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SYLLABUS

This course examines the methods of observing the atmosphere and
the earth's surface by satellite born radiometers and by radar from
surface and space platforms, The spectral variation of the absorptien,
scattering the emission of electromagnetic radiation by the various
constituents of the atmosphere allows deductions to be made about the
distribution and temperature of the gasea, The temperature of the
earth's surface can be measured from satellites by monitoring its
thermal emission in the frequency bands in which the atmosphere is
relatively transparent. Rainfall rates can be estimated from the
reflectivity of precipitating clouds in the miero.wave region. Wind

velocity can be measured by tracking elouds and rainfall estimates can alse

be made from the association of rain with satellite ohserved cloud
characteristics.

The physical properties of the atmosphere which allow these
measurements and which limit thelr accuracy are considered, The

plat forms, instrumentation and data treatment techniques are described.

Electromagnetic radiztion and the atmosphere

Atmospheric absorption and emission: black body emissionj width and
shape of spectral lines and bands, the atmospheric absorption spectrum.
Radiation transfer: Schwatzchild's equation, transfer in a plane
parallel atmosphere, the di ffusive approximation, atmospheric
transmission models, welghting functions,

Scattering and refraction of radiatfon: Rayleigh and Mie scattering,
scattering by non-spherical particles and populations of partieles,

refraction in a plane parallel atmosphere.

Satellite meteorology

Satellites: types, orblts, types of radiometers, scanning techniques.
Soundings of the earth's surface: visible, near IR, IR and microwave
soundings for surface reflection characteristics, surface temperature
and mojsture, the atmospherie corrections.

Soundings of the atmosphere: retrieval of temperature and humidity
profiles, radiometers, soundings for trace gases, 1imb scanning, cloud

imagery and wind finding, ratnfall estimation,



Radar meteorclogy

Atmospheri¢ effects: refraction, absorption and scattering of microwave
radiation by the atmosphere and its constituents.

Radar: the radar equation, doppler radar, polarized beams.
Measurements: rainfall estimation, radar for research, active microwave

senaing from satellites.

Texts
;;;;; observation of the atmosphere - L.J. Batten (Chicago Univ. Press)
Remote senzing in Meterorologry, Oceanography and Hydrclogy,
ed. A.P. Cracknell (Ellis Horwood) ch. 1, 24, 25,
Radiative processes in Meteorology and Climatology - Paltridge and Platt
(Elsevier).
Remote sounding of atmospheres - Haughton, Taylor & Rodgers
(Cambridge Univ. Press).

Radiation notes ~ University of Reading.

1 - INTRODUCTION
What is Remote sensing:- the measurement or detection of a physical
property from a distance, Usually by the characterfistic emisaion or
scattering of E - M radfation or sound waves.

Why Remote sensing:- convenience, cost,accuracy,

Applications 1) Routine Meteorclogical: replacement of or

supplementary to meteorological network data.

e.g. Sea surface ftemperature, winds over the oeeans
and atmospheric soundings,

In these cases area mean values over scales of tens or
hundreds of km are needed with accuracies similar %o
those specified for synoptic observations.

(See Table 1),

A mixture of orbitting and geostationary satellites
can give the spatial and time resolution but absolute
accuracy of most quantities is less than the
requirement. However, it is probably better than much
conventional synoptie data which while precise does
not usually give a good average over apace or time sc
is Influenced by sub synoptic scale events and local
effects.

2) Hydrological: snow cover, precipation and lake area
measurement. Observations over spec! fied catchment

areas on scales of km or tens of km,

3) Research & Special appilcations: Radiation balance,

measurement of minor atmospheric conatituents, =ses
state, surface topography, orop monitoring, pest

control ete.



Table 1

'I:\:-:\—nhal Atmeapheric Research Programme of WMO recommended accuracies Sensgor output may be,

for atmospharic soundings. (1) analogue in which the sensor output fs a continuous
Quantity Accuracy (r.m.s. error) function of the input signal - e.g. the record of a chart
Wind companent Yima ! recorder connected directly to a solarimeter (pyranometer},
Temperature g or
Water vapour preasure Ia ek (i1} digital - the input signal is sampled in space and/or time
Sea surface temperature Yozvw and digitally coded as a data stream, Such aignals are
Pressure reference level o3 most easily handled by communications and computing systems

MPata required an A 100 km grid, at ~fght atandard levels *n the ! 30 mest analogue outputs are digitzed before tranamission.

atmosphere
{Surface 900, 700, 500, 200, 100, 50 and 20 mb), twice per day. . The Remote Sensing Problem
General kypes of sensor system
Fig, 7 1 Source atmozphere sengor
ACTIVE "PASS IVE
T ] v ; /
SENsOr ’ SEhsor N A / — D-—-”
'][ cutput obfput ' {gnal/ input output
' [ 7/
broadcast ‘ | I
signal — L T K ffeld of view
\T 4\ of senscr
backscattered . ‘ Natural Matural
7 emission reflection
reflected - | (1) The signal from the source may not be a function only of
signal -~ \ i the quantity it is t{ntended to measure,
(it} Absorption, emission and scattering by the tntervening
Y - 7 1land surfacef/ocean/atmosphere / / 7/ ~/

atmosphere may cause the input signal to dif ffer from the
source signal and the difference almost certa'nly will
depend both on the source signal and the state of the

atmosphere.

(111}  The sensor calibration will vary with temperature and other

- Passive zensors: passively measure/iInterpret signal information variations so frequent calibration may be necesaary.

coming directly from the field of obaervation. In practice it is usual to have some local measurements made
e.g. radiation thermometer, (ground truth) agalnat which the remotely sensed data can be compared.
- Active sensorat transmit a sfgnal towards the field of obzervation For most purposes a mixture of measuring techniques using perhaps
and measure the reflected return signal. several remote sensing systems together with some "ground truth®™ is the

a.g., weather radar, most satisfactory,




The Electromagnetic Spectrum

Mosl remote sensing techniques depend on the relation between the quantity

to be sensed and E - M radiation.

50 cn are useful in remote sensing,

Ihe £ - M spectrum

Radiation in the wavelength range 0.01 Jm to

Fig.?
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2 - RADJATION AND THE ATMOSPHERE ABSORPTION AND EMTSSION

References

Radiation Notes (RPP) Paltridge & Platt, Haughton,

2.1, Energy of a molecule

7 A

Energy electronie Vibrational Rotational translational
of a energy anergy snergy
molecule T 7\ 7«
1 to 1000 cont { nuous
Al Y 2t e }]m
’ 100
Jim

2.2, Local thermodynamic equilibrium (L.T.F.)

When molecules interact, "collide", thelr energy is redistributed
among the components.

The emjssion of energy when changing state takes a finite Lime say
¢,1F the time between colliazions ¥ << 4 any absorbed energy will be
redistributed before re-emigsion. Tf ¢ << y there will be re-emission
at the same frequency.

In the lower atmosphere y << ¢ so we bhave L.T.F.

At L.T.E. atmospheric gases absorb and emit rad?ation at
frequencies corresponding to changes in vibrational and rotational
energy levels,

Fxcept. for consfderation of 03 nigh in the atmosphere we shall

assume L.T,E,
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2.3 Bhape of absorption "lines®

a)

b)

[ntrinsic width - if energy states were precisely defined
energy absorption and the frequency of emission would be
determined by ALr = hao

ffowever, we cannot determine both # and F for any energy

fiy

level precisely (Helsenburg) ., there is uncertainty in A
and fn the associated /¢ or A

This width nf line 13 insigni Firant for rotational or
vibratinnal changes.

-+ Doppler broadening

As the molecules will be moving away from or towards the

observer while emitting this #ives a Doppler shift.

AL = E} E
o
Wis the comporent of vel. along the line of sight.
¢ is the speed aof light.
Within a population
“(H Uyt
n('v; ThuY o =
This gives a shape

) =

(Gausaian)

S | L ‘[b” : 3{)‘]
Ay g
where |y, in the abserpbivity af v

S is the lime strength

!,{h is the doppler nalf width

Noppler broadening is important only in the high

atmonpheres,

c) Pressure broadening
Interactions between molecules in close proximfty cause

changes fn the energy levels, thence change the frequency
of emissicns between levels. So the broadening ia related

to the fregquency of "collisions" between molecules,

OI-L is the Lorentz half width

and h,}: S’L‘-

T TR
WL AN ]
In the atmosphere changes of p are generally large e.f,

... oLLP’:_‘. J\_Lc\ ‘}%‘a

changes in T

2.4 Integrated absorptance of a line (W)

This 1s the total effect of absorption by a line along a defined

atmospherie path,

Transmission ceef &= exp - (hy/ﬁ ,Q)

where/D is the density of absorber in a path _ﬂ

Ve fﬂ(.- o) dw

Tr hv/’ﬂ is small
W = S/ﬂ,@
Ir h;be ia ]arge,%o near the line centre

and hm: —____‘S"L‘- .
GRE SR
centre,

for a pressure broadened 1ine away from the

giving W= 2 (Sdt,_/'«QS,/L
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2.% Absorption bands

fbsorption in the atmsophers is generally in bands which are

compraed of a number of closely spaced "lines” {sme diagrams overleaf).

a) Elasser model - an infinite array ~f equally spaced,

of nqual S and equal OL.L the half width of Lorenty shaped

lines, -
S (eepe )
—_ _ N 1
-<;J . 0 l’.,')J—nS\‘«-alL
.-

where £ 15 the space between the 1ines,

For amall S gives the exponential decrease in transmission with

path lengih,

For largs & gives an error function decrease [LZR

Tt L:“rar“(”ﬁ/a,ﬂsug)

This mode] is a reasonable representation of the 15

pld
-8
|:(-,(\ B g L2 OL@]
a

ik

tim C0p bend,

b) Goody model an infinte array of randomly spaced lines
having the same half width and strengths $ according to
1 -.,5
Prob {S5) = T OXP (go

where Sois the mean 1ine strength
Solvea to

- _|Sopt
T = exp s i
& (1 +"pr')
if Sopt is large

ﬂ‘[_L

t = exp _[Soo e LJ

&
Can be applied to W.V, rotation/vibrational bands using

valves for SO,LL and § derived from quantum mechanics or
experimenta.
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The diffusive approximation

The integral in eg. 2 is a third order exponential integral the

FIGURE T . 5 solutions to which have for all practical purposes the same ghape as

2 s oy
Atmospheric absorptions (and emissions) MF _S}'/g/l‘ hEY :ZS obe dB = e,
a
after Coocdy, R.M., Atmospheric Radiatiom, p.4

with /2 = 5/7

So for diffuse radiation we use a model of direct beam transfer

(01 BLACK BOOY and apply the appropriate Forea of Beer's law and Schwartzchilds egq.
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2 ¥ Weighting functions

Ll .
For a radiometer viewing vertically downwards the re ceived radiance

)
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where Hfuyis the weighting function in terms of vy, S v
s It is usual to define the pressure in atmaspheres

~o ?.11

e.g. a) An absorber with k?,independent aof p and'T
/2_, yE0 = —Q’(F gh’)l FCLP where r is the mass
¢) The Elsasser band
mixing ratio at p bt v
Tt Lo pls s
t
— X —-P ov v conduut
>3

J'<n? : __%u;‘ir \é’t"c&p) % depends on S, o, .5, and r
Max, when 2k P_B—r"aj[) (hj—'?> a complex integration problpm results in
g Rey = (5)" Fopf(Fr)|

' -2 u.»-"\.}-’\ \—L)’r /ﬂ WML’\f}tr_,

i.e. Unil optical depth from the top of the atmosphere.

fomelion
b} wcighb.\%c NCY ; “I?Fne wing af a pressure broadened line
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3 - SOMF CHARACTERTSTICS OF SATELLITES ANMD NF RADTOMETERS

General reference

flimatolegy from Satellites - Rarrett,

3.1 The main types of environmental sensing satellites.

al Polar orbihing meteorological satellites.
These satellites orbit the sarth at about 1000 km altitude

which gives a pericd (T ) of about 100 minutes. The plame of orbit is
tilted slightly from the earth's axis and is fixed relative to the sun-
earth line. Thiz enaurea that on each orbit the satellite erosses any
Yine of latitude at a Fixed solar time and views the daylight and night
=ide nf the earth once each orbit.
The width of the swath scanned by the radiometers on each orbit

must he at ¥east 25° at the earth's surface in order that consecutive
awnth= should overlap and give global eoverage twice sach dayi once in

daylieht and once at night.

bl fNenstatimmary meteorclogical satellites.

Thear satellites orbit the earth at about 36,000 km
altityude which pives a twentyfour hour period of rotation. The orbit is
‘n the plane of the aarth's equator and the direction of rotation is the
=ame ss3 that of the narth. Hence the satellite remains stationary
relative ta the earth and can be positioned over any preselected point
on the eguator,

The high altitude of such satellites 1imits the spatial resolution
With which the rarth nman be viewed. However, because they ara
geostarionary frequent. images of the same area can be obtained,
Typically forty-eight images per day are taken,

The rarth i= scanned by the rotation of the satellste about it=
a¥is which is parallel to the earth's axia. The width of the scan line
mn the erarth's asurface i3 from one to fve kilometers at the satellite
sub point, A stepped moter changes the latitude of the acan 1ine each

ratatinn of the satellite to build up the complete image of the earth,

c) Farth resources satellites - a series of experimental and
operational satellites of which LANDSAT 4s the beat known. The altitude
and orbita are similar te the orbiting meteorslogical satellites but the

radiometers carrted have a much narrower field of view, This gives a
ground reselution of a few tens of mebtrea but restricts the area covered
to a narrow strip beneath the orbit so that it takes about eighteen days
toc build up a complete global fmage,

So we see that there has always a compromise to be made between
spatial and tempecral resolutions. The type of satellite to be used to
study any particular phenomenon depends on the 3iZe and time scale of

that phenomenon.

3.2 Some properties of satellite instrumentatien

a) The detectors

Early satellites often used television type "cameras"™ to
view the earth. These have been replaced almost entirely by radiometers
which scan a narrow strip of the earth, the output from which is sampled
to give the required resolutinn along the strip. The scan may be
achieved by the rotation of the satellite or by swinging the radiometer
or 1ts opticeal system., The former method is used for geostationary
satellites and was used in the early polar orbiting satellites. Later
orbiters are controlled so that the instrument console always points
towards the earth and the radiometers scan perpendicular to the
satellites path across the earth,

Radiometers may observe the electromagnetic radiation reflected or
emitted from the surface below over a wide range of frequencies. These
may include several bands n the visible and near infra red, one or more
bands in the termal infra-red and micro-wave bands., The uses of the

di fferent bands will be discussed in later sections of this paper.

k) Spatial resolution

The spatial resolution of a radiometer ia limited by the
di ffraction 1imit and by the stgnal to nofse ratio.
The diffraction limit 15 imposed by the size of the aperture or
objective of the radiometer and mav be expressed asJd = 1.22 Ao
when & is the wavelength of the wadiation, D the aparture diameter and

the maximum angular resnlution,



The spatial resolution ‘s also limited by the energy available from
the socurce area within the waveband being observed. If this energy 1=
too Tow the signal will be masked by the noise generated within the

radiometer and its associated electronic circuits,

el Wavelength reaclution

For many purpoées the ‘nfarmation which can be deduced from
radiometric data depends on how narrow a waveband can be obaerved.
Again,the narrower the waveband the lower the sigrnal to noisze radio so
this eventually limits the resclution., Alse the characteristics of the
flters used to.def*ne the waveband introduce 1imits on how narrow the

band can be,

) Sensitivity of a radicmeter system

The menstivity of the radiometer dapends on several factors
ineiuding the characteristics of the opties and filters, the detectors

and the amplifars, This 12 illustrated overieaf,

SN

Filter
transmission

Detector output
for a signal

of constant
energy per

unit

spectral
interval

Amplification

System
response
(s
p)

Filters

wavelength or wavenumber

Detectors (photo electric or thermo-electric)

> — ¥

wavelength or wavenumber

Amplifiers and electronics

SV

> e M
wavelength or wavenumber
System response

wavelongth or wavenumber

The output of the radiometer is given by [y Nﬂgsu dy

where N, 1is the input radiance



N - ATMOSPHEREC SOUNDINGS

{(Main reference, Remote sounding of the Atmosphere, Haughten, Taylor and

Rogera).

Given the surface temperature, the vertlecal distribution of the
atmogpheric temperature and of atmospheriec absorbers and scatterers and
their absorption ncattering propertiea, we can caleulate the radiance
which would be received by a radiometer viewing the earth from space.
The quastion we address in this section is "to what extent can we deduce
the vertical distribution of atmospheric temperature and atmospheric
constituents from the readings of radiometers in space?" The problem of
seattering will be mainly left aside.

The interpretation of the radiometer signal {s clearly simpler if
we choose a waveband or wavebands in which only a single absorber is
present.  [n this sase the outgeing radiance has two components, the
attenuated signal from the earth's surface and the radiation originating
in the atmosphere. For most purposes we choose wavebands which absorb
strongly enough for the atmospheric sighal to dominate strongly. Then,
we can interpret the =ignal as the integral from the surface to space of
the produce of the local temperature and the weipghting funetion,
assuming local thermodynamic eguflibrium.

Even with the above simplifications there 1s still no unique
interpretation of the integral in terms of either temperature or
absorber roncentration even though one of them may be known. For any
temperature profile there are an infinite number of absorber
concentration distritntions which would give the same outgoing radiance
and similarly for a defined absorber distribution there are an infinite
number of temperature profiles which could give any specified outgoing
radiance. While no unique solution ean be found we can obtain good
Approximations by using a series of wavebands each having & sharply

peaked weighting Minction.

4,1 Atemospheric temperature soundings

%.1.1. Selecting the waveband

autsm\& H«_x (,Lkh u%r\'l\.t A (Nc:\
The vartical monechromatic radiancilmay be written as:

- t 2V
|\"[. R N?:.u %U) - g“ Nis?fa—‘g’gr

where we are uaing pressure in atmospheres as the vertical co-ordinate.

I'f we have 5 uni formly mixed ahsorher of known absorption properties we

can faledlate the wrichting finction, The more peakerd the function the

more information we have from each radicmeter channel, Here compromises
must be made between narrow wavebands which give strongly peaked
weighting fuhctions and broader bands which give more energy so larger
signal to noise ratios., Figure 4.1 shows a typical setsof welghting
functions used by temperature mounding radiometers,

Figure 4.1

Weighting functions (gradient of transmission with respect to log pressure) for
instruments sounding the temperature of the lower atmosphere on the Nimbus 6 satelite:
{2) 15 pm channels of HIRS. () 4.3 pm channels of HIRS, (¢) channels of SCAMS (c.f.

§ 6.9;from Smith and Woolf 1976 and Staelin er a. 1975).

\\

Pressure tmb

Weightng Fundtion Y, -

In deciding which wavebands should be used various criteria have to

be met, namely:

a)  the emitting gas should be uniformly mixed (COz, 02},

b) the absorption band should not overlap the bands of other absorbing
gases,

c) the bands should not overlap the sclar spectrum,

d)  local thermodynamic equilibrium (LTE) should prevail so that the
Bolzman distribution of emission can be assumed,

e} the band should not he affected by the presence of cloud.



These properties of the COp and 0p bands are summarized below.

Band LTE Sensitivity Energy Spatial Overlap Influence
to resclution of clouds
Cop 4.2 f(m 35km ug k-1 goed good sclar yes
cos 15 fIm 80km 14 -1 good good oK yes
D2 Smm 100km 1/3% k-1 poor poor 0K little

Most operational temperature profile measuring schemes use the COp
15/0m band and take measurements at a series of fregquencies on the edge
of the band, The measurements are not monchromatic but span a narrow
bahd each wide enough to give a good signal to noise ratio. The
emission comes from the sum of the emission from the wings of many
linea. For the wing of a mono-chromatic Flaaser band the weighting

function K(y) is
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The effect of using a narrow band is to breaden the weighting function.

4.1.2. Retrieval of temperature profiles from radiances

We wish to derive an atmosrl\wu temperature profile from a series
of measured radiances In wavebands on the edge of the absorption band of
a uni formly mixed atmospherie gas.

4.1.2.7. The "exact" solution

Here we represent the temperature profile by a mathematical
function which may for instance be a fourier aeries ar a pelynonial,
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Now | Cad %W i
1 g
Negzrs S ’Vf;t-» .
Y+ Sax3
Rlack body radiance in ﬁoﬁochromatic
the radiometer band Planck f'n at (Ty)

K, the weighting function is known 3o we can express the received
radiance in terms of the coeficlients a, b, ¢ etc and solve for as many
coeficients as there are radiometer channels. The problem is that any
errors in the measured radiances are amplified in terms of the derived

temperatures, This effect ia 1llustrated helow.

Fig. 4.2
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The closer the peaks of the weighting functions the greater the
error in the spurious detail.

The effect may be minimised by choosing the most apprepriate form
of representing the temperature profile. This turns out to be a linear
combination of the weighting funetions themselves.

Tizy = a Ko {Z) + b By (Z) + Ky, (2) + ete

with N band = g Z-{st Mo ci-{[(;\ >

LY

However temperature errors of up to 15 times the errors in measured
radiances still occur.

4,1,2.2. Non-exact solutions

The above techniques may be modified to allow the derived
temperature profile to differ from the exact solution by an amount

corresponding to the known probahle error in the radiance measurements.
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Least squares approximate solutions

These involve defining the minimum number of cceficients which will
give a temperature profile of the required precision then using many
more measiurements than coeficients and selecting the temperature profile
which gives the best least squares fit. In practice, because we have
only A few independant weighting functions these methods are difficult
to apply. Bogus measurements may be introduced together with their
expecterd errors (or variances). Such "measurements® may be derived from
climatolepy or interpolations between radlicson|g AQEL Spurious (and
perhapa actual) detail may be removed from the derived profile by
smoothing techniques which are related to the calculated maximum
vertical resolution which oould be expected from the data.

Iterative technigues

4 first suess profile, which may itself be a mathematical or
clamatologinal profile, is adjusted to fit the observed data taking one
radiomater band at a time and re-iterating until the sclution converges,
This =ventually produces the same solution as the exact ore but may be
stopped before largs spuricus detail develops.

Regression techniques based on empirical data

Within a season or climatiec zone it may be possible to establish
relationships between the various combinations of radiometer band data
and the tamperature profiles as observed by radio-sounders. No
knowledge of the weighting functions nor of the radiometer calibrations
are needed.  Such methods have to be "calibrated" for localised climatic
and seasonal zones. They cannot plck out the unusual temperature
diastribution. Such methods are widely used operationally and dispense
with the physies except in the design stage of the radiometers and in
determining the height and temperature resolution which can be attained

and whick should be represented by the regresasions,.

".1.3. Middle and upper atmospheric temperature sounding

At high altitudes LTE may not pertain also doppler broadening may
berome as important or more important than pressure broadening.
Welghting functions must be calculated zeeordingly. Otherwise the
vertical sounding techniques described above can be applied at high

altitudes, However, at these levels there is the pessibility of using

"limb aounding®.

Fig. 4.3
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Here a radiometer with a very narrow angle of view observes the
atmosephere tangentially. According to the earth + atmosphere radius
employed so a weighting function is defined by the value of%%icglong T
and X may be expressed as a height co-ordinate above the surface of the
earth. As the viewing angle is changed so a new weighting function is
generated., These limb welghting functions are typieally dominated by
the contribution from close to the tangent point, as is shown in Fig.
4.4,

Fig., 4. u,

A sel of weghling functions for a limb soundee with an infinitesimal field of
view (alter Gille and House, 1971}
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This allows a single band radiometer to define the stratospheric
interference filters to select the broad band to be studied and to

temperature profile. The temperature is determined first near the top of
interpose a sample of the emitting gas Iin the received beam. This has

is atm here the viewing angle is then lowered towards the earth and
ehis atmosp & ane the effect of cutting out most of the emisaion which originated high in

the temperature of the next lower level calculated from the weighting
the atmosphere by alternately interposing and removing such a ceil. The

function and the already determined temperature of the outer layer. This
alternating part of the slgnal corresponds to the emission from the

process la repeated for progressively lower layers. A major difficulty
upper atmosphere. The result is illustrated in figure 4.5.

of this methad is that the altitude of the satellite is not usually known

precisely enough to define the height of the tangent point. One way of Figure 4.5
overcoming this is to use two radiometers with identical view angles Demonstsating the effect of selcetive absorptian, weighting functions for: curve
. A.25 em™ wide interval near 6%0cm ™ ; curve B, the same interval as for curve A bat
) v including a path of COy; curve C, an ideal weighting function for a menochromatic freq-
%0 N &f\f_r;jy"}_‘v“ where N1, Np are the uency in the wing of 4 spectral line (from Abel e af, 1970).
/‘7—1 §AMma L"l"‘” received radiances 40 .
If frequencies one and two are close
AL _S_}ivﬁ\’f 5
N o L V(K-.Nﬂl)‘ 30
which is strongly pressure dependant so the height may be determined.
A.1.4. Instruments for atmospheric temperature sounding 4
Many types of special radiometers have been devaloped for é -
temperature soundings all attempting to satisfy the desirable features ;20} 3%
of: o E
- a narrew spectral band which will glve a peaked welghting T ‘ '
funetion and good height resolution {required 200 mb) ; i\‘&“-‘:-;___\ 2
- a narrow angle of view to glve good spatial resolution . >A ) C
- a large energy capture to give good signal to nolse ratio, ol = i
30 good temperature resolution (reguired 1K)
The main components of a radiometer are the receiving optical
aystem, the filter and the detector. The geometry of the optical system O___O“l'“”" B‘é""“ '6“5““**‘6‘; e
and the size of the ohjective define the angle of view and the initial Norsahzed weht ng function
energy capture of the radlometer., Mirrors or germanium lenses are used
for focussing the infra-red radlation.
Most of the scope for design variation comes in the filter design.
Prisms and gratings may be used but give low energy availability, pales of
By chopping between . COs cells containing different paths of COy

Fabrey-Perot interferometers give up to two orders of magnitude greater
in the "selective chopper radiometer” a New/ of weighting function 1is

output while interference filters can give even more energy but have
o ] generated,
limited wavelength resolution. Each of these filters requires that

elther a separate optical system is used for each waveband or that

observations are made sequentially. A Michelson interferometer may be

used as a filter and the wavebands scanned by automatic variation of the

difference in bwam paths., An alternative filter system i3 to use
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Figure 4.7, transmission through twe cells for two pressures) near
the centre of a single line in the CO» band (curves A and B). Curve C
is the reaultant transmission of chopping between the two.

Figure 4.8 shows the welghting function of a PMR operating in the
C0p band with different cell pressures (in mb).
Figure .8

Weighting lunctions for a pressure modulator radiometer having a cel;ut.m 1::5
of C0Fy with different cell pressuses. Thie number of the curvs

g i the vy band
::"I‘I.II:CII: vell pressure in mbar (from Curlis er al. 1974)
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If the doppler principle is invoked a single cell of a PMR may give
information on the vertical distributicn of temperature. If the angle
of view af the radiometer is changed from the vertiecal to looking ahead
of the radiometer, the optical depth of the emitter is increased and the
rectived frequency from it is doppler shifted relative to the PMR., This
effectively creates a new weighting function. A set of such functlons
corresponding to di Frerent forward view angles is shown in flgure 4.9

beliong,

Figure 4.9

Weighting function fur a pressure modulator radiometer housing a cell 1em long
contsining ("0 at a mean pressure of .5 mbar when viewing at different angtes to the
nadir, hence allowing scanning of the emitting lines from the atmosphere across the
absorbing lines in the cell by the Doppler shift due to the relative motion betwean atmos-
phere and insttument. The nember of each curve js the angle 10 the nadiz in degrees (from
Curtis er af 1974y,
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Microwave radiometers have also been used to measure atmespherie
temperature profiles. Those operating in the 5 0z emission band have
the advantages of not being affected by cloud and of good apectral
resolution allowing narrow frequency bands to be observed. However, the
field of view is large ( 1‘%’: resclution ) and the energy corresponding

to atmospheric temperatures is small at these wavelengths.

4.2 Scundings for concentrations of atmospheric gases

Having discussed the sensing of atmospheric temperatures using
techniques involving the emissions from gases with uniform distributions
it is a parallel study to determine the vertieal distributicn of gases
given the temperature distribution which may have been determined from
remote sensing or other techniques.

For operational meteorological purposes the most {important
application is the measurement of water vapour proflles over the oceans.
Here the wavelength used may be the 6.3’/am band to 20 to Nq/élm band or
many microwave bands.

As with temnperature soundings it is usual to take measurements of

radlance at a series of narrow waveband intervala on the edge of an
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absorption band. As the general shape of the humidity profile is usually
known from climatological factors a first guess profile is taken and
adjusted to fit the observed radiance/waveband pattern.

i 4,10
Figure . Weighting functions for six channels of the SIRS on Nimbus 4 observing in the

sotation water vapour band {from Smith 1970).
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observing the apparent temperature of the earth's surface at two
wavebands ln the "water vapcur windows". This technique is discussed in
more detall in section K

Microwave techniques are alsc used extengively for water vapour and
liquid water dotermination. Early methods used zingle or double channel
instruments {n the 22 to 32 GHZ (about 1 em) bands, At 22.235 GHZ there
13 a water vapour rescnant absorption band with a miminum of absorption
at 32.4 GHZ. Atmospheric transmissions in these bands range from B0% to
30% in the absorption band and 40% to 15% in the window. 1If the
brightness temperature of the surface is known and 1s significantly

different from the temperature of atmoapheric liquid water or water

vapour the total atmospheric water can be deduced from the absorption of
the surface radiation. The land typically has similar brightness
temperatures to the atmosphere but the cceans having an emissivity of
only about 0.45 are much colder (3% 130K).

Figure 4,17 below shows the calculted ascene brightness temperatures
for a range of microwave frequencies which would corresapond to, no
atmosphere, two specified total water vapour profiles in clear akies and
one with a layer of stratus cloud present (Staelin et al 1976},
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Theoretical microwave brightness temperature specira computed for & nadir-viewing
untellite over ocean at 288 K.

The water vapour content was estimated from linear combinations of
the scene brightness temperature.
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The result of experimental comparison of the microwave sounder with

radiosound data is shown below.
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N 2 is the received radiance
per unit speetral interval.

The normalized detected radiance Ny is given by
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If the emitting surface is not black and there is ne intervening
wsorption ar emisaion then the radiometer will measure the "brightness
temperature™ of the surface and in general the brightness temperature
will bm a furetion of the radiometer acceptance band., If thera is
absorption between the radiometer and the surface the radiometer will
indieate the scene brightness temperature. We try to recover the actual
surface temparature from the scene brightness temperature by qorrecting
for atmospheric effects and for the known radiative properties of the
~urfaca.

Figure 5,2
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over the waveband of the radiometer the output will be

AI kf . Ay
J( SNy = gLS*NT"‘JrC

‘

where Nty is the scene brightness temperature.

Cur task is %o extract the surface brightness temperature by

removing atmospheric effacts.
Assume (1) no cloud

(11) a plane parallel atmosphere

(i11)  the atmospheric absorption characteries are known,
The correction to be made for atmoapheric absorption and emission
is not linear. The abscrption depends on the properties of both the

absorber and the surface radiance while the emizsion depends only on the

amount and physical state of the absorber. In general analytical

solutions to the atmospheric correction are difficult to find and finite

element metheds are used,

Dimer or e-type absorption

In the most frequently used atmospheric window (10 to 13 ifm) the

main absorber is water vapour and while the exact nature of the

absorption has not been definitively described it s generally accepted

to be due to clusters of water vapour molecules, It gives rise to a

continuum of absorption and is subject to both foreign and selr

broadening. This is to say it is broadened both by the actual pressure
of the atmosphere at which it exists and, separately, by the local water

vapour pressure (hence e-type). It is also temperature and wavelength

dependant.

Within the water vapour window the effective absorption coeficient

15 given by

hz’ - h‘/_:")('\\ é!" -+ h_l;l:}i' b2 fe‘u/,\b) Pt l?‘.v;' ) 'é(r)\

foreign aelf water other
broadening broadening vapour gases
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dimer or e-type absorption which dominates.
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5 - INFRA-RED SOUNDING OF THE SURFACE OF THE EARTH
The surface of the earth, and for the purposes of this discusalon

we include cleouds as part of the surface, emits radiation in a continuum
corresponding to a non-black body at around 300 K, The surface also
scatters solar radiation selectively and measurements of the back
scatter can provide information on the nature of the surface., There are
also selective emission bands from water in the micro-wave region. Most
of our efforts in sounding the earth's surface go to removing the effects
of the intervening atmosphere and particulate matter.

Surface temperature measurements

Surface temperature data is used for estimating 1a'tent and sensible
heat fluxes into the atmosphere over ocean and land surfaces, for cloud
top height determination both for attribution of heights to wind vectors

~derived from clcud motion and for studies of convection.

Measurements of surface temperatures are usually made in the so-
called "atmoapheric windows™, {.e. regions of the spectrum in which the
atmesphere is relatively transparent, 1In the thermal infra-red bands
these occur at around 11}im and Hﬂm, the 1atter)having overlap with the
solar spectrum cannct be used dur"ing daylight.

A radiometer operating over a defined waveband can only tell us
what radiance is recelved over that band from the viewed surface., 1If
the surface is black and there is no absorption or emission in the
intervening atmosphere the signal from the radiometer can be
interpretted as the surface temperature. The measured temperature iz
obtained either by calibrating the radiometer output against black body
radiators at known temperaturesor by inverling the Planck function
corresponding te the cobserved radiance.

Figure 5.1
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N 2. Our task is to extract the surface brightness temperature by
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', removing atmospheric effects.
Assume €8] no cloud
™! i (11) a plane parallel atmosphere
Measured temperature = ! Al
% (111)  the atmospheric absorption characteries are known.

, . The correction to be made for atmospheric abserption and emission
[f the emitting surface is not black and there is no intervening

is net linear, The absorption depends on the properties of bath the
iwbsorption ar emission then the radiometer will measure the "brightness

absorber and the surface radiance while the amission depends only on the
remperature® of the surface and in general the brightness temperature

amount and physical state of the absorber. In general analytical
Wwill be a function of the radiometer acceptance band. TIf there is

. solutions to the atmospheric correction are difficult to fnd and finite
absorphtion between the radiometer and the surface the radiometer will

element methods are used,
indicate the acene brightness temperature. We try to recover the actual

Dimer or e-type absorption

furface temparature from the scene brightness temperature by correcting

o ) In the most frequently used atmospheric window (10 ko 13 ifm) the
for atmospheric effects and for the known radiative properties of the

. main absorber 1s water vapour and while the axact nature of the
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Many empirical formulae describe the temperature dependance of the
sel f broadening term which 1s ten or more times longer than the foreign
broadening.

Figure 5.3 below shows experimental data on the wavelength

dependance of e-type abaorptioncan
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A scheme for determining the atmospheric correction is as follows,
1) Divide the waveband of the radiometer {ntc intervals such that both
the sensitivity of the radiometer and the Planck function at
surface and atmospherlc temperatures vary only slightly across the
interval,
2)  a) Divide the atmosphere into plane parallel layera &% of a
thickness such that the absorber amount in each layer is small

enough for g~ h/7 Sa’\_;, I — k-~ Ax
P

b) starting at the top of the atmosphere calculate for each
wavelength interval

(1) the tranamission and absorption of each layer
(i1) the transmissicn and absorption to the top of the
atmosphere from each layer
{1i1) the emission from each layer
(iv) the outgoing radiaticn from each layer
{v) the outgoing radiation from the surface for a series of
assumed surface temperature
(vi) the total outgoing radiation.
3) Sum the products of the total outgoing radlation and the radlometer
sensitivity for all intervals to calculate the radiometer ocutput,
We then produce a "lock-up” table of scene brightness temperatures
{measured temperatures, Ty) and the corresponding surface brightnaas
temperatures (TS) for that atmospheric water vapour and temperature
profile. This table i3 used to interpolate Tg from the Ty which was
actually measured, The difference (Tg - Ty} is often referred to as the
temperature defleit (AT) or the atmospheric correction, Under tropiecal
conditions with dry go0ils the defieit may exceed 30 dog K.

Split window techniques for estimating atmospheric corrections

In the absence of atmospheric temperature and humidity data it is
possible to estimate the correction to within about 10% 1f data from two
infra-red channels are available. Because the absorption by the
atmosphere is wavelength dependant two radiometers viewing the same
scene at different wavelengths will record di fferent scene brightness,
(or measured) temperatures (Tm). Within a climatic zone, season or
synoptic situation the difference between the two measured temperatures
taken with either one of them gives a unique (but approximate}
relatienship to the surface B.T. This is jllustrated below for
conditions typical in the wet season in the quel zone of West Africa.
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6 - VISIBLE WAVEBAND SOUNDINGS OF THE EARTH'S SURFACE

6.1 Reflected or back scattered solar radiation may be measured by

satellite borne radiometers. Spectral measurements are used to identiry
surface characteristics while data for the whole band is needed for
energy studies.

Figure 6.1,1
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6.2 Surface cover determination

Different surface types reflect di fferently in the di Fferent parts
of the spectrum. Becauase of atmospheric effects 1t is often difficult
to measure the reflectance of the actual surface. It may be easler to
measure the ratio of the reflectance in twe parts of the spectrum
assuming that the relative atmoapheric effects are similar in both parts.

One of the main applications of these technigues is in detecting the
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6.3 Qualitative uses of visible data

Satellite imagery in the form of photgraphic or similar copy has
been used for many years to identify and monitor synoptic and sub-
synoptic scale meteorological features. Visible band imagery offers
generally higher resolution than the infra-red imagery because the energy

presence of green vegetation whieh absorbs strongly in the red and only
about 50% in the near (nfra-red. The presence of green vegetation is

now of interest to meteorologists as it implies transpiratlion of water
inte the atmosphere, Figure 6,2.7 below shows the spectral reflectance

allabl llows high di t to be used, Thi 0
surves of various typical ground cover types and the channels available av € a S higher resclution radiometers to be use s course

will not deal with satellite image interpretation but it should be noted

on the 2. rinpsTand NOAA AVHAR radiometer bands. that the combined use of thermal infrawred and visible data enhances the
value of the data many-fold. Also, as image processors become cheaper
and more readily available it is becoming posaible to view the data with
much better energy resolution than has been possible previously., This
gives greater insight into the structure and development of

- .( meteorological features.
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Many di fferent types of ratioing techniques have been devised and
tried. The moat widely used for vegetation mapplng is:

near infra-red - red

near {nfra-red + red
It i3 seen that using the AVHRR this gives values close to zerc f‘o’

aoil, 0,25 for dry grass and 0.5 for pgreen grass.
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LECTURE 8 - RADAR METEOROLOGY
Radio Detection And Ranging

Radar consists of the use of a microwave (0.1 to 100 cm wavelength}
signal generator and receiver to deteat the presence, bearing, and range
of a back scattering target and perhaps to make deductions about the
nature and movement of the target.

Radar is used in meteorclogy for:

Wind finding - by tacking balloon borne targets.

Storm detection and tracking by back scattering from raindrops.

Rainfall estimation - from the strength of the return signal.

Cloud physics research.

Turbulence detection,

Sea state - hence surface wind,

8.1 The principles of radar

The main components of a simple radar are i1llustrated below.
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The pulse generator produces fixed (or dual) frequency high energy
pulses of microwaves. Pulses typleally last/[,fs and are repeated in ms.

The wavelength may vary from a few mm to a metre but the most frequently

used are in the range one to twenty em. Pulse length is about 100 m,
The switeh automatically disengages the receiver from the antenna

while a pulse ig being transmitted.
The zntenna is a parabolic dish or section thereof with the

tranamitting and receiving terminals at its focus so that a quasi

parallel beam is produced, The focussing power dependa on the

wavelength and the diameter of the diah. Anterna may have the
capability orf being locked onto a target so that they can track objects
This ia nanally nsed in windfinding applications,

g

For storm tracking or storm monitoring purposes antenna may rotate
continucusly 30 scanning the area within range {.~ 200 km) or they may
scan in a verticsl direction sec as to give a vertical section of a
particular storm. The latter is known as the “nodding mode.”

The receiver is a tuned amplifier. The sensitivity of the radar is
determined by the minimum detectable =ignal. Because of the varying
range of the targets and their different back scattering properties the
strength of the received signal varies by many orders of magnitude so
some selective ampliflication system 1s needed. Recelvers may be able to
detect the doppler shift of the signal by comparing its frequency to
that of the transmitted pulse.

The indicator is the meana of displaying the target. Early radars
had either plan position indicators (PPI) for use with the antenna in
the rotating mode cor range helght indicators (RHI) for use with the
antenna in the nodding mode. The P,P.I, in its simplest form was a
cathode ray tube with a time base which was triggered from the centre of
the sereen each time a pulse was tranamitted and which rotated at the
same speed as the antenna. Hence the received signal appeared as a spot
at a distance from the centre of the sereen proportional to the distance
of the target from the radar and orientated in the same direction as the
target. The R.H.I. has also the centre triggered time base but in this
case the time base nods in unison with the antenna so that a
precipitating cloud is seen as a vertical bright band at a distance from
the screen centre proportional to the distance of the cloud from the
radar.

Many modern radar sets computer process the return signal so that
it can be diaplayed on a ecolour V.D.U. with coloura indicating the
strength of the scattering source and the position indicated on any
convenlent map projection.

8.2 Some radar characteristiecs

The minimum range 1s determined by the pulse length (the set cannot
receive while a pulse is being transmitted) and {s equal (& just over)
half the length of the pulse (typically 200 m}),

The maximum range is limited by the power of the radar, the
curvations of the earth, the strength of the back scatterer and by the
pulse repetition frequency (PRF). The latter because if a signal is
received at a time greater than (PRF)-1 after tranamissien the range

will be incorrectly indicated,
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i Refraction of E —! radiation
The position of the target is uncertain within the "rise time" of F‘% -
. This i3 the time for the pulse to achieve its maximum 1
the pulse 513 P W }_C Consider a plan wave front 00 prepogating in a
amplitude. One tenth of afis rize time introduces an uncertainty of 15 st' ol — ", i
, ._.).L . strat! fied medium. If n decreases with hefght the

[ 0 in peaition. e
°o30m L "r w e :: wave front will tend to tilt as it propogates.

The beam width determines the directional accuracy of the radar.
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Typically for a ground based radar z beam width i3 about 12, Tf Y
In air n ==1,0003 S LR
high directional acouracy is needed either a rotating or nodding source ) DL
is used at the focus., This gives a return signal which peaks each time .
Visible Microwave

the centre of the beam passes the target and the maximum position is
-
neted. Such systems give directional accuracy to 10-2°, o= ooy - k}ﬂw o |~ 2. T3rI0| 7 137*'0 i
I~ ..
Refraction of the radar beam by atmospheric temperature and [) T

humidity gradients. Under "normal® atmospheric conditions the radar b & .0"'77

beam is curved towards the earth. To simplify calculations of the R [P

height of the beam above the ground it 1s easiest to assume a straight
beam and adjust the apparent radius of the earth, In these "normal™
conditions a factor of about 4/3 can be used. If temperature inveraions
and strong humidity gradients are present the radius of curvature of the

Sh ; —
beam can be reduced to that of the earth giving rise to the phenomenon o O n — "_E: B CQ’** lo S ],a"a (Q b
— - .ﬂ: ~- 5 _?7 “+ ::%
D7 T ! 2 1

known as ducting. . i fe 3

Hence find the temperature and humidity laps rates near the earth's
surface which would kKeep a radar heam // to the surface,
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B.3 The radar equation
I ‘\_L;_‘N Cly
' v R
Pt & /%\L’YI rt
{= ———2> % Pt, peak power transmitted
v G, aerial gain “x Ao 4 T
< > o
’
f\_/ﬂ.;\- G‘-P{- ia1
PR "~ ‘
N G ! ! ‘)a—"i'\"\‘ ke, effective area of aeria
—LT}'(_;‘ 2/3 actual area
A~ back-scattering cross
section of target.
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o > 1
Ve AT W oA,
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Typically for ground based radar e - - 'o"5
P“ 'f)EW’ A~ it £- oo L LS o
The factor G = Ae_ﬂk is true on the beam axis
but the erass beam pawir curve is Gausslan so for extended targets a
correcticn factor w 32_ﬂn25hou1d be applied.
Targets may be:
metal reflectors - for wind finding;
hydrometeors - for storm warni ng and rainfall measurement;

waves - for sea state and surface wind.

8.4 Scattering

Seattering 1s the Iinteraction between particles and F«M radiation
which results in changes in direction (and polarisation) but not in the
energy or wavelength of the incident radiation.

The back scattering cross section #~ of a target 13 the cross

sectional area «F 4, ¢ isotropic secatterer would have which returned to
the antenna the same energy as the actual scatterer: may be many times
or a small fraction of the actual cross section of the target.

Mie and Rayleigh scattering 1f the seatterer is small compared to

the wavelength then the Rayleigh scattering regime will prevall. This

is usually the case in the detection of hydrometeors by radar.
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Scattering by spherical particles

Tla Pigur‘e shows the full range of secattering regimes from spherical

particles; a i3 the diameter of the actual scattering. Note that water

is a relatively better scatterer than lce for all except large hail.

Also, for most particles Tr‘*ké?‘fthe inerease in the ratio of back

scattering to actual area i smooth. Thig i3 the Rayleigh regime.
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~ 3 g
L L

S L

A P



ik senttering by small non-s her‘ic;_l_]_p(lrt.ir:]f-‘ﬁ

Except for light rain and drizzle water drops are non-spharieal |

neither in eeneral ave ieae ~reyatbartag, Falling rafndrope are "sual ly

THe power vecepved from oo ovoalume omtadning spherical particles ohlate with the minor axis verticral, on reaching their maximum size
which fills the radar bean before break-up they resemble an inverted saucer with a thiek rim.
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(:J_E 2(0‘}’) where U is a constant of the radar The effect on back scattering of their distortion is to increase

A the dipole moment of the particle hence its back scattering cross
section.

b Figurex ?balow shows the increase in «>of an elipsoid for a non-
Back scattering by melting lce spheres

polarized 10 om radar,
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We see o fourfold increase in back scathering when 10% of an [ee
sphere melts., Thias acecounts for the "bright-band" often observed an

RLT, by radar when viewing around the freezing lavel,




3 - RAINFALL MEASUREMENT BY RADAR

™ & -
Ve 7 s i< ZQ(’ for an assembly of apherical
ua‘lr scatterers.

To apply this equation to rain rate measurements we must take account
oft

non spherical scatter;

is ¥ lee or water?

posathility of non Rayleigh scatter:

rain rate/drop size distribution relatiocnships;

the affect orf vertical air motion.

To achieve this we substitute Z for af and search for the

relationship between Z, which 13 known as the radar reflectivity factor,
and the rainfall rate (R}.

9.1 Drop size distribution

The processes determining the distribution of drop sizes are mainly
the growth by coalescence and the spontanecus break-up of large drops.
One of the classical drop size distribution measurements, made by

Marshal and Palmer (19483, is illustrated ir flg. 94
Fl%, g1
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Ramdrop size distnbution versus drop diameter (Data from Marshall and Palmer.
1948 3 Curves ABCD are for rainladl rates of 1.0, 2.8, 6 3, and 23.0 mm hr ' respectively

The data fits a curve

N(D) = No exp (-AD) A= 4,.1p-0.20
Ny= 8 x 10~ 3m~3mn= 1

where R 13 the rain-rate,

f""f\’\&wg" -

Se

A computed drop size distribution by Srivastova (1971) assumed that

drop size was determined by coalescent growth and spontaneous break-up
and showed that the final distribution was independant of the initial
distribution state but depended on the initial liquid water content.

Flg. 9+ 1

(o0 T

T _
N '] \ \

Fro “a
T T t T Doviaik
1. £ & w
drop diam. mm -~

(L)

Rain rate and drop size are connected by the terminal velocity of

the drops in still air and complicated by vertical air motion. Observed
terminal velocities are shown below.
Flg. 9.3
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~—-w— Eq 1B.3)

OROP DIAMEYER, D, (mm}
027 039 058 D85 24 182 267 392 .16
Y

TERMINAL YELOCITY OF WATER DROP im s}

O boee oL b
1 2 3 4 5

LOG g m
- Termmal velocity {solkl line) ol distitled water droplets in stagnant air a1 76-cm-Hg

pressure, 20 Centigrade, and 50, relative humidity, as function of the mass m {in micrograms)
or the equivalent spherwal dunmeter 70 iDaG team Eiunn and Konger, 1949
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Aver most af The range the veloeity nan he adequately deseribed by
vt = 386 p0:57 yhere D is the drop diameter,
The number of drops falling through unit horizontal area in time 'h(-

of a3ize a to a +$\a
= N(a) vtla) Sa ot

3

9.2 The eloud liquid water content

The mass of water in drops from size a to a +Sa taSM

= W/{y Cl._/l’w ]Vu g £

30 the cloud water density (M) is

- a0
N\’ggf"l - r%&“ga"ﬁ/mdo«

o

i B
antt the mass of each drop is -+ ?1/3\,\,(1
the rain rate in terms of mass per unit area per unit Lime
N
. & b.| N e ke, dk\&

o

o

or as a depth of water
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Substituting for Na, Va and integrate w.r,t. a gives
R A Ne Y oo 1o 3 4
A g6y - ;T@%, a g
I3 gure d"Ashows the relative contribution of di frerent drop sizes to

the rainfall rate for a model size distribution and spherical drops
falling in still alr,
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The reflectivity factor {s proportional to af the larger drops make

the major contribution to the reflectivity factor (Z). For apheriecal

drops
Z = (.‘;a 36 a

F‘igur‘e‘?“‘:shov?s the contribution of the di fferent drop sizes to the

radar reflectivity, Dg is the diameter of drops below which half the

liquid water content of the eloud i3 contained.
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The above results are interesting and, 1f we could determine the
actual drop size distribution in a eloud 1t 1s probable that the rainfall
rate could be determined from consideration of fall rate and the
distertion of the drops. However, the simplest representation of drop
size distribution fnvolves two parameters and 1t is clear that a single
measurement of reflectivity cannot provide both parameters.We must
therefore resort to empirical relationships if we use a simple
calibrated radar or we must obtain additional information by using more
sophisticated radar,

Empirical relationships abound, Wsing the Marshal-Palmer data for
rain from stratoform cloud gives

7 = 200 y1.6
Di fferent ~loud types give rise to di fferent relationships,
e.g. orographic ¢loud, Z = 31171
cumulonimbus cloud, Z = ugeR1. 37

and see Battan forr about seventy otheras!

9.3 Rainfall measurement using dual parameter methods

The fundamental problem with the rainfall rate methods we have
discussed so far is that we are trying to measure two unknowns from one
data print; the liquid water content and the drop size distribution. If
we can obtain two data points we may do better. Hence the development
of dual parameter methods for radar rainfall estimation. There are
three different possibilities:

a) dual wavelength radars which take account. of the di fferent

back scattering cross sections of the same drop size distribution

at the two wavelengtha., The second wavelength is chosen to fall

into the Mie scattering region for the larger drops. A difficulty
with this technique iz that the lower wavelength suffers from
attenuation in heavy rain.

<0] Reflectivity and attenuation of dual wavelength. Both the
attenuation coeficient K and the reflectivity factor 7 can be
related to /\ and Ne so the drop size distribution can be
determined. This is an interesting research tool but offers little
promise as an aperational system,

<3} Pual polarization of the radar beam and aeparate measurements of
the energy of the reflected signals gives horizontal and vertical
reflectivity factors which can again be related to drop size

dAiatributiona,







