing on the other formats used within the sequence.
within each radar cycle. A more serious limitation of this  The radiosondes were of type Loran-C and had a typical
technique is that a clear spectral peak might not be apparentscent rate of 5ns. Data were recorded at 10-s intervals,
under conditions of large horizontal wind speefflgsKlund  giving a typical vertical separation of 50 m between consecu-
et al, 1985. Scheffler and Liy(1986 showed that this was tive measurements of temperature, pressure, relative humid-
consistent with the effects of Doppler shifting by the hori- ity, wind speed and wind direction. The data were smoothed
zontal winds. The technique is therefore probably of limited with a 300-m running mean, in order to give them an alti-
use at mid-latitude locations where upper-tropospheric windude resolution comparable to that of the radar data. Values
speeds are typically several tens of s of a)% were subsequently calculated by taking gradients of

The present paper presents an alternative method whichotential temperature over 300-m intervals. The data were
makes use of the vertical beam radar return signal powerthen transferred to the same altitude grid used for the radar
P (Green and Gagd980. The two principal mechanisms observations by linearly interpolating between adjacent val-
responsible for lower-VHF radar returns are Fresnel scatteues, as necessary. The radiosondes typically took one hour to
(Gage et aJ.1987) and turbulent backscattefdtarskj 1961, reach an altitude of 15.7 km. The radar return signal powers
VanzZandt et al.1978. The theories for both predict a di- are therefore averaged over one hour, starting from the time
rect relationship betweeh andw% through consideration of  of the radiosonde launch.
the square of the mean vertical gradient of generalised po-
tential refractive index)? (Ottersten1969. Although the
relationship betwee® and M2 has been demonstrated in a 3 Theoretical background
number of radar-radiosonde comparisons (@dtger, 1979
Green and Gagel98Q Larsen and Rttger 1983 1985 In general, both Fresnel scatter and turbulent scatter can be
Tsuda et a).1988 Low et al, 1999, until now it has not  expected to contribute to the radar returns observed by a ver-
been exploited for the retrieval ef2 profiles. The present tically directed MST radar beam. One or the other mecha-
technique relies on finding an empirical fit between values ofnism will tend to dominate for specific time-altitude regions.
radiosonde-derive@? and of a radar-derived factor. The theory of Fresnel scattebége and Balslgyi98Q Gage

The layout of the paper is as follows. A brief description et al, 1981 1989 predicts the following relationship be-
of the radar and radiosonde observations is given in Sect. tween lower-VHF radar return signal power for a vertically
The theoretical background to the technique is described irflirected beamp (arbitrary linear units), and the mean ver-
Sect.3. The linear regression analysis used to determine thdical gradient of generalised potential refractive indéx,
best fit between the radar and radiosonde data is describe@ttersten1969:
in Sect.4. The strengths and limitations of the technique are

discussed in Seck. Conclusions are given in Sect. 6. a?PA2AZF (M)2M?
P x , (2
XZZZ
2 Radar and radiosonde observations whereq is a radar efficiency facto®; is the peak transmit-

ter power, A, is the effective area of the antenng;z is the

The data considered in this study are taken from the 52 MHz-ange resolution) is the radar wavelength, anBi()) is a
MST radar located at Esrang€lfilson et al. 1999, the  wavelength-dependent constant of proportionality which re-
Swedish Space Corporation’s rocket range in northern Swelates the magnitude of th&/2 harmonic component af/
den (67.9N, 21.F E). Comparisons are made with data over the altitude intervahz. It is noted that this expression
from radiosondes launched from the same site during théhas aAz dependenceGage et al.1985, correcting aAz?
four consecutive winter periods (November—April) from term used in the original formulatiorGage et al. 1981).
1996/1997-1999/2000. Nevertheless, since Eq2)(will only be considered in the

The Esrange MST radar has a peak transmitter power o€ontext of a given radar, which operates at a fixed range res-
72 kW, a maximum duty cycle of 5%, and an antenna com-olution and with a fixed peak transmitter power, the relation-
posed of a 140 5-element Yagi aerials spread over an areship can be simplified t&ocM?/z2.
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For the case of turbulent scattdiafarskj 1961, VanZandt  The values of constantsg and go must be derived empir-
etal, 197§ Gage and Balsley1980 the following relation- ically from the best fit between radar-derived values-$f
ship is expected: and radiosonde-derived valuesaf. This gives a retrieval

43 algorithm which relies solely on parameters available from

@’ P A Az Lo/ M? ’ (3) the radar, i.e. ony,, and P. It is noted that the technique

M/322 described here is essentially the same as that usésblyg
wherec' is a ratio of eddy diffusion coefficients for potential and Greer{1982 to determine temperature profiles, i.e. they
refractive index and heat (this varies slightly with static sta-integrated the profile of retrieved potential temperature gra-
bility but can be taken to be unity) arld is the outer scale dient with respect to altitude.
length of the turbulence spectrum. Again, this simplifies to  The validity of the technique will be limited to those al-
PoacM?/Z2 if it can be assumed thdlp is a constant with re-  titudes at which the humidity contributions 8d can be ig-
spect to both time and altitude€gnZandt et a].1978 Hooper ~ nored. The radar-derived valuesa»% will, in fact, be over-
and Thomas1999. This last assumption will be discussed estimated by a factofM/Mp]|, i.e. by the modulus of the
in more detail once the retrieval algorithm has been outlined expression in the square brackets of Ex). §ince the neces-

M is often conveniently approximated by the dry term, sary information is available from the radiosonde measure-
Mp: ments, humidity-corrected values;cﬁ and of radar-derived
palng a)ZB, i.e. those multiplied by a factq /M|, will also be
Mp=—T776x 1082 , 4) considered in the following sections. It is noted that tech-

T 0z . . . e .
nigues exist for the retrieval of humidity information from
although the full term additionally depends on both the spe-radar return parameters (eStankov et al.2003 Furumoto

P

cific humidity, ¢ (kg kg™, and its vertical gradient: et al, 2003. However, these are beyond the scope of the
78009g current paper.
M = Mp [1 + 15500 — Elg_z} (5) A final word should now be given to the necessary assump-
r 9z tion thatLg is a constant, with respect to both time and al-

It can be seen that the dry approximation is valid when thet'FUde' which is required to make the above derivation con-

moduli of the second and third terms in the square bracket?'stent with th_e theory of turbulent spatter. The equa_tion for
of Eq. () are significantly less than 1. The common as:sump-rfadar return S|g_nal POWET appears in th-e I|terature.|n. ava-
tion that this is the case above the first few kilometres of thelr'ety |Of slternatlv;ahfo;mst dtro tl?atlfszown '(;] qu)( Th'ls IS
atmosphere will need to be examined in more detail shortly. argely because the factdr itself depends (inversely) on

. . - S : : 2. leading several authors (e.Gage et al.198Q Tsuda
For the t the humidity contribut I “p .
eﬁtrirele; ime being the humidity contributions will be ignored et al, 1988 Hocking and My 1997 Hooper and Thomas

; 2
It will be recognised that thep/T term in Eq. @) 1998 to suggest thaP should be proportional te%, rather

4 .
is proportional to density, which can be approximated asth@n 10wy, as shown in Eq.q). Moreover, Eq. §) should

poexp(—z/H), wherepg is the density at mean sea level and contain an additional term describing the proportion of the
H (m) is the mean scale height across the considered altitudEdar observation vqumZe containing turbulence, which again
range (1.0-15.7 km). The local valueMfis given byRT/g, ~ Jepends (inversely) oaj (VanZandt et al.197§. Never-
where R is the gas constant for dry air. For the data con- thelessHooper and Thomagl99§ demonstrated that pro-

sidered in present investigation, the valueFpfis typically files of vertical beam radar return signal power, at lower-

around 8km at an altitude of 1 km and decreases to aroundtratospheric altitudes, were qualitatively related to those of

2
6 km at the tropopause level; it remains approximately con-“ regardless whether Fresnel scatter or turbulent scatter was

stant at this value between the tropopause and an altitude ¢f€ dominant mechanism. No attempt will be made to dis-
15.7 km. A mean value of 6.71 km, calculated over all avail- inguish between the two types of radar retums in the cur-

able data points, is adopted féF. Making the appropriate rent wor.k. The proposed model, whigh is consistent with
substitutions intoPacM2/72 leads to the following simpli- the relationship between radar return signal power (for both
fied expression: vertical and off-vertical beam observations) avid demon-

strated in a large number of radar-radiosonde comparisons
[exp(_z/ﬁ)w%]z (e.g.,Rottger, 1979 Larsen and Bttger, 1983 1985 Tsuda
2 (6) et al, 1988 Hocking and My 1997 Hooper and Thomas
1998 Low et al, 1998, will be justified by the results.

P «

Z

which can be rearranged in order to define a radar fagtor

1% = Zim €XPzion/ Him)V'P (7) 4 Results

where the altitude above mean sea leggl,, and the scale

height, H iy, are both given in units of kllom.etres, suchthat , 4 the radar-derived values o} is shown in Fig.1 (left
the following linear relationship is expected:

panel). Two distinct clusters of data points can be seen:
w5 = w3+ gors . (8)  those with small values @b and ofr2, which correspond

The relationship between radiosonde-derived values?pf
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Fig. 1. The relationship between radiosonde-derived values%ofand radar-derived values og. The plot area is divided into a 100 by
100 grid, with divisions of 0.x10 4 ra s 2 along the y-axis and of 04103 arbitraryrl_?3 units along the x-axis; the grey scale represents

the number of data points falling within each cell. The vaIuesﬁof;hown in the right-hand panel have been humidity-corrected. The lines
labelledg, andgy represent the best fits from the regression ofi x and vice versa.

5 5 o the fact that the humidity contributions @ have been ig-
o (x10 “rad®s 9) nored in the retrieval model. Figutk(right panel) shows
y 9 8 6 40 the same data after humidity-correction has been applied to
! | Ly therZ values. This correction has two main effects. Firstly,
[ it shifts the cluster of data points corresponding to tropo-
spheric values slightly to the left. Secondly, it shifts many
of the outlying data points, with small valuesaai and large
@ | | values of ofrlzg, considerably to the left. The correlation co-
efficient increases from 0.52 to 0.68. It should be noted that
the best fit between the data sets should be estimated using
a B the humidity-corrected values of. If the uncorrected val-
ues are used, the radar-derived value&>§fwill be over-
estimated at tropospheric altitudes for which the humidity
contributions toM can be ignored.

; —h—— The best fit is estimated following the methodrtdcking
0 5 10 15 et al. (200]) for comparing data sets measured by different
2 . techniques. For convenience the general symbaad y
GX (X 10" arb. unlts) will be used to refer to the humidity-corrected radar-derived
values ofrZ and the radiosonde-derived valuesa, re-
Fig. 2. The unique interrelationship between the values.afo, spectlvgly. The lines with gradlen@_and gy, Shown in
andgo following Hocking et al (2003). Fig. 1_(r|ght panel), repregent, respectlvely, the least-squares
best fits from the regression gfon x and vice versa. These
correspond, respectively, to the assumptions that all of the
) . variability is associated with the values, and that there are
to tropospheric measurements, and those with larger valuegg errors associated with thevalues, and vice versa. In ad-
of both, which cprrespond to Iower—str.atoSphe”C Mea-dition to the fact that there are measurement errors associated
surements. Despite the fact that there is clearly a lineatiih poth the radar and the radiosonde data, each instrument
relationship between the two sets of values, there ar§s measuring different parameters, and each parameter relates
also .cgnsu.jerable deviations from this and the correlatioryy gifrerent temporal and spatial scales of atmospheric vari-
coefficient is only 0.52. ability (Kitchen 1989. Moreover, the horizontal separation
between the radar and radiosonde measurements increases
Many of the largest deviations from a linear relationship, with increasing altitude. As will be discussed in the next
for the tropospheric measurements, can be accounted for bgection, it appears that this last factor is responsible for the
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Fig. 3. A comparison of profiles ab% derived from radiosonde data (thick grey lines), radar data (thick black lines) and humidity-corrected

radar data (thin black lines) corresponding (from left to right) to 07:37 UT on 21 January 2000, 10:50 UT on 10 March 1998, 07:37 UT on
18 January 2000, 08:01 UT on 21 January 1999, and 07:31 UT on 15 January 2000.
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Fig. 4. Distributions of the/M/Mp| values, by which radar-derived valuesm% are overestimated (left panel), and me)% values, i.e.

the differences between the (non-humidity-corrected) radar-dem%adalues and their humidity corrected counterparts (right panel), as
functions of altitude.

largest degree of variability between the two data sets. Al-Starting with all 11 050 data points, the least-squares fitting
though neither of the lines shown in Fig(right panel) rep-  routine is performed recursively, removing data points lying
resents the most appropriate fit between the two data setsnore than 3 standard deviations from the fit at each step,
each one represents an extreme of the possible fits; the remtil no more data points are removed. This is performed
quired fit lies somewhere between the two. separately for the regression pon x, which leaves 10 699
data points after 10 steps, and for the regression oh

y, which leaves 10621 data points after 9 steps. The lines
shown in Fig.1 (right panel) are derived from the fits to the

In order to find these extreme fits, it is first necessary to
discard a small number of outlying data points which would
otherwise have a disproportionately significant influence.
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fit line with the y-axis (3=—5.44x 10" rac? s72) is chosen
such that the best fit line and the lines with gradientand
gy all intersect at one point.

—— Radiosonde
——— Radar
—— Humidity—Corrected

Figure3 compares profiles oﬁ% derived from radiosonde

14 L B data (thick grey lines) and radar data (thick black lines) for

| L | 5 individual cases. The profiles are clearly quantitatively and

12 i L qualitatively well matched. The only significant discrepan-
cies occur in the lower-troposphere. As can be seen from the

10+ I B corresponding profiles of humidity-corrected radar-derived
values (thin black lines), these can be attributed to the fact
that humidity contributions ta/ have been ignored in the
retrieval model.

Altitude (km)
@

5 Discussion

4_ — - —
] ] I The information required to apply humidity-correction to the
21 ] i radar-derived values af? is not typically routinely avail-
T ST able. Without such information, there is no indication of the
0 2 42 6 8 0 2 46 8 altitudes at which the retrieved values can, and cannot, be
ooB Ascent Rate assumed to be valid. It is therefore necessary to determine
(x10_4 rad2 S_z) (m S_l) the lowest altitude above which the assumptidr=Mp is

always valid, and consequently, above which the retrieval
method can always be assumed to be valid. The distribution
Fig. 5. An example of large discrepancies between the radiosondeof | M /M p| values, derived for all 221 radiosondes, is shown
derived (thick grey line) and radar-derived (thick black line) values jn Fig. 4 (left panel) as a function of altitude. As might be ex-
of 3 (left panel) corresponding to 08:18 UT on 1 November 1999. pected, significant departures from unity are most common,
The radiosonde’s ascent rate is shown in the right panel. and largest, within the lowest few kilometres of the atmo-
sphere. Mean values (not shown) in excess of 2 extend up to
4 km altitude. However, individual values in excess of 2 can
10527 remaining data points which are common to both re-extend up to almost 10 km.
moval procedures. Discarding less than 5% of the original Clearly the effects of the humidity contributions will de-
data points has the effect of increasing the correlation coeffipend on the actual values @f. For example, anM /M|
cient from 0.68 to 0.82. value of 5 will have a much more significant effect for
Standard deviations;, anda,, which relate to the radar an actualw? value of 20x10~*rafs~2 than it will for
and radiosonde measurements, respectively, contain inforene of 02x104rac®s 2. The values ofAw% shown in
mation about the intrinsic measurements errors, about th&ig. 4 (right panel) represent the differences between the
natural spatial and temporal variability of the atmosphere,(non-humidity-corrected) radar-derived valuesaéfandthe
and about the design of the experiment being used to perforrhumidity-corrected values. As might be expected, the pattern
the measurements. The valuespfando, are uniquely in-  is similar to that seen for the distribution p¥ /M p| shown
terrelated with that of the best fit gradiegs, as shown in  in the left-hand panel. However, it can be seen that humidity
Fig. 2; seeHocking et al(2001) for full details. The possible contributions toM tend to be much more significant at alti-
values ofo, ando, are therefore constrained by the fact that tudes below 6 km, WheI’Aw% values can be considerably in
the value ofgo lies somewhere in the range (5.97x1078)  excess of &10~*rac s~2, than above it, wheraw? values
to gy (8.94x1075). are seldom more thand10~*rac? s~2.
Since it is thought that the horizontal separation between The altitude of the tropopause at the latitude of Esrange is
the radar and radiosonde measurements is responsible fiypically in the range 7-11 knHooper and Arvelius2000).
the largest deviations from a linear relationship (this will be In the absence of the necessary humidity-correction infor-
justified in the following section), the value gf is chosen  mation, the retrieval algorithm can therefore only be certain
such that the variability is equally distributed between theto be valid for lower-stratospheric altitudes. Nevertheless,
radar and radiosonde measurements, i.e. to the conditioreasonable assumptions can sometimes be made, for tropo-
that o,=ggo,. It can be seen from FiR that this results  spheric altitudes, if the retrievad% values are either very
in g0='7,30x 1078, 5,=9.75x 10? arbitrary radar units, and large or very small. The limits within which the cluster of
0,=7.12x10"°rad? 2. The values ob, ando, set upper tropospheric radiosonde-derived values lie, in Figl, sug-
limits on the measurement errors associated with the radagest that radar-derived values in excess o180 rad? s—2
and radiosonde data, respectively. The intercept of the besire almost certain to be contaminated by humidity effects.



D. A. Hooper et al.: Static stability retrieval 3787

This is clearly the case at altitudes below 4 km in the fourthfactor, which principally depends on the square rooPofo
and fifth panels from the left in Fig. On the other hand, the radiosonde-derived valueswﬁ. The technique is only valid
portions of the radar-derived profiles with values of less thanfor those altitudes at which humidity contributionsican
1x10*racf s~2, such as those seen between the altitudes ofeasonably be ignored. In general, this limits the applicability
4 and 8 km in the middle panel of Fi§, can be assumed to to lower-stratospheric altitudes, although under specific con-
be representative, even if slightly quantitatively inaccurate. ditions it can be used over sections of the troposphere. A

It is noted that the use of humidity-correction, applied to strength of the technique is that the derived profiles repre-
radar-derived values Q&B%, does not always lead to the im- sent the nature of the atmosphere directly above the radar.
provements in fit to the radiosonde-derived values as sugSince radiosondes drift horizontally as they rise through the
gested by the cases shown in BgSimilar results have been atmosphere, the data are not necessarily representative of the
reported in a number of other studies and the discrepanciegtmosphere above the launch site. This is shown to be partic-
are known to be particularly large under conditions of precip-ularly significant when the radiosonde experiences mountain
itation (e.g.Chu and Lin 1994 Vaughan and Worthington  wave activity, which can change considerably over horizontal
2000. distances of just 10 km.

Not all of the discrepancies between radar- and
radiosonde-derived values af, are caused by limitations ~AcknowledgementsThis work was funded by the Swedish Envi-
of the retrieval technique. Some are simply caused by theonment and Space Research Institute (MRI). The Esrange MST
fact that the radar and radiosondes are sampling different reradar is jointly funded by the Swedish Institute of Space Physics
gions of the atmosphere. For the example shown in ig. and the Swedish Space Corporation. The radiosonde data are pro-
the radiosonde is over 46 km away from the radar by the timevided courtesy of Esrange. _ .
that it reaches an altitude of 9km, over 77 km away at 13km 1oPical Editor U.-P. Hoppe thanks a referee for his help in
altitude, and over 90 km away at 16 km altitude. For the re—ev""Iuatlng this paper.
gion between 9 and 13 km, the profilesmﬁ (left panel) are
poorly matched both quantitatively and qualitatively.
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