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Abstract. Retrieval of vertical profiles of temperature and
humidity parameters using a VHF radar is described in
this paper. For this, Indian MST radar located at Gadanki
(13.5◦ N, 79.2◦ E) has been operated in a special mode. First,
vertical velocities are collected continuously using the radar
and are subjected to Fast Fourier Transform (FFT) analysis to
obtain Brunt-V̈ais̈alä oscillations. From the measured Brunt-
Väis̈alä oscillations, temperature profile is obtained from the
radar observations following Revathy et al. (1996). The var-
ious terms required for the retrieval of vertical profiles of
humidity are the eddy dissipation rate,ε, the volume re-
flectivity, η, and the potential refractive index gradient,M .
The eddy dissipation rate,ε, is calculated from the spectral
width after removing the effects due to non-turbulence. The
volume reflectivity,η, of the turbulence scattering is calcu-
lated using the signal-to-noise ratio as a function of height.
The potential refractive index gradient,M , is evaluated using
the measured Brunt-V̈ais̈alä oscillations, the eddy dissipation
rate and the volume reflectivity,η. Vertical profiles of hu-
midity are retrieved following Tsuda (1997) using the radar
derived temperature as well as the balloon measured temper-
ature and are compared with the humidity as measured by the
radiosonde. The sign of the potential refractive index gra-
dient, M , is taken from the simultaneous measurements of
balloon soundings. The retrieved vertical profiles of temper-
ature and humidity have been compared with the radiosonde
data, which are released simultaneously with the radar ob-
servations at the radar site. A fairly good comparison is seen
between the two measurements on some days and there are
some discrepancies on some other days. The strengths and
limitations in estimating the vertical profiles of temperature
and humidity from the radar observations are discussed.
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1 Introduction

The temperature, wind and humidity are the key parameters
in understanding the various dynamical processes in the at-
mosphere. Since the standard balloons do not have the ad-
equate spatial and temporal resolutions needed to study the
mesoscale phenomena, the pulsed Doppler radars have the
advantage of being able to study the mesoscale dynamics of
the atmosphere due to their good spatial and temporal reso-
lutions. Radar backscattering from the turbulent, clear atmo-
sphere is determined by the small-scale variability in the re-
fractive index fluctuations,∆n, of the air which result from
the turbulent mixing of humidity and temperature. The re-
fractive index at microwave frequencies depends primarily
on temperature and humidity (Bean and Dutton, 1966) in
the lower atmosphere. The backscattered radar echoes are
not only due to the Bragg scattering from the small-scale ir-
regularities of the refractive index fluctuations, but also con-
tributions from the non-turbulent scatter (Fresnel scatter) or
scattering from anisotropic turbulence. These radars are also
sensitive to scattering particles (precipitation). These scat-
tering mechanisms (Bragg, Fresnel and Raleigh) have been
studied by some of the investigators (Booker and Gorden,
1950; Chisholm et al., 1955; Probert-Jones, 1962; Lane and
Sollum, 1965; Hardy et al., 1966; Kropfli et al., 1968; Lane,
1969; Belrose, 1970; Evans, 1974; Gage and Green, 1978;
Röttger and Liu, 1978; Fukao et al., 1978; Röttger and Vin-
cent, 1978) from the observed radar echo power. Moreover,
the contribution of water vapour ton is more for radio waves
than for optical frequencies (Battan, 1973), particularly in the
lower atmosphere up to 10 km. Although the Doppler radars
are primarily used to sense the wind field and its associated
turbulence parameters by making use of radar with the com-
bination of the Radio Acoustic Sounding System, (RASS)
temperature can be derived with good spatial and temporal
resolutions (Mathura et al., 1986). This RASS technique
is one of the most powerful techniques to monitor tempera-
ture with good time and height resolutions in the troposphere
and lower stratosphere (Tsuda et al., 1989). Temperature can
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also be derived from the radar vertical velocities under undis-
turbed weather conditions. The concept of deriving tem-
perature from the radar vertical velocities primarily depends
upon the identification of the Brunt-V̈ais̈alä frequency in the
spectra of vertical wind velocity oscillations. The Brunt-
Väis̈alä frequency can be characterized by a spectral peak at
the Brunt-V̈ais̈alä frequency with a steep decrease on its high
frequency side and a shallow decrease on the low frequency
side (Rastogi, 1975; R̈ottger, 1980a, 1980b; Ecklund et al.,
1985). Making use of R̈ottger’s (1984) method, Revathy et
al. (1996) had derived temperature from the observed radar
vertical velocities by identifying the Brunt-V̈ais̈alä frequen-
cies.

Since the wind and temperature are derivable from the
radar observations and there is no direct method to measure
humidity from the radar observations, Stankov et al. (1996)
used a coupled statistical and physical retrieval technique to
obtain humidity by combining the data from ground-based
instruments, such as RASS, Lidar, Celiometers and satellite
(microwave radiometers) measurements. The same method-
ology is also used by Gossard et al. (1999) to retrieve the
profiles of the refractive index gradients, as well as humid-
ity from the combined measurements of ground-based radar,
RASS and Global Positioning Systems (GPS). But Tsuda
(1997) proposed a technique to retrieve the humidity from
the combined observations of radar and RASS. Low and
Tsuda (1997) extended this work through the addition of si-
multaneous RASS temperature measurements and the con-
sideration variable radar echo power characteristics. In the
present study we use the following methodologies of Revathy
et al. (1996) and Tsuda (1997) for temperature and humidity
respectively. The main theme of this paper is to understand
the capability of the radar in deriving the meteorological pa-
rameters, such as temperature and humidity. The system de-
scription, experimental specifications and the data used for
the present study are explained in Sect. 2. The methodology
and results are given in Sect. 3. The summary and conclu-
sions are given in Sect. 4.

2 System description and data base

The Indian Mesosphere-Stratosphere-Troposphere (MST)
radar, located at Gadanki (13.5◦ N, 79.2◦ E), is a pulse coded
coherent VHF phased array radar operating at 53 MHz with
an average power aperture product of7 × 108 Wm2. It con-
sists of 1024 crossed three-element Yagi antennas which oc-
cupy an area of 130 m× 130 m and generate a radiation pat-
tern with a beam width of 3◦and a gain of 36 dB. The peak-
transmitted power of this radar is 2.5 MW. A complete sys-
tem description of the radar is given by Rao et al. (1995) and
Kishore (1995).

Radar is operated in a special mode to retrieve temperature
and humidity parameters with the Indian MST radar from
19 July 1999 to 14 August 1999 for about four hours from
1600–2000 local time (LT). During the observation period,
balloons were launched from the radar site at 1630 LT. In this

experiment, the radar is operated in two modes. In the first
mode, the radar is pointed in six directions (east 10◦, west
10◦, north 10◦, south 10◦andZx, Zy are in vertical direction
in east-west and north-south polarization, respectively). This
data is used not only to obtain the background wind infor-
mation, but also to extract the humidity profile. In the other
mode, only the vertical beam is used to obtain the Brunt-
Väis̈alä oscillations for the temperature evaluation. In both
modes, the radar is operated with 128 FFT points, 256 co-
herent integrations, one incoherent integration, 1000µs IPP
and a 16µs-coded pulse.

3 Methodology and results

Röttger (1986) proposed a method to identify the Brunt-
Väis̈alä oscillations from the vertical winds, consequently
followed by Revathy et al. (1996) and Rao et al. (1998).
The Brunt-V̈ais̈alä frequency is the displacement of a verti-
cally oscillating air parcel in a convectively stable fluid layer
from its equilibrium position. They have identified a spec-
tral peak at the Brunt-V̈ais̈alä frequency in the power spec-
trum when that peak in the spectrum shows a steep gradient
on its high frequency side and a shallow decrease on its low
frequency side. We have also adopted the same methodol-
ogy to identify the Brunt-V̈ais̈alä oscillations from the In-
dian MST radar measured vertical winds. The radar is op-
erated for about one hour and thirty minutes in temperature
mode, using a vertical beam with a time resolution of 46 s
to identify the Brunt-V̈ais̈alä frequencies from the vertical
velocities. A Fast Fourier Transformation (FFT) algorithm
has been applied to the observed vertical velocities in order
to identify the Brunt-V̈ais̈alä frequencies. Figure 1 shows a
typical identification of a Brunt-V̈ais̈alä frequency from the
spectra of vertical wind velocity. Figures 2a and 2b show
the vertical profiles of the Brunt-V̈ais̈alä frequencies of the
radar (solid line) and radiosonde (line with circles) in two
different conditions on 20 July and 19 July 1999, respec-
tively. Figure 2a shows the vertical profile of the Brunt-
Väis̈alä frequencies drawn on fair weather conditions (clear
sky/calm atmosphere) and Fig. 2b shows the vertical pro-
files of the Brunt-V̈ais̈alä frequencies drawn on disturbed
weather conditions(cloudy/ovsercast sky). In Fig. 2a, the
identified Brunt-V̈ais̈alä frequencies match fairly well with
the radiosonde measured Brunt-Väis̈alä frequencies on a fair
weather day. But there is some discrepancy on the cloudy
day, i.e. in Fig. 2b. From this figure, it is also noted that
the Brunt-V̈ais̈alä frequencies are, in general, higher in the
stratosphere than in the troposphere, and they are in the range
of 0.01 rad/sec in the troposphere and 0.022 rad/sec in the
lower stratosphere.

The observed Brunt-V̈ais̈alä frequencies from the radar
vertical velocities may have effects due to atmospheric grav-
ity waves (Fritts and VanZandt, 1987; Vincent and Ecker-
men, 1990). The effect of Doppler shifting due to atmo-
spheric gravity waves is calculated according to Fritts and
VanZandt (1987) with the following procedure. The normal-
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 Fig. 1. A typical plot showing the identification of the Brunt-
Väis̈alä frequency from the radar vertical velocities using the Fast
Fourier Transform analysis technique from the spectra of vertical
velocities at a 10.2 km height taken on 20 July 1999. The arrow in
the figure shows the Brunt-V̈ais̈alä frequency at that height.

ized energy spectrum corresponds to a monochromatic wave
motion at intrinsic frequencyω1 = ω1

0 with the horizontal
wave numberk = k0. This is given by

E(k, ω1) = δ(k − k0)δ(ω1 − ω1
0) (1)

where theδs are direct delta functions. The consequences of
the Doppler shifting of this spectrum are, of course, trivial.
If the wave motion occurs in an environment with a mean
wind ū normal to the horizontal intrinsic phase velocity of
the wave, of magnitudec1

0 = k0ω
1
0/k2

0, the frequency is seen
by the observer at rest remains unaltered. However, if the
mean motion has a component in the direction of the wave
propagation, the observed frequency is given by

ω = ω1 + k · ū = ω1
0 + k0ū cosϕ

= ω1
0

(
1 +

ū cosϕ

c1
0

)
= ω1

0 (1 + β0 cosϕ) (2)

wherek0 is the (positive) magnitude ofk, ϕ is the angle
between the horizontal wind components ofk and ū, and
β0 = ū0/c1

0 is the scaled mean wind. The fractional fre-
quency shift is given by

ω − ω1
0

ω1
0

= β0 cosϕ. (3)

The quantityβ0 cos ϕ thus provides a convenient measure of
the effects of Doppler shifting on the frequency spectra of the
observed wave motions. The Doppler correction of 0.01 Hz
is needed. Theβ0 is as large as 0.015 Hz. The Doppler cor-
rected Brunt-V̈ais̈alä frequencies are used to derive the tem-
perature profile from the MST radar following the method-
ology of Revathy et al. (1996) and the temperature at each
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Fig. 2. Comparison of identified radar Brunt-Väis̈alä frequencies
from the radar vertical velocities with the calculated Brunt-Väis̈alä
frequencies from the radiosonde(a) on a clear day (20 July 1999)
and(b) on a cloudy day (19 July 1999).

altitudeZ is estimated as

T (Z∗) =
1

I(Z)

I(Z0)T0 − Γ

Z∫
Zmax

I(Z)dz

 (4)

where

I(Z) = exp

[
−

∫ (
N2

g

)
dz

]
whereN is the Brunt-V̈ais̈alä frequency in rad/sec,g is the
acceleration due to gravity,Z is the altitude,Γ is the dry adi-
abatic lapse rate andT0 is the reference temperature taken
from the balloon measurements. Using Eq. (4), temperature
profiles are derived for all the days during the observation
period. Figures 3a and 3b show a typical profile of the radar
derived (solid) and radiosonde measured (line with circles)
temperature for different conditions. From Fig. 3a, it is clear
that the radar derived temperature matches fairly well with
the radiosonde measured profile on fair weather days. In me-
teorological convention there is a cloud free atmosphere on
these days. In Fig. 3b, there is some discrepancy in tem-
perature between the radar derived and the radiosonde mea-
sured profiles. This discrepancy is due to the difficulty in the
identification of Brunt-V̈ais̈alä frequencies due to a cloudy
atmosphere during the operation time. Moreover, the tem-
perature measured by the radiosonde is the point observa-
tion, whereas radar derived temperature is an integrated pro-
file over a period of time. Therefore, this discrepancy in the
temperature between radar and radiosonde is expected and
depending on weather conditions, it varies from the radar
by 2–3 K and is reasonable. Figure 4 shows a comparison
of radar derived temperatures with the radiosonde measured
temperature on different days during the campaign period.
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 Fig. 3. Comparison of radar derived temperature profiles with ra-
diosonde measured temperatures profiles(a) on a clear day (20 July
1999) and(b) on a cloudy day (19 July 1999).

When the radar derived temperature profile matches fairly
with the radiosonde profile, it is identified with a label (a)
for clear sky days, with a label (b) for partly cloudy days
and with a label (c) for cloudy days. The standard devia-
tion for clear air days is around 1–2 K in the troposphere and
2–3 K in the stratosphere with the regression coefficient of
0.995. The standard deviation for cloudy and partly cloudy
days is around 2–4 K in the troposphere and 5–6 K in the
stratosphere with the regression coefficient of 0.98.

The humidity profile is extracted from the radar derived
temperature and also by using the radiosonde measured tem-
perature as outlined by Tsuda (1997) and is as follows. The
well-known equation for the potential refractive index gradi-
ent,M , is given (Otterson, 1969) as

M = −77.6× 10−6 P

T

[
N2

g
+ 15 600

(
qN2

Tg

)

− 7800
T

(
dq

dz

)]
(5)

whereP is the pressure,T is the temperature,N is the Brunt-
Väis̈alä frequency andq is the specific humidity. The first
term in the bracket is the dry term and it depends on temper-
ature. The other two terms are wet terms and they depend on
q and (dq/dz), respectively. The specific humidity gradient
term, which is the third term in the bracket, plays a key role
in the lower troposphere up to 10 km. The dry term domi-
nates the upper troposphere where humidity concentrations
are less. The refractive index gradient,M , is related to the
volume reflectivity,η, of the turbulence scattering as

η = Cε2/3M2N−2 (6)

whereN , the Brunt-V̈ais̈alä frequency.ε is the turbulence
eddy dissipation rate and it is estimated from the width of
the Doppler spectrum after removing all contributions to the

spectral width except turbulence (Cohn, 1995; Fukao et al.,
1994 and Nastrom and Eaton, 1997).C is a constant and
it depends on radar parameters. Equation (6) is appropriate
only for the turbulence scattering and is not suitable for the
scattering due to anisotropic turbulence or scattering due to
precipitation particles. Such data is not used to derive the
refractive index gradient,M , from the radar. The turbulence
eddy dissipation rate is estimated from the spectral width of
oblique beams using the relation

ε = A−1/3σ2
turbN−1 (7)

whereA = 1.6 is a constant. By knowingN, η, ε andC, M
can be evaluated using Eq. (6). The sign of the refractive in-
dex gradient,M , is generally negative except at cloud bound-
aries. Since we don’t have any instrument, such as a celiome-
ter to detect the cloud boundaries, the sign ofM is taken from
the corresponding radiosonde measurements. The contribu-
tion of the absolute humidity term to the refractive index gra-
dient,M , is less in the planetary boundary layer compared to
other terms; above that, it is negligible. The contributions of
the three terms toM are also checked by using one year of
meteorological data obtained from the nearest India Meteo-
rological Department (IMD) radiosonde observations. From
the study it is determined that the contribution of the specific
humidity to the refractive index gradient,M , is less in the
boundary layer up to 5 km and above that, it is negligible.
Therefore, after removing the specific humidity term from
Eq. (5), and rearranging and integrating the equation, it can
be expressed inQ(z) as

Q(z) = QZref + 1.65
Z∫

Zmax

(
T 2M

P

)
dZ +

1
7800

(T + ΓZ)Z
Zmax

(8)

whereT is the temperature,P, QZref are the pressure and ref-
erence humidity, respectively, and are taken from the balloon
soundings.ΓZ is taken from the model atmosphere,Z and
Zmax are the initial and final limits of the interval. By us-
ing Eq. (8), the humidity profile is extracted from the radar
derived temperature (RDT), as well as radiosonde measured
temperature (RST) and they are compared to the humidity as
given by the radiosonde (RSW). A typical comparison of the
humidity profile is shown in Figs. 5a and 5b. From Fig. 5, it is
also noted that the radar derived humidity profiles RDT and
RST both have higher values than the humidity as measured
by radiosonde (RSW). The humidity profiles derived using
the radiosonde measured temperature match fairly well with
the humidity as measured by the radiosonde, and the discrep-
ancies (if any) in these profiles may be due to the magnitude
difference of the refractive index gradient,M , and the sign of
the refractive index gradient. The humidity profiles derived
using the radar derived temperature (RDT) have some large
discrepancies compared to the humidity derived using the ra-
diosonde measured temperature (RST), and these discrepan-
cies are due to the temperature differences and also due to
the magnitude difference in the refractive index gradient,M .
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Fig. 4. Comparison of radar derived temperature profiles with radiosonde measured temperature profiles during the radar-radiosonde cam-
paign period during July–August 1999. The solid lines correspond to radar derived temperature profiles and dashed lines correspond to
radiosonde measured temperature profiles. The labels indicate(a) clear(b) partly cloudy and(c) cloudy.

In Fig. 5, the line with circles corresponds to the humidity as
given by the radiosonde, and the solid lines and downward
sloping triangles correspond to the humidity derived using
radar derived temperature and radiosonde measured temper-
ature, respectively. In all cases, the humidity extracted using
the radiosonde temperature matches closer with the humidity,
as given by the radiosonde, than with the humidity extracted
from the radar derived temperature. Figure 6 shows the hu-
midity profiles derived from the radar during the campaign
period. On some of the days, the radar derived humidity pro-
files are matching fairly well with the humidity as measured
by the radiosonde, denoted by (a), and these discrepancies
are due to the magnitude difference in the refractive index
gradient,M . Other days, labeled with (b) and (c), have large
discrepancies due to the magnitude difference and the sign of
the refractive index gradients.

4 Summary and conclusions

A special experiment is conducted to retrieve the tempera-
ture and humidity profiles from the Indian MST radar ob-
servations alone. These profiles are compared with the si-
multaneously launched radiosonde flights at the radar site. A
fairly good agreement in temperature is found between the
two measurements on clear air days and there are some dis-
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 Fig. 5. Comparison of radar derived humidity profiles using radar
derived temperature (RDT) and radiosonde measured temperature
(RST) profiles with the humidity as measured by radio sonde
(RSW) on(a) on a clear day (20 July 1999) and(b) on a cloudy
day (19 July 1999).

crepancies on partly cloudy and cloudy days. The humidity
profiles derived from the radar using RDT and RST match
fairly well with the humidity as measured by the radiosonde,
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Fig. 6. Comparison of radar derived humidity profiles using radar derived temperature (RDT) with solid lines, radiosonde measured tem-
perature (RST) profiles with downward sloping triangles and the humidity as measured by the radiosonde (RSW) with circles during the
radar-radiosonde campaign period during July–August 1999. The labels indicate(a) clear(b) partly cloudy and(c) cloudy.

and on these days, the refractive index gradients measured
from the radar are in good agreement with the radiosonde.
On some other days, there are discrepancies in the measured
humidity profiles, which may be due to the discrepancies in
the refractive index gradient and the temperature. Although
the temperature and humidity profiles match fairly well on
some of the days with the radiosonde measured values, there
are still some limitations in this method. First, the identi-
fication of the Brunt-V̈ais̈alä frequency from the disturbed
atmospheric condition, i.e. events such as convection, pre-
cipitation etc. are very difficult. Therefore, the temperature
estimation is only possible in calm and stable atmospheric
conditions. Second, the specific humidity term is not con-
sidered while deriving the humidity profile. The contribution
of the specific humidity term is less above 5 km and can be
neglected. But below 5 km, the contribution ofq cannot be
neglected. Third, the constantC depends primarily on the
radar parameters, so one has to calibrate the radar parame-
ters to obtain a good refractive index profile. Fourth, know-
ing the sign ofM is not possible from the MST radar ob-
servations. Gossard et al. (1999) stressed the importance of
the sign of the potential refractive index gradients in retriev-
ing the humidity profile. But in the present study, the sign
of M is taken from simultaneous radiosonde measurements.

On most of the occasions, the radar derived humidity shows
higher values than the radiosonde derived humidity observa-
tions. This kind of discrepancy is also observed by several
other investigators (Tsuda, 1997; Gossard et al., 1999). In
spite of all these limitations, the agreement between the radar
and radiosonde measured values of temperature and humid-
ity shows the capability of the radar in deriving temperature
and humidity. From the results, it is concluded that the radar
can be used to study temperature and humidity under appro-
priate conditions. Efforts are still going on to reduce the lim-
itations in estimating the temperature and humidity from the
radar technique itself.
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Röttger, J., Determination of Brunt-V̈ais̈alä frequency from vertical
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