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SYLLABUS

This oourss examines the methods of observing the atmosphere and
the earth's surfuce by satellite born radiometers and by radar from
surface and space platforms. The speotral varistion of the absorption,
soattering the emission of eleotromagnetic radiation by the various
constituents of the atmocephere allows deductions to de made about the
distribution and temperaturs of the gases. The temparature of the
Sarth's surfuce oan be measured from satellites by monitoring its
therwal emission in the frequency bands in which the atmosphere i
relatively tranasparent. Rainfall rates osn be estimated from the
reflectivity of precipitating clouds in the micro-wave region. Wind

velooity osn be measured by tracking olouds and rainfall estimates oan adse

be made from the assooiation of rain with satellits observed oloud
charaoteristios. !

The physical properties of the atmcsphers which allow these
Beasurements and whioh limit their acouracy are oonsidersd. The
Platforms, instrumentation and data treatasnt techniquas are desoribed,

Electromagnetio radiation and the atmosphers

Atacspherio absorption and emisaion: black body Q:I.uion, width and
shape of speotral lines and bands, the atmospherio absorption spectrum,
Radistion transfer: Sobwatzohild's equation, transfer in a plane
parallel atmosphere, the diffusive approximation, stmospheris
transmission models, weighting funotions.

Scattering and refraction of radiation: Rayleigh and Mie scattering,
soattering by non-spheriosl particles and populations of particles,
refraction in a plane parallel atmcsphere.

Satellite meteorology
Satellites: types, orbits, types of radiometers, soanning techniques,

Soundings of the sarth's surface: visible, near IR, IR and microwavs
soundings for surface reflection aharscteristics, surfuce tempersturse
and moisture, the atmospherie corrections.

3oundings of the atmosphere: retrieval of teapsrature and humidity
profilas, radiometers, soundings for traoce gases, u-l_: soanning, cloud
imagery and wind finding, rainfall estisation.




Radar metsorology
Atmospheria sffectas refraction, abaorption snd scattering of microwvave

radiation by the atmcsphers and its conatituents.

Radart the radar equatfon, doppler radar, polarited beams,
Measurements: rainfall satimation, radsr for resesrch, motive miorowave
sensing from satellites.

Texts
.!;;: cbservation of the atmosphers - L.J, Batten {Chicego Univ, Press)
Remote sensing in Metsorology, Ocsanography and Hydrology,
ed. A.P, Cracknell (Ellis Horwood) oh. 1, 24, 25,
Radiative processes in Meteorology and Climatology - Paltridge and Platt
(Elsevier).
Remote sounding of atmospheres = Haughton, Taylor & Rodgers
(Cambridge Tniv. Press).

1« INTRODUCTION

That 1s Remote senaingi- the measureaent or detection of & phystoal
property from a distanoe. Usually by the characteristia emiasion er
soattering of £ - M radistion or sound wavea,

. Thy Remote sensing:- conveniencs, cost,accuracy.

Mpplications 1)  Routine Metsorol calt replacesent of or
supplementary to meteorologioal network data.
8.8, Sea surface temperature, winds over the oeeans
and atmospheric soundings,
Inthmumnmmnlmmrmlnorunsor
hundreds of ka are nesded with asocuracies similar to
those specified for aynoptic observations,
{See Table 1),
A mixturs of orbitting and &scatationary satellites
oan give the apatial and time resclution but absolute
Socuracy of most quantities is laas than the
requiremsnt. Howsver, it is probably better than wuch
oonventional synoptic data which while precise does
notunmudnammrmw-mwunn
is influenced by sub synoptis soale events and local
esffeots,

2) Bydrological: snow caver, preoipation and lske area
Reasurement. Observations over specified oatchwent
areas on scales of ku or tens of ke.

3) Resesrch & Special applicationat Radiation balance,

measurement of minor stmospheric oonstftuents, aee
state, surface topography, orop monitoring, peat
oontrol eta,
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Table 1
The Global Atwcspherioc Ressarch Prograsme of WHO recommended socuracies
for atmospherioc soundings.

Quantity Accuracy {(r.m.e, srror)
Wind component 2ims-!

Temperature 2k

Mater vapour presaure 2l

Sea surfuce temperaturs 2o.2¢x

Pressure reference level to3s

Data required on a 100 km grid, at eight standard levels in the
atmoaphers
(Surface 900, 700, 500, 200, 100, 50 sn¢ 20 mb), twice per day.

General types of sensor system

rig. 1.1
ACTIVE "PASSIVE
- | G-
sensor ( sor ~ \
4“ output | ofkput K
I
broadcast
signal | T '\
baclssutund/T 4\ i Natural Natursl
reflacted / . anission reflaction
signsl — -
\+ |
TlEr T 2P Nand surface/ocean/stmosphere 7 7 7 77

= Fasaive sensors:  passively seagsure/interpret signal information
coming directly from the (eld of observation.
®.5. radiation thermometer,

~ Aotive sensors: transeit a signal towards the field of observation
and measurs the reflected return signal.
e.g8. weather radar,

Sensor output may be,

(1) analogue in which the sensor output is a eontinuous
function of the input signel - e.g. the record of a chart
recorder oconnected direotly to a solarimster (pyrancmeter),
or

(11) digital - the input signal is sampled in space and/or time
and digitally coded as s data stream. Such signals are
nost easily handled by comsunications and oomputing systems
80 oSt analogue outputs are digitsed before transmission.

Ihe Remote Sensing Problem

Souros stacaphers sensor

imZ input output
/
7 7

fleld of view
of sensor

(1) The signal from the souroce may not bs a funotion only of

the quantity it is intended to measurs,

(11)  absorption, emission and soattering by the intervening

atacsphere may cause the input signal to differ from the
Sourds signal and the difference almost oertainly will
depend both on the souros signal and the state of the
atmosphers,

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

variations so frequent oalibration may be nedessary.

In practice 1t 1s usual to have some looal asasurements made
{ground truth) against whioh the remotely sensed data can be ocompared.
Por most purpcses a mixture of msasuring techniques ustng perhaps
ssveral remots sensing systems together with some “ground truth® s the
most satimfuotory,



The Electromagnetic Spectrum

Most remote sensing techniques depend on the ralation between the quantity

to be sensed and £ - ¥ radiation,

50 cm are usetul In remote san

The £ - M4 stpectrum

Radlition In the wavelength rangs 0,01 Pm to

“
Fig.i.2
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'2 - RADIATION AND THE ATMOSPHERE ABSORPTION AND EMISSTON
Referencey

Radiation Notes (RPP) Paltridge & Platt, Haughton,

- 2.1, Energy of a molecule

B bl l. +* !' . L lp + | 4
T 7T 1 1 3
Energy eleotronfo Vibrational Rotationsl trenslational
of a anergy energy sergy
molecule 1. 7\ r
' 1 to 1000 eontJ nuous
Eeer o :
a }1 - 100 -
P

When molecules tnteract, Tocllide®, their energy 1s redistributed
among the components,

The emission of ensrgy when changing atate takes a finite time say
517 the time betwaen oollistons y << ¢ any absorbed onergy will be
redistributed before re-emission. If ¢ << y there will be re-eminsion
at the same frequency,

In the lower atmosphere y << 4 80 we have L.1.B,

At L.T.2. atmospheric gases absorb and emit radietion at
frequencies corresponding to changes 1n vibrational and rotatfonal
energy levels,

Except for consideration of 03 nign gn the atmosphere we shall
apsume L.T.B,
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2,3 Shape of absorption "lines™

a) Intrinsic width - 1f energy states wers precissly defined
snergy absorption and the frequency of emission would be
daternined by AE & hv
However, we csnnot determine both @ and E for any anergy
level precisely (Hefsenburg) .. there is uncertainty in A&
and in the associated Vor L
This width of line 1s insignificant for rotational or
vibrational changes.

b)  +Doppler brosdening
As the molecules will be moving away from or towards the
obsarver while emitting this gives a Doppler shift.

Ak ﬂo %
Urip the ocmponent of vel. along the line of sight,
o fis the apeed of light.
Within & population
-\
LT CVR F S @237
This gives a shape

(Gaussian)

l‘k
. S ~fr-ay v e [RAT
k-'l.l = *)ﬂf‘-“? F’_*: - ] -«Mi J') -—c_[.-—- ]

where R,.1s the absorptivity ag 39 v

S ia the lime strength
ol 13 the doppler half width

1
R

F{&!.l

Doppler broadening is important only in the high
atmosphare.

a)

[

Iressure brosdening

Interactions between molecules in olose proximity cause
changes in the energy levels, thence changs the frequency
of emiszions betwsen levels. 30 the broadening fs related
to the frequency of "ooll!asfons® between molecules.

ol-g_ is the Lorents half width

and hy = ‘§_4-(-
W L3 A7)

In the ataosphere changes of p are gensrally large o.°f,
changes in T .'-J.Lrth.%-.

It we wish to make calculations in the atmosphere P will,
in gensral, not be constant along the path, In this case
W adopt the “Curtis - Godson* approximation

5 - _[3pade
T R j/).. Y
ﬂuu/.)., is the local density of absorber along the path .

Nots for atmospharic calculations we often use /0.. - ('-/d.t-
whare /Qg is the total atmospheric density and C the
mase fraction of absorber.
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2.0 Integrated absorptanoe of s 1'ne (W)

This 18 the total effect of absorption by a line along a defined
atmoapheric path,

Transmission osef 2 exp - (h., 1)

Where /3 18 the denaity of lbsorlm- in o path J

J (-t e
N5, 1rhy l1e seall

Vs S/oj {(This is true for any shane of un-)
Ir hayﬂ is large, T—) © near the 1line centre

and h,, Trs—vé—,_lbr 8 preasure broadensd 1ine amay from the
centre (4->3

Eiving W= 2 (S-L,/._Qy/’-

Figz.a .
" I// Yo
s W-ck).ﬂ.) Surve of growth
vl ' ;

] S

0.01

: '
10°¥ *m;mm o~ ™

Fracthewat ?, § h-sc
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2.5 Absorption bands

Absorption in the atmsopheare 1s generally {n bands which are

ocomposed of a number of closely spaced "1ines” (ses diagrams overleaf).

a) Elasser modsl - an infinfte array of eQually spaced,
of equal S and equalol, the half width of Lorenty shaped

1Snes. ‘,._D
At
k, = Z % (Eagss)

(s
where b 15 the space between the 1l{nes.
For small S gives the exponential deorease 1n transmfssion with

path length,
For large $ gives an error funotion decresss | ERF() * 1 ‘ £ JO]

Tl - erf(Telsd,)

Thiz model i» a reasonable representatton of the 15 Dm (02 bend.

Y] Goody wodel an fnfinte array of randomly spaded 1ines
having the n-e hair wldth and strengths 3 acoording to
Prob (8) '3‘0 axp ( )

whers Sois the mesn line strength
Solves to

Bopt
T . -
it [8 (te3 ')IJ

i1f Sopt £ 1
% 8 large |
T = exp '{&»hj_!’]
—

Can be applied to W.V, rotation/vibrational bands using
valves for so..L,_ and & derived from quantum mechaniocs or
experiments,
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2.7 Monochromatic transmisslon th 4 horizontally stratified atmosphers
Ff&’--‘ = s
Consider the flux through & horizontsl
.":‘t (g area at 0 originating in the layer
=

i

Monochromatic radiance from P towards 0

= h.yo.s.t Ny
= h’a, S2naed MGiT)

at P occupying & solld angle Soat an
angle & 1o the vertical,

Transmission betwsen P and 0,3
sion between acp- o hasco dt

2'omitting monochromatic subscripts

ZF ek,

e —————

The diffusive approximation

The Integral Ineg. 2 Is & third order sxponential integral the
. solutions to which have for aft prectical purposes the same shape as

e )
anp (" b ay :25.’4(-.'._49 * )

with /7.-.‘"/3

So for diffuse radiation we use & model of direct beam transfer
ond apply the appropriste Fere of Bear's lew and Schwartzchi lds eg.

2,7 The diffusive approximation makes clearer the welghting function &2

2

268
‘l

e layjar S¢ absar Loty (ps\ h) -6«- “

. wesllal buwa r s o v
rlar'pui-l oqcl-oghx: ‘lyl)P

Contribution of slab to flux et «,af

AF '/) 8'&/3'! No Ugesa,v)

Transulsstvity of layer o - .Lrp;.'ﬁ.?‘ﬁh-‘ » Iy’ 8% k.
Crommmimindy 2ttt = Uay e (LY TS T - 2RO

= Tvey (1-pSa2k)
60’3? - ]
5% ° ?Q'h.'l: “Tistny ’tt,'.u,»)/,/!’t

or AF = Np ST

Note the above is equally spplicable to a dirsctional radiometer viewing
through & stratiflad atmosphers. In this uuﬂ Is omitted from the equations
and, If viewing 1s at an angle © to the vartical at term sec & Is included
In the sbsorption and transmission terms,

e e e e s e e



Z+¥ Mulghting Functlons

For a radlomster viewing vertically dowwards the r:‘ulud radigncs -

My s S Bu d‘ - &Vs)‘t@‘)

Ner &

L S
““:."'—’ A
s(y ground

It is convenlent compatationally to use & vertical scals n Y y---ﬂnﬁ

- z - -‘P-J’
Ny s. B Kay 'l? + byFes [Wete
whare R"}‘" the walghting function in tarms of Y. l(n??r::-‘;;‘t:o:.l
[{ 1} ?c =t

e.0. a4} An sbsorbar with hrllldopcndﬂlt of p and'T

"(:"7,‘ = -’ul"'shslﬂfmn r is the mass

P mixing ratlo at p
= JAax P b“!-? -6-' * contdant
Keg rm - Yoye)
P_‘J kue?)
el O v !
l.e. Unit ggtlul depth from the top of the n-osphore

\hlgl_nt,!‘“‘h' é wing of a pressure broadaned |ine
hy - ) d)

i -—ts‘k"'—y‘ wlan -9y Lo

~e Upw) = axp S,m«vf '
Where A Is glven by des ,(*..FF

%.\I-—‘:él’ ﬂr.ulb( ) waidh +

wf
SJ. r N:U‘;

MR=." ‘Pe

2 -k eu-.hav-l".

K(s) M&MMM w.‘um‘).ﬂro
z-r-ﬂ? ”r"jZI R: X

Pe
Ry =2 (B Yiup ( )

d A ?h-'&“apg(\l-”)‘ |

It Is usual to define the pressure In atmospharas

mo 'r."'

¢) The Elsesser band . )
? s 1 ‘z/'u._k S G"" AY
T Y, P
5 depends on $, o, 5, and r

# complex Integration problem results in

(5)" Hep(HL)
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d - SOME CHARACTERISTICS OF SATELLITES AND OF RADTOMETERS

General reference
Clfwatology from Satellites - Harrett,

3.1 The msin types of envirormental asnsing satellites.
a) Polar orbiting meteorological satellftes.

These sateilites orbit the earth st about 1000 kn altftude
whioh gives & period (T) of about 100 minutes. The plane of orbit g
tilted slightly from the earth's axis and is fixed relstive to the sune
earth lire. This ensures that on each orbit the satellite orosses any
line of latitude at a fxed soler time and vtiews the daylight and night
side of the earth onoe sach orbit,

The width or the swath seanned by the radiometers on sach orbdit
wist be at least 25° st the sarth’s surfuos in order that consecutive
swatha should overlap snd give global ocoverage twice each dayy once in
daylight and onoce at night.

b) Seostationary meteorologton) satells tes,

These aatellites orbit the sarth at about 36,000 km
altitude which gives a twentyfour hour period of rotation. The orbit 15
in the plane of the earth's #quator and the direotion of rotation is the
same ao that of the earth, Hence the satellfts remains stationary
relative to the earth and osn be positioned over any preaslected point
on the squator,

The high altitude of such satellites 1imits the apatial resolution
with which the sarth oan be viewed. However, because they are
geoatationary - frequent images of the same ares can be obtatned.
Typically forty-eight images per day are taken,

The earth is scanned by the rotation of the satellite about its
axis which is parsilsl to the tarth's axis. The width of the scan line
on the earth's surface 38 from one to five kilometers st the satellite
sub point. A stepped motor changes the latitude of the soan line each
rotation of the aatellite to build up the complets image of the earth,

rard

b

a) Barth resources patellites - a series of experimentsl and

operstional satellites of whioch LANDSAT {s ths best Imown. The sltitude
and orbits are aimflar to the orditing meteorclogical setellites but the
radiometers carried have a much narrowsr Held of view, This gives a
ground resclution of a few tens of metres but restricts the area covered
to 8 narrow strfp beneath the orbit so that 1t takes about eightesn days
to bufld up a ecomplete global image,

S0 we see that thers has alvays & oompromise to be made between
mtiil &nd temporsl resolutfons. The typs of satel)ite to be used to
stwdy any partioulsr phenosenon depends on the size and time scale of
that phencmenon.

3.2 ties of satellite inatrusentation

a) The _detectors

Barly satsllites often used televieton type “oameras" to
¥iew the sarth. 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 resolution along the strip. The sosn may be
achieved by the rotation of the satellits or by swinging the radiometer
or fts optical eystem. The former method is used for geostationary
satellites and was used 1n the early polar orbiting satellites. Later
orbiters are oontrolled so that the instrument conscle alwvays pointa
towards the eerth and the radiometers soan perpendfoular to the
satellites path aorocss the esrth,

Radiometers may observe the olectromagnetic radiation reflected or
smitted from the surfuce below over a wide range of frequenciss. Thess
sy inolude seversl bands in the vistble and near infra red, tne or more
bands in the termal infra-red and micro-wave bands. The uses of the
df fferent banda will be discussed in later sectiona of this paper,

b) Spatisl resolution

The spatial reselution of a rediometer 1s limited by the
diffraction 1imit and by the signal to moiss ratio,
The diffraction 1imit 1a imposad by the size of the aperture or
objective of the radfometer and may be exprassed as £ = 1,228 m
when £ 15 the wavelength of the radiation, D the sperture diameter and
the maximus snguiar resolution,
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The spatial resolution 1s alsc limited by the energy avatlable from
the source ares within the waveband being observed, If this senergy 1s
too low the sfgnal will be magked by the notse gonerated within the
radiometer and its aspooiated electroniec oirouits,

a) Vavs! h_resolutd
For many Purpu.n the inforsation which ocan be deduced from
radicmetrio data depends on how narrow & waveband can be observed,
Again, the narrowsr the wavaband the lower the aignal to noise radic so
this eventually limits the resolution. 4180 the charsoteristios of the
fllters used to define the waveband introduce 1imits on how narrow the
band can be,

d) itivity of a rady or
The ssustivity of the radiometer depends on soveral fuctors
including the oharmoteristies of the optics and filters, the deteators
and the smplifiers. Thia 1s {1llustrated overleaf,

moy % |

Filtar
transmission

Detactor cutput
for a signal
of constant
snergy per

unit

spectral
intarval

Mplitication

Systam
Teaponse

(‘V,

Filters

wavelsngth or vavenusber

Detactors (photo electrioc or thermo-electrio}

'x' e m

| '.

X '

) »
vlv.-ﬁngth ;:-mm: ¢

I I

I

|

! 1L

», 4 Yi

nvnl.cniwth OF wavenumbar
The output of the rediometsr is given by Tyngs, 4y
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N - ATMOSPHERIC SOUNDINGS
(Main reference, Remots sounding of the Atwosphers, Haughton, Taylor and

Rogera).

Oiven the surfuce temperature, the vertical distribution of the
atmospherio temperaturs and of atmoapheric sbaorbers and scattersrs and
their absorption scattering propertiea, we can caloulate the radiance
which would be received by a radiometer viewing the earth from space.
The question we address in this section ia "to what extent can we deduoe
the vertical distribution of atsospheric temperature and atmospheric
oonstituents from the readings of radiometers in space?” The problea of
scattering will be mainly left aside.

The interpretation of the radiocmster signal 1s clearly simpler if
we choose & wvavebend or wavebands in which only a single absorber is
present. In this oase the outgoing radiance has two components, the
attenuated signal from the earth's surface and the radiation originating
in the atmosphers., Por moat purposes we chocse wavebands which absorbd
strongly enough for the atmospherio aignal to dominate strongly. Then,
we oan interpret the signal as the integral from the surface to apaoce of
the produce of the local temperature and the weighting funotion,
assuming local thermodynamio equilibriue,

Even with the above simplifications there is still no unique
interpretation of the integral in terss of either temperature or
absorber ooncentration even though one of them may be known. Por any
temperature profile there are an infinite number of absorber
concentration distributions which would give the same outgoing rediance
and similarly for a defined absorber distribution there are an infinite
humber of temperature profiles whioh oould give any spescified outgoing
radisnce. While no unique solution oan bs found we can odtain good
Spproximations by using a series of wavebands asch having a sharply
peaked weighting function,

A1 Atemospheris t ture soundi

¥.1.1. Selecting the waveband sotsnida Hu ot .‘rk.. ,.Q_CNe\

The vertioal monocohromatio radiance/may be written as:

Ng - & Ns.%oj * g..Nﬁr%sf

whera we ars using pressurs in atwospherea as the vertical oco-ordinate.
If we have & uniforaly mixed absorber of known abaorption properties we
can oaloulate the weighting function. The more peaked the funetion the

24

sore information we have from esch radiometer channel. Rers ocupromises
must be made lnmua_ narrow wavebands which give strongly pasked
weighting funotions and broader bands which give more snergy so larger
sigmal to noise ratics. Pigure N.1 shows & typical setrof weighting
funations used by temperaturs sounding radiometers,

Figure 4.1

Wﬂhfm&uhﬂhﬂo{m#ﬂlwnumjtu
ts sounding the temperzture of the lower on the Nimbus 6 stellite;
(@) 15 um channels of HIRS. (b) 4.3 um channels of HIRS, (¢} chanmels of SCAMS {al.
§ 6.9; from Smith and Woolf 1976 end Stactin o7 ol 1975).

In deoiding which wavebands should be used various oriteria have to

be met, namely: .
4)  the emitting gas should be uniforuly mixed (003, 03},

b)  the absorption bend should not overlap the bands of other absorbing

EABea,

a) the bands should not overlap the solar speotrum,

d)  looal thermodynamio equilibrium (LTE) ahould prevail so that the
Bolzman distribution of emission oan b assumed,

#)  the band should not be affected by the presence of olowd.

e T
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These propertiss of the COp and Oz bande are sumsarised balow.

Band LTE Sensitivity Snergy Spatisl Overlap Influence
to resolution of olouds
€0z W.2la  I5im g x-1  good good solar Yos
coz 15a  Bokm MK  good sood oK yos
0z Sem Wokm 1738 k-1 poor poor o 1ittle

Moat operational temperaturs profile measuring schemes use the COp
1§kundmdtmluaur-ontanam1uof&numlummmu
of the band. The measursments are not monchromatio but span a narrow
band esch wide enough to give a good signal to noiss ratio. The
suission comes from the sum of the emission from the wings of many
lines. For the wing of a mono-chromatic Zlasser band the weighting
funotion K(y) is

Ky} ‘T_%__(%..- ('&_,Y

The effect of using & narrow band 1s to broaden the waighting functicn.

4,1.2. Retrieval or ture files from radiances
e wish to derive an ntnoorhm temperature profile from & series
of measured rﬂlmhnnhn«hmthdaofththmtlmhndor
& uniforaly mixed atmospheric gas.
8.1.2,1, The “exaot" solution
Here we represent the temperaturs profile by & mathematiosl
funotion which mey for instanoe be a fourier series or & polynonial,
Og T(z)ma s bl & TV gte.

Wow 3+ 5w

Hogze = 75 s o

Black body radiance . tie

per unit spectral intsrvai
~in the radiometar bend ‘Manok Mn at (Tg)

K, the weighting mtmtlm”nmwmmu_nd
radiance in terms of the cosflojenta 8, by 0 sto and solve for a3 meny
Qoeflcients as thers are rediometer channels. The problem is that any
srrors in the seasured radiances are amplified in terms of the derived
temperatures. This effect 1s 1llustrated below.

Ao .

rig. 4,2

W

n:?futu rd
—ackye

=== depiyad byt

Wt G, ApPrOt
% bawd 3, !

The oloser the pesks of the weighting funotions the greater the
error in the spurious detail.

momtmuummwmaummmnpmu fore
of repressnting the temsperaturs profile. This turns out to be 4 linesr
ocsbination of the weighting finotions themsslves.

T(z) s 8 K (2) + DKy (2) ¢ K3, (Z) + eta

vith ¥ bend E Z{N“)s’,,-‘t_]alw

However temperature errors of up to 15 times the errors in measured
rediances still oceour.

4.1.2.2. MNop-exmot selutions

The above techniques may be modified to allow the derived
tempersture profiles to differ from the exsot solution by an amount
oorresponding to the known probsble error in the radiance msasuresents.
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Least squares approximate solutions

Theae involve defining the minimum nusber of ooeflctents whiok will

give a temperature profile of the required precision then using many

nore measurements than coefloients and selecting the temperature profile
vhich gives the best least squares rit. In practios, becauss we have
only a few independant veighting functions these methods are diffioult

to apply. Bogus measurements may be introduced together with their

sxpected srrors (or variances}. Suck "messurements® my be derived from
climatology or interpolations between readicesnde dal,. Spurious (and
perhaps actual) detail may be removed from the derived profile by

smoothing techniques which are related toe the

caloulated maxisus

vertiocal resolution which oould be oxpeoted from the data,

Iterative techhiques

A first guess profile, whish may itself be a mathematical or
clamatological profile, is adiusted to fit the obasrved data taking one
radiometer band at s time and re-iterating until the solution oonverges.
This eventually produces the same solution as the exact one but way be

stopped before large spurious detail develops.

Regression teohniques based on sspiriosl datas

Vithin a season or olimatia sone it may be possible to establish
relationships between the various combinations of redicmster band dats
and the temperature profiles as observed by redio-sounders. %o
knowledge of the weighting functions mor of the radiometer ocalibrations
are needed. Such methods have to be "calibrated" for localized olimatic

and seasonal zones. They oannot plok out the

unusual temperature

distridution. Such methods are widely used operationally and dispense
with the physics except in the deaign stage of the radiometers and in

determining the height and temperature resolution which can be sttained
mmmmaunmwtmmum.

N.1.3, Middle and atmospheria ture soundi

Mmuhmmtwmlmttunpmm«luu.
Veighting funotions must be oalculated acocordingly, Otherwise the

vertioal scunding techniques desoribed above can be applied at high

altitudea, However, at these levels thers is
"limb sounding".

the possibility of using

Sl
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rig. \.3
f-.,&‘ .h-l.t\&f ; \
>u actrth "l

Hers a radicmster with a very narrow angle of view observes the
atmosephere tangentially. According to the earth + atmosphers radive
ewployed so & weighting function {s defined by the value or:g;:nonc n
and x may be sxpressed as a height co-ordinats above the surfuce of the
earth. As the viewing angle 1s changed so & new weighting funstion is
generated. These lisd weighting functions are typloally dominated by
the oontribution from olose to the tangent point, as is showm in Pig.
4.8,

rig. A0, ) A ot of weighting fenstions fer s wh soender with on infiniosinad flald of
viow falver Glie and Houes, 1971},

1 A ' | 1

0 005 QO O 020 028
WEIGHTING FUNCTION (XM~}
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This allows a single band radiometer to define the stratosphario

‘tempsraturs profile. The temperature is determined first near the top of

this atsosphers the viewing angle is then lowered towards the earth and
the temparature of the next lower level oalculated from the weighting
function and the alresdy determined temperature of the cuter layer. This
process is repsated for progressively lower laysrs. & major diffioulty
of this method is that the altitude of the satellite 1a not usually knowm
precisely snough to define the height of the tangent point. One way of
ovarcoming this 1s to use two radicseters with identical view angles

0 SNI- Ko where Ny, W, are the
SN,“ R received radiances
Irﬂ'oqumiummtwmolou
N o 3rde
(H. dx
mw:--mymumumwtnyhm.
A.1.8. Instruments for atsoapherio tsmperature sounding

Hany types of special radicmeters have been developed for
temperature soundings all attempting to satisfy the desirable Peatures
ofy

- & narvow speotral band whioh will Eive & peaked weighting

function and good height resolution (required 200 mb)

- & parrow angle of view to give good spatial resclution

- 4 large snergy oapturs to give good signal to nolse retio,

80 good temparsturs resclution (required 1£)

The main oomponents of a radiometer are the recelving optioal
system, the filter and the detsctor. The gecaetry of the optiosl system
and the size of the objective define the angle of view and the initial
energy oapture of the radicmeter. Mirrors or germanium lenses are used
for focussing the infra-red radiation.

Most of the scops for design veristion comes in the filter design.
Prisms and gratings msy be used but give low snergy availability,
Fabrey-Psrot interferometers 8ive up to two orders of magnitude greater
output while interference fllters can Eive even more snergy but have
limited wavelength resolution. Eaoh of these filters requires that
either » separste optical system is used for each waveband or that
cbasrvations are made ssquentially. A Michelson interferometer may ba
used a3 & filter and the wavebands Soanned by automatio variation of the
difference in besa paths. An alternative filter system is to use

3o

interference fiiters to selsct the broad band to be studied and to
interpose & sample of the eaitting gas in the received beam, This has
the effect of ocutting out most of the emlssion which originsted high in
the atmcsphere by altermately interposing and removing such a cell, The
alternating part of the signal corresponds to the emission from the
upper atacsphers. Tha result is 1llustrated in figure A.5,

Pigure A5

mumummmm—&n
41!- 'H-m-:ﬂh".ml.&-n-m-hmdhl
incheding 8 puith of OO0y ; ourve C, an idenl weighti fars ch the froy-
mhhﬁinwhmmnd 170

Height Lkm)
]
“intp/p,)
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[+ 1] o2 03 04
Normalited wesghting Funcluen

irs of
By ohopping betwean . 1 COy cells containing diffecent paths of COz

in the "selective chopper rudiometer™ a ‘Ng'w/ -of weighting funotion ‘Ls
gonerated.
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Figure K.7, tranemission through two cells (or two pressures) near
the centre of a single line in the CO, band (ourves A and B), Curve C
1s the resultent transmission of chopping between the two.
Figure 4.8 shows the weighting function of a PMR operating in the
CO2 band with different cel) pressures {in mb),
Figure 4.8
Panctions for s p duinies sndiomoter hovieg & S0l s so0g

“l"‘hﬁll[“.fco‘ with differsnt coll progsures. The number of the surves
s monn colf preceurs (s raber (from Curtls of of. 1974).

5

Height Cm)

1f the doppler prineiple is invoked a single cell of a PMR may give
information on the vertioal distribution of temperaturs. If the angle
of view of the radiometer is ohanged from the vertiocal to looking ahead
of the radiometer, the opticsl depth of the emitter is increased and the
received frequency from it 1s doppler shifted relative to the PMR. This
offectively oreates s new weighting funotion. A set of such functions
eorresponding to different forvard view angles s shown in figure V.9
below,

32

nmhhmuummmmuummmu-»
cn::n mm.m-—uum-uudu-mum«u
thoor o 1974).

Height (k)

Microwave radiometers have also been used to messure atacspheria
tampersture profiles. Those operating in the Snn02 eninsion dand have
the advantages of not being affected by cloud anda of good spectral
resclution allowing narrow frequency bands to be obssrved. However, the
fiald of view 1s large ¢ 423 resarution ) and the energy oorresponding
to atacepheric tempsratures is small at thess wevelengths.

R.2 Soundi for_oconcentrations of atamoe ]

Having disoussed the sensing of atmospherio temperatures using
teshniques involving the emissions from gases with und form distributions
it is 2 parallel study to determine the vertiocal distribution of gases
given the temparaturs distribution whiech may have been determined from
rewots sensing or other techniques. s

For operatiomal seteorological purposes the most important
aspplioation 1s the Beasurement of water vapour profiles over the coceans.
nmmunlmhm-yums.s undtoeotolo/a-bmdor
sanr mlerowave bands,

As with tsmmperature soundings {t is usual to take measurenents of
rad-ancs at a sertes of narrow wvaveband intervals on the odge of an

R PP
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absorption band. 4a the general ahaps of the humidity profile is usually
known from clisatologioal factors s first guens profile 1s taken and
adjusted to fit the observed radiance/waveband pattern.

Hgure §.10

-« Weighting fencsions for vix shansels of the SIRS oo Nimbus ¢ shesrving In the
otptisn weter vapeur band (frem Ssmith 1990).

Mfressore (mboar}

~&Htapr—

. - .

observing the apparent tesperature of the sarth's surface at tweo
wavebands in the "water vapour windows®. This technique is disoussed in
more detail {n section § ,

Microwave techniques sra slso used extensively for water vapour and
1iquid vater determination. Rarly sethods used single or double ehannel
instruments in the 22 to 32 GHZ {about 1 om) bands. At 22.235 GHI there
1s a vater vapour resonsnt absorption band with a miminum of abaorption
st 32.% GHZ, Atmospheric transmissions in these bands range from B0% to
303 in the absorption band and NOS to 151 in the window. If the
brightness temperature of the surface is known and is signifloantly
different from the tempersturs of stmospherio liquid water or weter

3y

vapour the total atmospheric water can be deduced from the absorption of
the surface rediation. The land typically has similar brightness
tamperatures to the atmosphere but the oceans having an emissivity of
only about 0.45 are much oolder {7 130K).

Figure 4,11 below shows the oaloultsd scens brightness tempsratures
for a range of miorowave frequancies which would oorrespond to, no
atmoaphers, two apecified total water vapour profiles ip clear skies and
one with a layer of stratus aloud present (Staslin et al 1976).

FREQUENCY (Gre)
Thesreticul microwase brightas Aoraparsture spactss. snmputed far & nadis-viswing

ovireoma ot 208 K.

The water vapour content was estimated from linear oombinations of
the acens brightness temperaturs.

¥ =0,03¢ 0.0801 tpy « 0.0515 T

The result of experimental oomparison of the microwave soundar with
radiosound data ia shown below,

e
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Pigure §.12

or i
_’ - - s
% ' ,
Z et . by .

§ s

’- (]
| hd . JuN
| 3 .

<4 N

L] ] 2 3 4 3
RADIOSONDE WATER WAPOR (g em)

Hmmmtlymmhhub«nomudwt into the use of the
higher frequenoy water Yapour absorption at 183 GHZ {2 1.6 wm) which
omit strongly enough fbrmm-onutobo-doatnml frequencies

" henos for & profile to be recovered. The weighting funotions for a
vater vapour profils are shown in figure ¥.13 alongside the weighting

functions for & miorowave temperature sounder operating in the 57 OHZ
OXygen band.
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The water vapour burden sssumes & olimmtologioal atmospheric
mnur{nter vapour relationship.

In the procedure developed by Rotankrans et al the
temperatura/pressure profile vas recoversd from the 07 bend data and a
temperature/humiaity profile detersined from the water vapour channel.
The water vapour was then distributed acoording to pressure so ss to
reproduce the temperature/pressure profile.

Ozone concentrations are very important in stratospherio studies,

Here limb sounding techniques oan be used on the 9 to 10/Uu ozone
absorption band, :
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S, SOUNDINGS OF THE BUAFACE OF TUE RARTH,
—_— et EARTH.

5.1 THERMAL INFRA-RED SOUNDING OF THE SURFACE OF THE EANTH

The surfaocs of the sarth, and for the purposss of this discussion
we include clouds as part of the surface, seits radiation in s oontinum
corresponding to a non-black body at sround 300 K. The surfaos also
soatters solar radiation selectively and messurements of the baok
scatter can provids information on the naturs of the surface. There are
uls0 selective emission bands from water in the mioro-wave region, Most
of our sfforts in sounding the earth's surface 80 to removing the effects
of the intsrvaning atmcsphere and particulate matter.

Surfacs tempersture measurements

Surfuce temperature dats 1s used for estimating latent and sensibls
heat fluxes into the atmosphere cver cosan and land surfaces, for cloud
top height deteruination both for attribution of heights to wind veotors
derived from oloud motion and for studies of conveotion.

Measurements of surface temperatures are usually made in the so-
called “stmospheric windows®, 1.e. regions of tha spectrum in which the
atuosphere is relatively transparent. In the thermal infra-red bands
these coour at sround 11/(m and V/in, the latter,having overlep with the
solar speotrum,cannot be used during daylight.

4 rediomster operuting over a defined waveband oan only tell us
uhltmumhrmiudwththmnumumdmm-. Ir
mmmummmummzuermmmum
intarvening atmocephere the signal from the radiometer can be
interpretted as the surface temperaturs. The measured temperaturs 1is
obtained either by calibrating the radiometer output against blaok body
rediators at known temperaturasor by inveriing the Planck fupation
corresponding to the observed redisnce.

Figure 5.1

radiometer cutput S
per wnit

input per unit
speotral interval

e ———— . i
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Radiometer output s S‘ Sy Mudw
)
[}

Ka is the recsived radiance
per unit speotral interval,

The normaliced detected radisnce Ny i3 given by
db

Sas My v

Ny s
“S,JU
)

- v
Measured temperaturs s [ P N”L
If the smitting surface 1s not black and thers is no intervening
sbsorption or emisaion then the radioseter will measure the "heightness
temperaturs® of the surfuce and in general the brightness tewperaturs
will be a funotion of the radiometsr acoeptance dband. If there i
sbsorption betwesn the radiometer and the surfuce the redioseter will
indicats the scene brightness temperature., We try to recover the actual
surface temperature from the scene brightness temperature by corresting
for atmospherio effeots and for the known radiative propartias of the
surface,
Pigure 5,2

radiometer height 2

cloud {fraotion of field of
'1“. a)

ataosphere

W

Y

////////// surface

4o

e [
N = es N&;%,\ ) ("“) € NG -?@J;)q' -+ G"'“)LNG!H‘J‘ +f”.,."{'d\
N " BaMBg (g,2)(1-0) « Ecip; (c,2)8 + (1-a) WpzKydZ + NgzKzaz ¢
monochromatio
radiation at the
radionster

over the waveband of the radiometer the output will be

Ko 1 3%
j S NS = S S Nra 44
I“ ‘ia

where Nrp i3 the soene brightness temperature.

Our task is to extract the surfaos brightness tsmperature by
removing atmospherio effects. ‘
Assune (1} no aloud

{11}  a plane parsllel atmosphere
(111)  the atmespheric absorption charmoterics are known,

The correction to de made for atacspherio absorption and emission
1s not 1inear, The absorption dapends on the propertiss of both the
absorber and the surface radiance while the emission depends only on the
amount and physical state of the absorber. In general analytical
solutions to the atmospheric sorrsotion are difficult to find and finite
slement methods are used.

Dimer or S-type absorption

In the most frequently used atacspheric window (10 to 13 4a) the
main abeorber 1s water vapour and while the exnot nature of the
absorption has not been definitively desoribed it ia generally acoepted
to be due to clusters of water vapour molecules. It gives riss to a
continnm of absorption and is subjeot to both foreign and self
broadening. muistouyitilmmbothbythomtmpmm
of the atmosphere at which it exists and, separately, by the looal water
Yapour pressure (henoe e-type). It is also tewperaturs and wavelength
dependant. '

Within the water vapour window the effective absorption ccaficient
te given by

ha = Rp(Dip+ kylidres kldp 4 h..»;{){oﬁ

foreign selft water other
broadentng  broadening Tapour  gases
in in - lines

Aeontimue oontinuum

diser or e-type absorption which dominates.

B T Luﬁ..n-‘! e s



Many empirical formulas desoribe the tempsrature dependance of the
sell broadening term whioh {s ten or more times longer than the foreign
broadening.

Figure 5.3 below shows experimental data on the wavelength
dependance of e=type absorptionim

wo®
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Comparione of the e o ot thres

A scheme for determining the atacepherio correction is ss follows.

1) Divide the waveband of the radicmeter into intervals such that both

the sensitivity of the radiomstar and the Planck fumotion at
surface and staocepheric temperstures vary only slightly soross the
interval,

2)  a) Divide the atmosphers into plane perallel layers 8% or s
mahuummtstu-mmumumuml

sough for oY’ ‘—4!-17,1\\

b} starting at the top of the atmoaphere caloulate for sach

wavrslength interval

(1) the transsission and absorption of sach layer

(11) the transmtsaion and sbsorption to the top of the

ataocsphsre fom each layer

{311) the emission from esch layer

{1iv) the outgoing radiation from sach layer

(v) the outgoing radistion from the surface for a series of

assuned surfuce temperature

{v1) the total outgoing radiation.
3}  3um the products of the total outgoing radistion and the radiometer

sensitivity for all intervals to oalculate the radiometer output.,

We then produce s "look-up® table of scene brightness temperatures
(measured temperatures, Tw) and the corresponding surface brightness
tamperatures (Ty) for that atmospheric water vapour snd tamperature
profile. This table is used to intarpolate Ty fras the Ty which waa
sotually seasured. The difference (T = Ty) 1s often referred to as the
temparature defioit (AT) or the atmoepheric sorrection, Under tropioal
conditions with dry soils the defioit may axceed 30 dog K.

3plit window techniques for sstimating atmospherio ocorrections

In the sbsence of atmocapheric temperature and humidity data it is
posaible to estimate the oorrestion to within about 105 1f data from two
infra-red channels are available. Beosuss the absorption by the
atmosphere 13 wavelength dependant two redicmeters viewing the same
S0ene at differsnt wavelengths will record different soens brightness,
(or weasured) temperatures {Ty). Within a olimatisc zone, season or
synoptic situation the difference between ths two measured teaperatures
taken with either coe of them gives & uniqus (but approximats)
relationship to the surface B.T. This s 1llustrated below for
oconditicns typlosl in the wet ssason in the Sahe| sone of West Africa.

ik
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Pigure 5.4
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It ia sssumed that the surface emissivity is oonstant across the

two wavebanda,

L L T

L ILEFN A

44

5.2 VISIBLE MAVERAND SOUNDINGS OF THE EARTH'S SURPACE
5.2.1 Reflected or baok soattered solar radiation may be weasured by

satellite borne radiomsters. Speotral Messureminta are used to identiry
surfuce oharacteristics while data for the whole band 18 nesded for .
energy studies,

Pigure 5.5
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Tatnoludes atacepheric abeorption and scattering effects
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52.7 Surface cover determination ‘

Different surfuae types reflect differently in the difterent parts

of the spectrim, Beoauss of atmospherio effwcts it is often dirfioult
to ssasure the reflectance of the sctual surface, It sy be sasier to
Beasure the ratio of the reflectance in two parts of the speotrum
Sssuming that the relative atmoapheric effects are similar in both parts.
One of the main applications of these techniques is in deteoting the

global albedo
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presence of green vegetation whioh sbsorbs strongly in the red and only |
sbout 508 4n the near infra-red. The presencs of green vegetation is
now of interest to meteorologists as it implies transpiration of water
into the atmcaphere, Figure 5.6 below shows ths spectral reflectance
ourves of various typiosl ground cover types and the channels available

on the LAMSATand NOAA AVHRR radicmeter bands,

Fig 5.6
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Many difrerent types of raticing techniqusa have besn devised and

tried. The most widely used for vegetation mapping ia:
Besr_infra-red - red
! near infra-red ¢« red

It is seen that using the AVHRR this gives values cloas to sero for

soll, 0.25 for dry grase and 0.6 for green grass,

.y

5.2,3 ftative uses of visible data

Satellite imagery in the form of photgraphio or similar copy has
been used for many years to identify and monitor synoptio and sub-
synoptic soals meteorologioal features. Visible bend imagery offars
generally higher resclution than the infra-red imagery because the energy
available allews highar resolution radiomstera to be ussd. This course
will not deal with satellite image interpretation but it should bBe noted
that the combined use of thersal infra-red and viaible dats enhances the
value of the date many-fold. 4100, as image processors beoome cheapar
and wore readily available it is beooming posaibls to view the data with
much better resclution than has been possible previously. This
gives greater insight inte the struoture and development of
meteorclogical features.

5.3 Microwave Soundings of the sarth's surface.

$.3.1 Gereral

—t

Microwave soundings may, like VIS and I-R, be passive but we have
hare the opportunity of also using active systems and obsarving the
reflectivity of features in the micro-wvave frequencies.

One limitation of passive microwave sensing is that of spatial
resolution. Often the resolution available, sven from satsllites in orbits
a8 low as 300 ka is less than the scale of the featurs we wish to observe.

Figure 5.7 shows the opacity of the atmosphers in the nicrovave
tegion and Fig. 5.0 indicates the frequency ranges of soms remots sensing
applications,

-
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Figure 5.7
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Microwave absorption in the atmcsphere. Lowar curve =
atmospheric ogacity dus to oxygen. MKiddle curve - opacity
with 20 kg » * water vapour ad to the oxygen. Upper
curve = opacity with 0.2 kg m ° stratus cloud added to
the oxygen and watar Vapour .,

(From HMMR vol tfe, NASA 1987)
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Parameters which are messured with aicrowave sensors
and the fraquencies at which the measuremants are sade,

(from HMMR vol Ile, MASA 1987)

5.3.2 Passive microwave soundings of soil moisture,

The woisture of the soil influences the strength of the aicrovave
anissions from {it. However, the temperature of the soil, the vegetative
cover and the roughness of the murface influence the emargy reaching the
atsosphers through the enission, absorption and suisaivity respectively.
The vejetative sffect increases with frequency so long wvavelengths are
preferfed (~ 1.4 cHs). Molsture in the upper 5 cm of the sofl contributes
to the emmission at this wavelength, Por this data to be of any practical
use it has to be used in models of soil moisture using known or assuped
physical propertiss of the soil. Ressarch in this field continues but has
ot yet reached an operation state.
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5.3.3 Microwave detection of snow and ice.
———— =00 0F Snow and ice,
The 16 & 37 Gux frequancies can be used to detect the presence of

" dry snow bacause of its unusually low emissivity at thess fraquencies,

Cloud has little influence on the measurssents. 1f the snow is malting
confusion with bars ground S84y result. Similarly iocs fields can be identified
over the oceans. Here the contrast batween saiseivity of dry ice and liguid
water makes delinsation sany.

5.3.4 Microwave sountings of ses state and winds over the ocean

The suissivity of the sea surface varies with its roughness (mmall
scale) hence with the wind speed,

bth-podmdlr-euoumbodlﬂuditnumhoummun
Bicrowave systam is used, BSuch a technique was ssployed in the
SEABAT-A-Scattarcaeter Bystem (SASS). A 14.6 CHg signal {s reflected
mainly by the caplilary {order i ca} waves on the ses surface. The
roughness on this scale depends on the wind close to the surface, By
using the doppler shift of the rsturn signal caused by the satellits's
motion the resolution of the data could be increased to about 50 km,
Eapirical relationships wers established betwean surface wind speed and
direction snd back Scattering as a function of elevation and azimuth
relative to the satellite and the polarisation of the backscattaring,
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6.1 ¥ind finding
6.1.1. Tropospherio winds

Over the oceans the treoking of olouds in sither or both the
visible and thermal infra-red channels offers a ready means of assessing
wind speeds. It is ssaumed that the clouds are moved by the wind at
about the level of their tops. This level is detarmined from the aloud
top temperature and climatic op synoptio data about the atmcspherio
tesperature profile. Many schemes involving automated or manual pattern
recognition techniques have been devaloped for oaloulating satellite
oloud tracking, wsost involve interactive image processing. 4 Mairly
typical method 1s outlined below.

Figure 6. A ) .
Step 1 Slot 1 Slot 1 Slaot Slot 2
¥is IR
Step 2 lovats locate,
- 1dentirty
oloud
types from
cloud top
temperaturs '
Y 4, as slot 1
. IR m;.
< of 1 oloud
type
Step 3 femove
other cloud
types from
vIs
_Y : :
one oloud one cloud
type VIS typs YIS
1ot 1 slot 2
Step ¥ oo«locate olq:;a pattern
conbined
slot 1 slot 2
¥Iis
Step 5 Measurs Rovesent

of ground features
from slot 1 to slot 2
to give wind vector

50

Steps 3 to 5 are repeated for sach cloud level present.

Areas of about 1° gquare are trested at a time. Low level winds
from stratogumulus or cumulus oloud movement have standard srrors of
sbout 1.5a 3= while high level winds from oirrus tracking sive errors
of about 2.0 ms 1,

6.1.2. Surfuce wind
aulxiummmmmumummmmau
#easure surfaoe winds over the cosan, The SEASAT~-A sostterometer aystem
{3A33) detects the smsll scale roughness of the ocean surface from the
inorsased radar baok scattering, the changs in polarisation and the
doppler shift of the back seattered signal indicate the direotion of the
wind relative to the satellite. The surface roughness is correlated
vith the wind speed empirioally. Results indicats that winds my be
measured to ¢ 2.0 m 2~ {n strength and to + 200 1n direction.

6.2 Rainfell sstisation from satellite daty
6.2.1. Miorovave teohniques

The most promising teohnique for reinfall estimation is the, as yet
mm.mmuummwamt the pressncs of
liquid water in olouds.

6.2.2. visibl hni .

As thers 1s at present no oosmitment for oparational metecrological

satellites with miorowave channels suitable for rainfall sstimetion,
Methods using the ourrently available visible and thermal infra-red
channels have been developed experinentally and have had limited
oparational use.

Mouthod.nlymnwidutbothu-ll-lmnsmgm
the main chearacteristiocs of rain produscing cloud systems. Large liquid
vater content gives rise to high reflectance in the visible ohannsl and
clouds reaching high levsls in the atmosphers such as oumulonisbua oan
be recognised in the thersal I.X.

Figures 6.2, &, b, and 0 below illustrate these charaaterics.

e m
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Joint frequency distributi

. features in terws
First, the use of high

The interprstation of the olouds VIS and/or 1

of rainfull has followed two prineiple

After

Conditional probabllity of rain based on

zed to

tropical

gn of susal visible and infrared data
‘N, 22°40'W in the eastern
Data have been normali

or a 400 x 400 ks box centred at 09”00

Atlantic Ocean, 1300 GMT 5 8¢

(N clams}. (b} Rain case (R class).

ptember 1974.
a scale 0-1, (a) No rain cass
Lovajoy and Austin, 1979a. (c)

(a) and (b).

rig.6.2,
£

lines.

quality photographic type imagery to recognise typiocal rain bearing

- e e e s Ail— PRI

below illustrates

The second method, wmore suitable for

conveotive rainfull, consists of monitoring the development of clouds

peraistance over an area and the olimatologioally expeoted rainfall from
using digita) I-R data sometimes in oconjunotion with the visidle data.

such systems. These methods have aohisved some sucoess particularly vhen
used as interpolation schemss between raingauges and when applied to

systems and to attribute rainfull amounts to them according to their
large scale synoptic rainfull svents whioh give rise to relatively

It is found that convective systems give most of their rainfell in their
growth stage and that having reached their maximm horizontal extent )

homogenscus rainfall at the ground.
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Pigure 6.3,

generally give little precipitation.
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Pigure 6.0,

The implication of the above is that conveotive systems muat be . atopran of of ralafeil ot 109 retapist -
monitorsd each hour or 20 1f reasonable estimates of rainfall from them e of reations

Niger during July 195, Plgures in the body of the
Mt Ladioats the durstiem of seld olowd (1~ 60 °C) st mecs
are to be made. Hence, data from geostationary satellites sust be used. tation receiving the range of rainfall Ladiested,
Only the I-R channel oan monitor their sotivity during the night. Most Deration sogle
sxparimental and quasi-cperations] wodels ssploy s rainrate (R) squation 0~ 0 heurs
144 1o 0.5 - 4.5 hours
of the formt ) 1 2-':.3- 9.3 howrs
. ) ® 30.0 - 14.3 hours
Rzaye .Fie—ko additional terns 124 ¢ 4 15.0 - 19.5 hours
whers a, implies the presence of cold cloud below a predeterained A :. ::2:::3:::.,...
temperature (temperatures from 223 K to 203 K have bean used) and 3.-&* I“" I TS0 b
uthoutaormorthnmorclmhlwmtwm o TS [ s s
predetaruined temperature. The additionsl terms msy include such . : : : ' : : :
] [
hcbonn-tonmpmuonordmy.mtuuuh-um-plrim $ 4 $ 5 4635385688
mthmﬂoinuuhmlhumromolmuowmmmt . ] 3 4 46 40335 453
univeraally applicable; for instance those developed for conveotive ) 1Y 640483 444a4qc34
ltmummtmplmltlnuommtnuwnuw a ':-:: :::::::::::
ocontinental West Africa. 201 4223232441337 s 7
Estimatas of rainfall Mtnp:lulmunmt-mhq 4 L 4 4 4. . e DU N T
L] 20 4« 0 0 00 170 54 150 10 200 320

periods (muu)wwmnmuyulmmumm

inclusion of the growth term in the above squation. One is then left

with the rainfall being related to the persistance of slouds of

conveotive origin over & site or the mean fraotional OOveT OVer an area. i
The implication is that,in the absence of grographio effecta when

avaraged over a muaber of reinfall eventa a site would sxperisnos some

atorms in sach phase of growth or decay. Pigure 6.4. shows a

contingenoy table for the rainfull apd peraistance of oold oloud over

sites in the Republio of Niger in .

e Mainfall (n w

In interpretting such diagrase it is necessary to recall the large
spatial variability of rainfull from thess storm systems. Typiocally
rainfell from large systems will vary by a faotor of two over distances
of ten kilometers, Henos reingauge data can only be used in a
statistical sense to calibrata satellite estimates and similarly a
satellite estimate that gave an acourate mean rainfalil over 4 5 ka x §
ks pixel would have to bs interpretted in terms of a widely spread
rainfall distribution within that pixel.

T
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6.3 Soil moisture and evaporation measuresent from I-3 and VIS satellite dats
———— e e aD BATS1lCe data

Techniques for the satimation of soil moisture and evaporation from
satellits data are generally based on surface snergy budget {SEB)
conoepts and involve the use of both satellits and surface data.

The SED may bs written

Ry » H + /‘ .4 + a
« 1
net T sensible svaporative ground
radiation hoat flux heat flux heat flux
towards the from the from the from the
surface surface surface surfaoe
with Ry = S(1-4)s LY -~  Lf
e Z! s
absorbed dowmmards upwards
solar long wvave long wave
radiation radiation radiation

The solar radiative term may be estimated from the visible chammel
data using climatologioal data for ths atmospheric absorption loss. The
long wave radiative terms can be oaloulated from satellite measured
atscspherio and surface temperatures. If olouds are present 0loud base
temporatures must be estimated.

The heat flux terms are usually expressed in resistancs tarninology

T-Te Tent - €a

ORI Ri sl @red)

G hﬂ‘ s C?;T: ?_(h').:_l‘) DA | PIF PR Y

"2 20 X4 DE v
where fi 1s an asrodynamic resistence which depends on wind speed and
vertical temperature gradient, A 1s the thermal oconduntivity of the
801l and C its volumetrie thermml capacity. C 1g alightly dependant on
801l moisture content and R strongly dependant.

If surface aynoptio data (T, @a;sVa) are available B may be
czloulated. The vapour pressure at the gound surfuce (@5 ) 1s not
usually known but it may be relsted supirically to the saturated vapour
pressure at the earth surfaos and the difference in temperature between
the surface and the air. Another approsch to the £ & tern 18 to express
it = = e (e‘-QA
whers £1s the dapth below the sofl surfuce at which water is available
for nuponuun,e‘ 1s then the saturated water Yapour pressurs at the
teaperature oorresponding to that depth, Models to solve thess equations

B L TR T I

L.

-

So

using up to twentyfour data points per day have besn developed. Other ‘
models assume 21l changes to be oyolio and use only two data points per
day. Over bare soils with high insolution evaporation is controlled
almost entirely by the resistancs to vapour diffusion through the dry
upper layer of sofl. Under these conditions for a specified type of
8011 the diurnal range of surface temperature reflects well the depth of
the dry layer and hence the availability of water for evaporation.

Flgure 6.5 1llustrates the effect on the diurnal range of
tomperaturs of a bare soil surfaoe of irrigation and shows the rate of
recovery of the tswperature cyole towards the dry condition as wvater
Svaporztes through the upper layers. This is the busis of cne method for
the estimation of soil moisture in the upper layera and of evaporation
from satellite data.

rﬁ. 6.5 I A :

PRY bus, L p -
SMMORpLL Bectines l

anc S A 3R K .

There are at present at least six models being tested for
svaporation and soll moisturs monitoring but nona appear to have yet
reached an oparationally viable state.
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7. ELEMENTARY RADAR WETEOROLOJY
d teotion And Ra

Radar conmists of the use of a miarowave {0.1 to 100 om wavelength)
signal generator and receiver to deteat the presence, besring, and range
of a back soattering target and perhaps to make deduotions about the
nature and movement of the target.

Radar i3 used in meteorology fort

Wind finding - by tacking balloon borne targets.

Stors deteotion and traoking by back soattering from raindrops.

Rainfull estimation - from the atrength of the return sigmal,

Cloud physics research.

Turbulence deteation.

Sea state ~ hanoe surface wind.

7.1 The prinoiples of radar

The main componsnts of a simple redar are illustrated below.

rig. 7.4 Anbanngw
rr->—| SIITCH
Pulse Receiver Display systes
generator ]
¥ \
Computer
The pulse generator produces fixed (or dual) fraquency high enargy

Pulses of microwaves. Pulses typloally mt,ﬂ,nd are repeated in me.
The vavelength may vary from & feow am to a metre but the most frequently
used are in the range one to twenty om. Pulse length 1is about 100 =.

The awitoh automatioslly disengages the receiver from the antenns
while a pulse is deing transmitted.

The antenna is & parabolic dish or section thereof with the
transuitting snd receiving terminals at its foaus so that a quasi
parallel beam i3 produced. The fooussing power depends on the
wavelength and the dismeter of the dish. Antenna may have the .
oapability of being lecked onto a targst so that they can traock objeots.
This is usually used in windfinding applications,

L TR R Py L.w

S J

For stors tracking or storm sonitoring purposes antenna may rotate
oontinuously so soanning the area withis rangs (.~ 200 ka) or they may
scan in & vertiosl dirsotion so as to give a :-ruonl nct.llgn ofa ;
particular storm. The latter i{s known as the nodding wode.

The receiver is & tuned seplifier, The sensitivity of the radar is
deterained by the minimus detectable signal. Becsuse of the varying
rangs of the targets and their different baok scattering properties the
strength of the received signal varies by many orders of magnitude so
scme seleotive amplification system is needed. Receivers may bs able to
detact the doppler shift of the signal by comparing ity frequency to
that of the transaitted pulse.

IThe indicator 1s the mssns of displaying the target. Esrly radars
had sither plan position indicators (PPI) for use with the antenns in
the rotating mode or range height indtoators (RAI} for use with the
sntenna in the nodding mode. The P.P.I. in its simplest form was a
ummmunm-tmmmmmtnmm from the oentre of
the soreen sech time & pulse was transmitted and which rotated at tha
Same speed as the antenna, llmothoroootnd-l.mlamndunam
atldutmhmmtnormmmimltomultm
OFf the target from the radar snd orientated in the same directicn as the
targst. The R.H.I. has also the oceatre triggered time dbase but in this
Mththhomlnmmﬂthmmtmumtn
precipitating cloud is seen as a vertical bright band at & distance from |
mmmmmumuma-umormum from the
radar,

mmmmmmmmm“umntht
it oan be dieplaysd on a colour ¥.D.U. with ocolours indicating the
astrength of the scattering source and the position indicated on any
oonvenient map projection.

7.2 Some radar oharsateristios
Ihe minimum range 1s determined by the pulse length (the set cannot
Fecelve while a pulse is being transmitted) and s equal (e, just over)
BAlf the length of the pulse (typioally 200 m)),
The saximum range is limited by tha power of the radar, the
ourvations of the earth, the strength of the baok seatterer and by the
pulse repetition frequency (PRF)., The latter becauss if a signal is
received at a time greater than (PAF)~! after transmission the renge
will be inoorrectly indicated. i

e (1
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The position of the target is uncertain within the "rise time" of

Refraction of B =} radiation

the pulse. This 1s the time for the pulse to achieve its maximum ‘ Fig. 7.3

amplitude. One tenth of ally rise time introduces an uncertainty of 15

Conaider a plan wave front 00 propogating in a

! ———
to 30 m in poaition. ' sz -; 5“"\ stratified medium. If n deorsases with height the

The beam width detarmines the directional acouracy of the radar.

rig. 7.2 .
wed

pats

Typioally for a ground bused redar & beem width is about 10, If
high direotional socursoy is needed either g rotating or nodding source i
is used at the foous. This gives a return signal which peaks sach time
the centre of the beam Passes the target and the maximum position is
noted. Such aystems give directional mocuracy to 10-2°,

Refraction of the radar besm by atacspherio tespersture and
huaidity gradients. Under "normal® atmospherio oonditions the radar
besm 1s curved towards the sarth. To siwplify caloulations of the
height of the beam above the ground it is easiest to asmume straight
beam and adjust the spparent radius of the esrth., In these "normal®
sonditions a factor of about ¥/3 can be used, If temparature inversions
and strong husidity gradisnts are present the radius of curvature of the

Mmhmum&ofﬂuamuuunuutmm
known as ducting.

s H e e e o Jin o vl L.r-- e

T T~/ vave front vil1 tend to L1t as 1t propogates,
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Hence find the temperature and humidi ty laps rates near the earthis
surface which would keep n radar bosm // to the surface.
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7.3 TIhe redar equation

¥ig., 7.4

P
s e

Pty peak power tranmmitted

€-. . -7, G, serisl gain ¢A4ﬂ‘
&P A
(A_;_(’,Pc ti“f':;w: Ae, offective mres of serial

PRV s 2/3 actual arm
o~ back-soattering oross
seotion of target.

Pl" ¥ P"a.GL’(t - -':_ d:- ﬁ.
(4."5:‘.h ar r ‘( 'q'

Typloally for ground based radar u.'
Boriobw, A~ant, £~ 01l oim , Beun)y 10w

The mm-o-u“' ia true on the beam axis
but the oross beam power milolmunnmmmtwt.l
oorrection factor 4]&“«1 be applied.
Targets may bei
wetal reflectors - for wind finding;
hydrometeora = for stors warning and rainfell BeAsuresent
waves - for sea state and surface wind,

7.4 Scattor:l.g‘

Scattering is the intersction betwees partioles and E-M rediation
whioh results in changes in direction (and polarisation) but not in the
SOATEY of wavelength of the incident radiation,

The baok scattering oross seotion &~ of a targst ia the oross
sectional area of W.4 ,1sctropic soattersr would have which returned to
the antenna the same energy as the actual scatterer: may be many tises
or & small fraoction of the actual oross seation of the target.

Mie and Rayleigh soattering if the scatterer 1s small compared to
the wavelength then the Rayleigh scattering regime will prevail, This
is usually the oasa in the deteotion of hydrometecrs by radar.

Saa ousy
PI&'J

X
*ig. 7.5
106 O

(N~

_— 11'7/&

fF e F % < (8

Scattering by spherical partioles
“Tla Pigure shows the full ranges of sosttering regimes from spherical
particles; a is the diameter of the aotual socattering. Wote that watsr
1s & relatively batter scatterer than ioe for all except large hail.
130, for most particles ¥9/.(e‘Tthe inorease in the ratic of back
mtmlm to mm ares is smooth. This is the Rayleigh regime.

I
2 Tr (r\-—! )“2‘
A (V=3 -2 )"
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-
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m n* is the oomplex
refraotive index

m(n"— ' Y:—. j( == 0.93 for vater
n2 0,20 for toe

In terws of drop mass (=)
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The power received from a volume containing apherical particles
which fills the radar beam

Poo= ROATT b et mf STl
SINCD N

volume irradisted

L AT 5y

TYAi2® o

= CK'STab)
= =< wvhere C 1s a conatant of the redar

——————
Back scatteri melting ioe &
Pig. 7.6
' .‘o ’-ﬂl—-7
Ve
(1) / , 7/
/ “
o Ve
s / s
T //
o // M"W ———
P (ae0.126)
0.

ey s relative water mass to total hydromneteor mass

We see a fourfold incresse in baok Roattering when 105 of an ioe
sphers melts, This acoounts for the "bright-band* often observed on
R.H.I, by radar when viewing around the freezing level,

-
. - . il o <l o

Gy

sack soattering by small hon-s cal particles

Except for 1ight rain and drizzie water drops sre non-spherical ,
nefther tn general are 1ce crystals, Falling ratndrops are usually
oblate with the minor axis vertieal, on reaching their maximue sige
before break.-up they resemble an inverted saucer with a thick ria,

The effect on back soattering of their distortion 1s to increase
the dipole moment of the particle henoce ita baok soattering oross
section,

Figure 7.7\ibelow shows the increase in 6-of an elipsoid for & non-
polarized 10 om radar,
Py, 7.7
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3 - RAINFALL MEASUIREMENT BY RADAR

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

?r Zq for an asssmbly of spheriocal drop siss was determined by ccalescent growth and spontanecus break-up
ot scatterers. and showed that the riral distribution was independant of the initial
To apply this equaticn to rain rate ssasurements wo must take acoount distribution state but depended on the initisl 1iquid water content.
of ) ' Fig. 8,2
non spharical soatter;
ia K jos or water? T.1.%
possibility of non Rayleigh scatter;
attenuation of the radar beam; Fof\'h“’;‘"
rain rate/drop size distribution relationshipsj
the erfect of vertical air motion.
To achieve this we substitute £ for a® and search for the N b
relationship between I, which is known se the redar reflectivity factor,
and the rainfull rate (R), - %’:.:‘ [}
T 6 6 % -
3.1 Drop size dtstribution _ drop diam. -~ Y
The processes deteraining the distribution of drop sises are meinly Rain rate and aize are ted by the 1 vetoott
the growth by cosleacence and the spontanecus break-up of largs drops. the m—-——m—-m S2311 atr amd mu“mm oy 'mlmhﬂlm.u i ooity of
One of the classiocal drop sise distribution measurssents, made by terminal velocities are showm below » Observed
l‘hr-lll.‘l. and Palmer {1948), is 1llustrated in fig. 4.} rig. 9.3 *
?iq. 8 l i
(Pv... Tl 5 | o I
Jewia 1 €
L : s
fof §
-1
'is
]
n'° 5
O ) E!
diameter. (Data from Muarshall sad Palmer,
IM) Cumﬁglmmm:‘:m 5,63, m: 23.0 mm hr " *. respectively. ' . .
The data fits & ourve ! NOP DAMETEN, 0, bl {
G Glo O oM LM IR tw e e
N(D) = No exp (-AD) As 4, 1x=0.21 o t + : :
No= 8 x 10-du-3um! 100 =
whers R 1s the rain-rate, povere, 3 Crmtarndas oo 305 eovs oy, fomcre o e e e ot

Rainfall from tropical saritime air mass o tha o Phoricel & B (Duta fram Cionn snd Kinser. 1943,
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Over most of the range the velocity can be adequately deascribed by
Vvt = 386 D967 unere D te the drop diameter,
The number of drops falling through unit horizontsl ares in time % &
of size a to & +5a
= Na) vt(a) Sat
and the mass of each drop is -'5- Y%
. . the rain rate in terms of mass psr unit ares per unit time

:g:oVquM.Aa
o0
= p..__?f[ alN v, da
- S :

or as a depth of water

ab
'-":V_-[ u‘N‘V. d e
6 J,

3ubstituting for Ns, ¥a and intesrate w.r.t. a gives
Ra TfN [ 162
ok ‘LS ~ -
Ae [ 16 ppry -2;/\‘] e
Figure {'Ashous the relative contribution of di fferent drop sises to
the rainfall rate for a model aize distribution and spherical drops
Mlling in still air,
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8.2 The cloud 1iquid water content

The mass of water {n drops from eize s to a +5a 125N

- L] q‘ N. %q
80 the oloud water denaity (M) 1s /b /w

3 0
M=(sm = "%J aNud n
1) a1y, asp (- As) e

"t Vg Mo (Jatanp (-AAn

E 2 TT w N'o (3) ) -
(R < Ve
#—

The reflectivity mator 1s proportional to ab the 1arger drops make
the major contribution to the reflectivity motor (2Z). rer spheriosl
drops ’

<« | naab o

Pigure?-<Cafiovs the dontribution of the i frerent drop sizes to the
radar reflectivity, Dy is the dimmster Of drops bslow which half the
liquid water oontent of the cloud 1s ocontained,

Fig.a.8
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The above results are interssting and, if we ocould determine the
sctual drop sise distribution in a clowd it 1s probable that the rainfll
rate oould be determined from oonsideration of full rate and the
distortion of the drops. However, the simplest representation of drop
size distribution involves two parsmeters and it is clear that & single
sesasurement of reflsctivity cannot provide both parameters.VWe must
therefore resort to smpiriosl relationships if we use a simple
oslibrated radar or we must cbtain additional information by using more
sophiaticated radar,

Rwpirical relationships abound. Using the Marshal-Palmer data for
rain from stratofors oloud gives

T« 200 p1.6
Different cloud typss give rise to different relationships,
o.8. orographio oloud, Z = 31at.T?
ousulonisbus oloud, T = ¥8601.37
and ses Battan for about seventy others!

9.3 Rainfall measurement using dual parameter methods

The fundamental problem with the reinfall rate methods we have
um»mnmtnmmuummmm from one
data point) the 1iquid water content and the 4drop sizs distribution, 1Ir
we oan cbtain two data points we may do better. Hence the development
of dual parameter methods for redar reinfall estimation. There are
thres different posaibilities:

a)  dual wavelength redars which take acoount of the different
back scattering cross seations of the same drop siss distrtbution
at ths two wmvelengths. The second wvavelength is ohosen to mll
into the Mie scattering region for the larger drops. A diffioulty
with this technique 1s that the lower vavelength suffers from
attenuation in heavy rain.

b)  Reflectivity and attenustion of dusl wavelength. Both the
attenuation coeficient X and the reflsctivity factor I oan be
related toAand No so the drop aize distribution can be
deterained. This is an interssting ressarch tool but offers little
proaise as an operational system.

¢) Dual polarisation of the radar Desm and ssparats measursments of
the energy of the reflected signals gives horizontal and vertical
reflectivity factors whioh oan again be related to drop sise
distributions,

4

9 - SOME OTHER APPLICATIONS OF NADAR

Thers are many sxasples of the use of radar in oloud physics and
turbulence ressarch. In this section two exanples of researsh with
radar are given. They sre ohossn because of the interesting novel
teohniques which are applied.

#.1 Radar wind finding in convestive storns

Wind flslds in olouds are very difficult to determine unless some
components of the cloud itself can be used as traosrs. Various wethods,
using twa or more doppler radars, have been devised to investigate
oirculation patterns in storms. One using the "COPLAN® teohnique 1is
Ziven balow,

Two doppler radars on a base line fifty to one hundred kilometers
loumuudteuwm.mmuuofnltonmtumlymm
velocity of the raindropa towards sach rader is determined from the
doppler shift,

The gecmetry 1s fllustrated below

rig. 9.1

Ny, B2 radars

P section of oloud
being obasrved

p! plan position of P

@y, 92 slevations of P
from Ry Rz

1» 2 doppler
velocitiss towards
R

r the radial distance

R from P to Rq R2
1 making J_ to the

horizontal

it
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The doppler velocitiss\y, Uy contain a component from the all
speed of the drops. This may be deduced from supirical relationships
batueen 2 and the terminal velocity. One such after Atlss et al (1973)

1s Wz ‘1'(,.(2—‘“"(/"/0) s w e

¥ is the population mean terminal veloeity and
ts ayr deneity. Th. bo
?r{o-%'.' A ot:-mnts of the air velocity at Puthe plane
ry, Ry Rp. FPor sase of computation the components zlong and
perpendicular to r are used. A series of wind flelds are measured in
Planes containing Ry R3. The equation of continuity in a oylindriesl
to~ordinate system s then used to establish the thres dimensicnsl wind
fleld which is then transformed to mors oonventionall horisontal and
vertical aco~ordinates. Boundary conditions are zero vertical oomponent
at the tropopause and ground surfuoe.
The result of a stora stody by Brandes and Johnson®
vsing these methods is illustrated in Figure 9.2 |

* Raported by Doulak and Zrale (1984}, Doppler Radar and Weather
Observations, Academio Press.

e r valeslivg ara quult-lJ i3 U,'Jtr‘_
f.o

)
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Pigurs 9.2, {a} Contours of rafisctivity factor (in dB%) and the storm
Felatiw wind field in a horizontal cress section at 2 ka sbove ground lewvel
and {c} a vertical croas section of a tornadic thunderstorm on 2 May 1979,
At 16:58 C.3.7. winds are in the coordinate system moving with the storm.
Story motion spesd and direction are shown. Line AB in {a) is the lovation
of tha vertical cross section. Distances are from a radar at Roman Nome
State Park, Oklahoma (Alberty et al., 1979), The Star pinpoints the
tornado locatien in (a). The arrow Of indicated welocity at the top right
of each plot yives the spesa which is proportional to the arrow's lenqgth,

-("rom R. Brandes and B, Johnson, NSSL, personal comwunication, }
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9.2.'Rader on satellites When a pulse is transmitted and received its poser/tims curve may
Two problems of satellite borne radar arize from the large resesble

diatances Detwesn the radar and the target. The maximam resolution { L321%)
means that for & satellite even with a ten metre antenna the ground

resolution would dbe of the order of 10 km for a satellite orbitting at pover / transsitted pover
1000 im and severai hundred kilomsters for a geoatationary satellite,
The second difficulty is that of the return powsr available. With an
orbitting satellite the received pover is only about 10-23 of the signal from shaded band
transmitted power which is itself much lower than the power transaitted

Ad
from ground based radar. {
f Intereating solutions to theas difficulties were found on the '/ ved x 10"
i Synthetic Aperture Radar (SAR). /___/

This radar viewed the sarth's surface obliquely at right angles to
the dirsotion of traval of the satellits, u..!

¥Fig, 9.3

Satatliba

rig. 9.4

DPuaction of Eroval

In the 3AR both the received power and the x dirsction resolution
mtmmwmumm-wumsum
slightly throughout the duration of the pulse,

Fig. 9.5
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i time

Resolution in the x direction depends on  and on the pulse length, The received signal is then delayed acoording to its frequency so

and equals ( pulse length ). In the y direction the resolution {s r sin/3 the whole pulse 1a compressed after reception, thus inoreasing power and
2 oos® resolution. This technique is known as the CHIRP.

!ornnympooumimrthxmmyrmluunqnmmm

ars adequate,

tl\\g

—d

- e s b "



1S

The synthetic sperture wethod
inoreases the y resolution. The prinoiple is that if a series of
identicsl pulses and echoss are mitted and received by a noving antenna
it 1s possible to recombine the received dsta as though all tae pulsas
had been emitted simultansously by a large antenna. The limit of the
principle 1a that any surface point must receive at least two pulaes,
Hence we have the paradox that the smaller the sotual antenna the larger
in prinoiple is the resolving power of the synthetio aperturs. In fact
power considerations giver a lowsr limit to the antenna size. The
higher the pulse repetition frequenay (P.N.P.} the more pulses will give
information on any one point but the P.R.F. must not be so high that
baok scatter from two sources oould be confused.

A oimple analysis of the geometry of the SAR primciple i given
below,

rig. 9.6
Satellite moving in

direction y

at speed U with
s /3 pulses
snitted at 34 and 35
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The size of the synthetio sperture (A ) may be considered to be
the size of the "footprint” in the y direction a r3

wen /3 e 120K where Ar 1s the effective
Ar aperture of the actual antenna

S 2. s 1-21rK
s ——
Ar
and the angular resolution /g 5 of the synthetic aperature is given by

fse U22hnr p,
[0 B U x T
and the linear resclution is Ap
This 1s perhaps more easily seen 1f one considers that the only
unique informstion shout the poaition of & point in the y direotion is

its doppler ahift. The maimm doppler shift is given by

Av=”-‘-§§

and for two alose peintas the maximus difference in froquencies of the
return signal is given by
AF:=2u .
€ T wherslApisthey
separation of the pointa
1A p 1s the minimm resolvable distanos the angular resolutfon 1s

Y AF ¢
P TS

= r AF S,
>

A-P:

= TAF Ke
r/'s
X TAFR,
whers T is the time during
which a point ressins in
view of the satellite

but the minimum resclvable frequency 1s 7 T s0 the linear resolution 1s
Ar.  The pulse repetition frequency limits are that a point lg:at romaln
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in view for more than two pulses

i.a, win P.R.F, > _&l_‘_

As

Also for signals to be unamsbiguous the P.R.F. 4 c
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