Chapter 8

Atmospheric Absorption

Michel Guélin

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

8.1 The Atmosphere

£.1.1 Constituents of the atmosphere

It & eomvenlent to subdivide the atmosphere into a “clean dry™ compopent, water vapor, and aerosols
[water droplets, as well as Iee ¢rystals, salt gralm & dust particles, which serve as ondersation seeds or
waler).

Abundamees  Table 8.1 gives the composition of the “clean dry™ alr in the “standard US™ model thoomg b-
out the troposphere (Le at altitudes < 30 km ). Altogether, Na, O, and Ar represent 99,96 % in volume.
Except for OO, whose abundanee at groumd level may vary between day and night by up to a facior
of 2, thk composition Is remarkably homogeneous and constant. It & completed by a number of tmee
com ponents, most of which are unstable (50, Og, KO, CO, .0) and whose abundance (In volume ) never
evoeeds 1075,

The abundanee of water s highly variable, but hardly exceed 1% in mass, even locally. Most of the
water In the air 1s In the lorm of vapor. Even inside the clouds, precipitation and turbulense Insurme tlat

Name Molec, mass Normal abund, | Name  Molee, mass  Normal abund.
AT (% in volume) AT (% in volume)
Na 2R3 TR He AN {0
O 32000 AL 94G Kr R1.8 L001
Ar 30,948 LRk CH; 16043 L2
0 44010 Loaar Hz 216G LN
Ne AL 1A3 L01A Nl 44.013 LN

Table 8.1: Main comstiinents of the dry air in the troposphere

™
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the mass of water droplets per cm ™ seldom equals that of water vapor.

Dgspite thelr low abundanees, water, which has a large absomption eross sectlon in ihe TR and a large
specific heat of aporization, [ Ly ~ GEcal fg), oeome and carbon dioegyde, which have large IR absorption
eross sectlons, are the major actors of the thermal balance of the air.

Absorption spectrum  Omone Is responsible for most of the absorpilon of the solar radiation In the UV
(mpecially between 1800 and 2000 &), In the visible, the air & fairly tramsparent except for scattering by
aerpaols [(mostly water droplets andfor loe erystak when there are clowds). In the Infraved, He0, Clg
and, arpund 10pm, Oy are very efflclent absorbers of the solar and ground radiation.

By clear weatler, the atmespherie absorption at mm wavelengihs s dominated by miational apd fine
strisetire s of molecules in thelr ground electronie and vibrational state. The strongest tramsiions ame
elecirie dipole tramsitions om pelar molecules, 1ike water and oeone. Intrinsieally weaker [ty pleally by a
factor of 10°~%), but of conslderable practical Importance, are the magnetle dipele iransitlons from O,
When there are clouds, the thin water droplets scatter and absorh the short (mm) radie waves.

B.1.2 Thermodynamics of the air

Ideal gaa For one molkculk with o degees of Ivedom [e.g. In the rigld-molecule ap procdma thon, n= 2
[deg. of rotation) +3 (of trasl.) =5 lor Oy and Ny, and n= 3+ 3= 6 lor Hy()), the Intermal emergy per
maolecule s

1
= —kT
nxg
and for A" molecules of Oy or Na,
5 5
= E..'Llrj:T = EHRT
wihere 1 ls the number of moles and B the gas comstant.
The Enthalpy is
H=0U+pV =0+ NkT
dali & dH 7 T
=2 _ g =82 _ T .
“Egr Tt T g Tyt 7T T

Fuor adiabatle expansion, we have the standard relations
.-:I,L:g[zj —RlogiLy=0 apd T=Cstxp™
T o
where = ﬁ = 2=t is the Polson constant.

Gas mixture: Dalton's law A mixture of kdeal gases i= 1, 2 ... In a volume ¥V behaves Tke an ldeal
LS

Partial pressures: @V = MET, @V = A2kT, .. [&.1)

Total poessure : pv o= [po 4+ =0V = (M + N)kT + .. = NkT [2.2)

Dry air is a mixture of N, Oz, ... molecules. It behaves Indeed wery muoch ke an ideal gas: K, =
ep, — €y, = 83143 J/mol-deg [ve 83149 lor an ideal gas), .= LA (v LA for ideal rigld molecules).

Wet alr (withont elmxds) I8 a mixture of dry alr + Ha() molecules. It s customary o denote by e
the partial pressure of water vapor, p that of dry air, and p' the wet alr pressure. The specific beats of
water sapor are not that different from these of ideal gases: eo_ = 253+ 210~F (T — 273): 90 = LIT, v
& =30 =249 and 5= % for a rigid asymmetric top.

Then, Dalton's law ylelds:

& & &
= (1= =lew, + —eu, = (1 + 02y, 83
d= (1= Zew + Zow = (140250 (83)
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The ractlonal abundanee of water vapor and ; reaching seldom a lew pereent, the wet alr constants are
within a amall corvecton term equeal tothe dry air constanis. In particular, ntroducng the volume density
o It I8 customary o write:

RyT  RpT
= = B4
v W M, (8]
where TV = '"TT =Tjl — 0.ATRZ Y, Iz the virtual lemperalure
Then, for the adlabatic expasion of 8 wet alr hubble, one has:
T = Cat = g™ (85

' 1s equal to e, within lew per mil, s, In practiee, the adiabatie curves of dry alr can he sed lor wet
alr [without couds), provided one replaces T by TV (ithe diference could reach a few K and could he
Important near (50, In the folowing, we drop the ‘prime’ slgns, except for the virtual temperature TV

B.1.3 Hydrostatic equilibrium

At large seales, the alr pressure and density depend essentlally on the massive and slowly varying dry
com ponent and are well deseribed by hydrostalic equilitrium. The alr temperature, as we have seen,
depends dgnificantly on the abundanee and ditribution of water, COs (and Of for the stratosphere).

At equilibrium:

dofdh = —gp (86)
f (&7

I:|=
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where p is the density at an altituds b, p s the pressure, T' = T the alr “virtual” temperm ture. M, = 29
s the average molecular welght, and g the oeal gravitational Geld.

% - —_Jg;f"d_h (88)

In the “standard atmoephers™ model, T, the temperature of the air varies lnearly with altitude and &
glven throughout the troposphere [Le. hetween h=0 and 11 km) ly:

T =T —bih—h) (89)

where b =G5 K km~" s a constant.
Let s first conslder a relatively small change In altitede: h=h, < Lkm, TV =T" = [T'(h)+T" (M) )12,
wie find Laplace's hy drostatie formula:

[Ty
AP Pl (810)
Mo o
where g, 15 the denglty at sea lewel and b, = BT /M g = 8.4[T (288 km, the scale elght. The gas column
density [expressed In gom—*) along the vertical above a point at sea Iewvel is:

N, = [ pt = ph, (211
and that above a point at an aliltede f
N = N4 (B.12)
For larger altitudes, from Eq 8.8 dh = —dT"/5, then Eq 8.9 yvield
dp _ —gMudh dT'

=T (8.1%)
— T =l
P= el (8.14)

@

with e = —g /(bR ).

Although the above equations represent falrly well the density amd pressure throughout the troposphere,
the temperature disiributlon can depart significantly from Eq.89 pear the groumd. Thik latter heais
up [aster than the ransparent air during the day, and cools off more rapidly during the night. The
tem peratiure gradient at low altitedes (up to 1-2 km) can be this steeper or shallower than shown in
Eq.8.9. Ooeasionally, 1t can be Inverted, the temperature ingreasing with altitude. The inversion lager
usnally stops brekly at | or2 km altiiude and tle mormal tem perature gradient resumes above, Tnversion
layers are common during the night over bare land. They can ako be cased by ot winds blowing from
the sea.

The Jocal temperature gradient determines stability of the alr to vertleal motions. A rising hubble of
wirl alr expands adiabatically as long as the water vapor it containg dees pot condense, Expanding, it
oools almest as an ldeal gas with:

T p™ andm = (1 — L2glmg = m, [8.15)

The pressure Is set by the surmounding air [Eq8.10), and tle ubble seen to conl down with an “adiabatic”
gradient of

AT M
L g —9.8Kkm™!
& 'G,

ihe actual tem perature gradient is smaller than the adiabatie gradient, the ubble beopmes omoler, henee
derser than the sumounding air and lis ascent stops. The alr B stable. IT the loeal gradient 1s larger than
the adiabatle gmdient, the bubble hecomes less dense than the surrounding air the alr is unstable and a
thick conveeton layer develops, a sltuation Tkely to happen in a hot summer alerooon.
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E.l.4 Water

The seale elght of water, k., which resulis from a fast evaporation fcondemsation proeess, s small [typ-
leally 2 km) compared to the equlibrivm scale height b, = 84 km. At b = 2.5 km, the aliltude of
tle Plateau de Bure, the water wapor oplumn density N, [or w, “amount of precipitable water™, when
expressed In gem—2, or em of water) Is normally educed by a factor of 34, with spect to sea level.
Thk [acior, as we have seen, 15 strongly modulated by the local temperature gradient. w s lower In the
presenoe of a low altitde Inversion layer which reduces the wvertieal turbulence and traps most of the water
wall helow the olseratory.

The walue of w on a sibe can be estimated divectly by measuring the alr pressure jues [In mhbar),
tem peratire T [in K and relative umldity BH [(in peroent ), and using the lormulas 87 and 8.11 adapted
for water [the alr pressure p ls replaped by tle partial water wa por pressune €):

w[mm] = g gm ™ he k] (8.16)
3 eM,
flgm ] = 7= 215 Se[mbar /T [K] [8.17)

& ls melated to e [T, the water vapor presure ln saturated air, by:
o= FH - e, (1 [8.18)

&, 15 a rather eomplex functbon of T, for which an approximate analytical expression, as well as tabulated
values, can he Iound In the lterature (see eg. ﬂl:mn_-.r l!IT{], LAY, To the seroorder, i ocan be ex pressed
Ty :

ay[mbar] = G(T/273)'# (B.10)

£.1.5 Photodissociation products

COeone B lormed Trom the reaction of Ok with atomie eopgen, the latter resulilng foom the plotodissoeeiation
al Oy in the upper atmosphere. Ceone 15 Inexdstent below 10 ko s opacity heoomes oom parable 1o that
of HoO above L5 km where its melative abundance may reach 10-% [see Fig 81). At short millimeter
wavelengils, 1t cases marmow absorption Ines [(mostly above 230 GHe ).

The other trace aimospherie compopents CHy, 505, OO, NoO, NO, et have very low abundance
and, even polar, play mo slgnificant pole, thelr maximum opacites helng by pleally more than 10 times
smaller than those of oeone.

8.2 Spectroscopy of H:0, Oz, Oy

Of the major mokeular constitpents of the atmosphers [see Table 8.1 and Fig. &.1), only water vapor
and geone, owing to thelr bent structure, have a noneero elecitle dipole moment. Molecular nitoosen, an
homomelear species, and COs, a linear symmetrie species, have no permanent elecirie or magnetic dipole
moment in their lowest energy states. These latter molecules, as is the case for 99,95 of g aseous molecules,
are singlet states, with elecirom arranged two-hy -two with op pesite spins.

B.2.1 Water vapor

The rotational energy level diagram of water Is shown on Figh.2, Each level ls denoted, as wsual for
asymmetric top molecules, by three numbers Ji_ ko J, which s a “geod”™ quantum mumber, represents
the total apgular momentum of the molculs; by analegy with sy mmeirle tops, Ky and K.y stand for
the rotational amg ular momenta aroumd the axis of least amd greatest inertia. Allowed radiative transitions
ohey the selection rules AJ = £1, AR = 1, 3, with K K.y : odd, odd 3 even, even or o, 4+ &,0. The
levek with K_y and Koy of the same parity arve called para lewvels, those of opposiie parity, ortho levels.
Transitions between ortho and para levels are Torbidden; due to the presence of two sy mmetrical hydmgen
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Figure 8. 2: The rotational energy level diagram of water vapor

muedel, the ortho levels have a nuclear statistical welght 3 times larger than the para levels of same J [soe
eg. [Townes & Schawlow 1975). The arrows in Fig.8.2 show the transitions which will be observed Ly
the satellite FIRST (J.Cernkcharo, pivate eomminication ).

52.2 Moalecular oxygen

Muolegilar cegpgen, alibough omonpelear, enee with sero eecirlk dipole moment, has a triplet elocirone
gromd state, with twoelecirons palred with parallel splms. The resuliing electronic spin couples effielently
with the magmetie Delds caused by the end-owverend rotation of the molecule, yielding a “large™ magnetic
dipole moment, p™%= 10" emu. The magmetie dipole transitions of Oy have Intrinsk strengths ~ 107
times weaker than the water transitions, O, however, B 1P~ times more abundant than HaO), so that
the atmospleric lines of the two species have compam hle Intensitles.

The spin of 1 makes of the ground electronic state of O a triplet state (*E). ™, the rotational angular
momentum eouples with 8§, the electronle spin, togive J the total angular momentum: W +8=J. Tle M-8
Interaction [and the elecironk apgular momentum-elecironk spin interaction L-8) split each motational
leve] of rotatlonal quantum mimber & > 1 lnto three sublevels with total quantum mimbers

J=N+1LJ=N and J=N_-1

the J =N+ 1 amd J = N — 1 sublevek lying helow the J = N sublevel by approcdmately 11900 +
L)/ (2N + 3) GHe and 11928 — 1) GHz, respectively ([Townes & Schawlow 1975] p.182). Note that the
twe Kentieal "0 maclel have splns equal o sero and obey the Bese- Elnsteln statlsties; them are only odd
N rotational levels in such a molecule.

The magnetle dipele transitions ohey the rues AN = 0, £2 and AJ = (0, £1. Transitlons within the
fine sireciure sublevels of a rotational level (Le. AN = () are thus allowed. The first such iramsition &
the [J N =11+ (1 transition, which has a Tequency of 11875 GHe. The second, the 1,1 + 2,1
tramition, kas a frequency of 526 GHez. It s suwrrounded by a lorest of other fine stroctue transitions
with frequencies ranging Trom 53 GHe 1o 66 GHz. The first "trie™ otational transitbon, the ¥ =34+ 1
tramitiomn, have requencies abowve 368 GHe (3685, 424.8, and 4873 GHe).

The rare lsotopemer 00 Iz mt homonselear, henee has odd N level and a nor-sero electrle dipele
moment. This latter, however, s vanishingly small (103 D). 00, moreover, has a very low abunsdanee
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Figure 83 The rotational energy level diagram of molecular oxygen

[Tew humdred times smaller than the maln laiopomer), o that lis magnetie dipele tramsitions (even the
AN = 2 which have stronger Inirinsle sirengihs), can he neglecied.

The line opacity and absorption eoefficients of " 05 are given by relations similar to Eq8.24 and
Eaq.8.25.

B2.3 Ozone

As noted above, geone B mostly concentrated between 11 and 40 km aliitwde; it shows large seasonal and,
mostly, latiivde wrlation. Becase of 1is high altitede location, Iis lines are marmow: at 25 ki, pg, hence
A s redweed by a factor of 30 with respect 0 see level; moreover, the dipole moment of eeome [p= 053
D, 35 times smaller than that of HeQ, Turther reduces the oeone lne widils.

Beeause of thelr small widihs and desplite tle small pzone abundance, esone lines have slgnificant peak
opacities, especlally above 230 GHez (7. = 0.2 — 0.3).

8.3 Propagation of a wave in the atmosphere — Line shapes

A plane wawve propagating along the @ direction in the atmosphere can be represented by iis electde Aeld
ver tor

Eiz,f) = Bpe#=eii-nagl (B.20)
where 11 =1+ j1; B the complex relraction Inde.

The real part, the true relraction Index, n = ofvy (where v, 15 the phase velocty of the wave), k often
e pressed In terms of the relractivity,

N =10f(n— 1) = 0.2230, + 1760pw,/T [821)

The right hand sum, which was empirically derlwed, 1s kown as the Smith-Welntraub equation. It
separates the eontribntion of the dry air compopent (first term, where p; B the air density, expressed in
gm~Y) from that of water vapor [secomd term, wlere py 15 the density of water vapor).
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The Imaginary part of the relracthon index, n; causes anexponential attenuation of the wave amplitude,
and Is related o the power absorption eoefliclent &, hy:

LKy,
iy = T [822)
At a Ireguency 1 close 1o a rotational trasition w, = [(Ey — B/, tle optical depih Is:
Tu = f::,[T, Pih (823

K, the alsorpton coefliclent Integmied over the transition fu B given by the standard asymmeiric top
formula (gee eg. [Townes & Schawlow 1975] p.102):

Bg2pl-6 [ﬁ

——— . 3 E T . a
] -215 By [T
Ky = .—[ 75y .:Iglav'l_-'!..ﬂ'{.-'p LT 1 ——e ST 2 A — el [824)

Replacing A, B (7, ihe rotational constanis [here in He), and p = 185 Debye = 1LA5 10~ asiem, the
elecirie dipole moment, by their values for He (), and setting (1 — ‘ﬁ;j =1,

gl em "] = BT oy frv) g S (T 273) 252500 T 8 B0 — u) [225)

By 18 the tramsition Intrinsle strength, gr= 3/2 or 1/2 & the nuclear relative statistical welght of the ortlo
and para levels [see below ), and $(r — 1) the line proflle. i, B oow in GHz.

The Ine profile ls given toa good apprmimation by the well known Van Vleck and Welsskopl oollklonal
profile (here, multiplied by «, [Townes & Schawlow 1975 p.342):

M M

Pl — ) = - — + - - 826G
W) = L AR T A+ (T (620
with Aw = ﬁ, wlhere A B the line widih and v tle mean time between moleeular eollisions.
At the cenire of the Iine, the second term of Eq.8.36 becomes negligihle, and
Pl — i) = 1A =2ar ~ [B2T)

Ea_jumd
RLLSY

i m 4fT 15 the molecular veloclly and o the collslonal eross section,

Moie that the denslty In Eq.8.24 15 p, wlemas that In EqA2TE p @ the alsorpiion cpefflclent at the
centre of the line s proportional to g, fe, . It I8 Independent of the total air pressure, as long as this ratis
[benee RH) stays constant. ThE s not the case, of course, away [rom the centre, dnee Ay ~ @ as the
demsity drops, the lnes beopme mamower and marmower. In the far wings of the Loe, the seopnd term in
Eaq. 8.3 amd the contributlon from the wings of other lines cannot anymore he neglected. In fact, a heiter
it 1o the water emission in the far wings ls reached 1T Eq.8.26 I8 replaced by anoiber collklonal line shape,
called the “kinetle profile”

A

M=) = AT g A

{8:28)

The opaciiy and widil of the main Hi* 0 lines are large: 7, = G and Aw =~ W0EHe, for the Tondamental
Tine in normal eonditions of p and T, and for ppe = lgm ™ and wy= 1 mm [dry weather). These lines
dominate most of the milllmetre and submIlimetre atmospherie attenwation deviatlons om theoretical
line shapes in the far wings (typleally 1/10ih of intersiiy) are accoumed for by an empirieal oomtimymm.
The rare lsotopemer HY* 0, a fow hundred times less abunsdant than HA* 0, makes a negliglhle eontelbstion
(gee the dicission by [Waters L9T6])
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8.4 The atmospheric absorption spectrum at millimeter wave-
lengths, ATM

Caleulations of zenith aitmosphere opacity at 2.5 and 2.9 km, the aliltiude of the IRAM sltes, have heen
made by [Cernichare 1988] and [Cernichare & Pardo 1999, A computer programme, ATM, mepeating
these caleulations has heen istalled on-line on the IRAM telesoopes of Pleo Veleta and Platean de Bure;
it B activated at each calibration or skydip and allows to lnterpret the ohserved sky emissivity In terms of
weater and woygen contdbutions and of wpper and lower sideband opacities. [During sk ydips, the antenna
15 pointed sueeessively at diferent elevatlons amd the emission of the sky measured at each step; the sky
embslon varlation Iz ftied by an exponential Tuncton of the alr mass, amwd the atmosphere opacity and
average temperature readily dedwed). Note that the opacliies derived from sky emissiviiy observations do
not always agree with these caleulated rom the measurement of p, T, and BH on the siie, as water vapor
15 mot at hydrostatie equilibriom.

Home of the resulis for the hamd 205060 GHez are shown on Fig 8.4, One recognises Tom lelt to right,
the [blended) lorest of fine strecture tramsitions om Oy, near 60 GHz, the 1,1 + 0, 1 fine stroetore lise of
(g at 118.TH GHe, the thivd lewest lines of para water [st11] 200K above the grownd Jewel), at 183,31 GGHe,
and the forth ortho water Ine (420 K above ortho ground Jevel), at 325,15 GHz, The lundamental line of
orilg water [y, + 1g), at 556,94 (GHz s visdble. The water and oxygen lines delineate the 4 atmoespheric
“windows™ of the millimetre specirum [called the 3 mm, 2 mm, 1.3 mm and (L8 mm windows). Water &
seen 1o dominate completely atmespheric absorption above 150 (2Hz.

Less than one millimeter of precipitable water vapor oorresponds to eccepilonally good winier weather
conditions on the sites of Pleo Veleta and Platean de Bure, Such conditlons seldom bhappen even on Mauna
Kea., Two to three millimeter of water are standard by clear winter nighis at these olseratories; slx 1o
ten millimeter of water are typleal of elear summer nights.

The typical zenith atmosphbere opaciiles, In the dips of the 1.3 mm and 0.8 mm windows [eg. at
the Mrequencies of the J = 2— 1 amd 3 — 2 rotational tramsitions of OO, 2305 and J580 GHz ), are
respectively 015002 and (0L5-0.7 in winter. The astronomical slgnak at these Teguencies are atbemated
by factors of mepectively = 1.2 and 2 at zenlih, 1.3 and 2.8 at 45 degree elevation, and 1T and 6 at )
degree elevation. Larger attensations are the rule In summer amd in winier by less favorable conditions.

The J = 1 — {0 le of OO, at 11527 GHz, B close 1o the 1187TH GHe oxygen line. Alihough thes
latier Is relatiwely narmw, It rakes by =03 the atmesphere opacity (which is (L35 0.4). The atmosphers
attenpation is then Intermediate between those at 230 and 345 GHz (hy dry weatler, bowever, i B more
stable than the latter, since the water contrlbution s small). The measurement of accurate 20 line
Intensglty raties (ewen not conskdering the problems linked to differences in beam slee and recelver sideband
galn ratios) requires therelore good weather, a high souree elevation, amd a cavelul monitoring of the
atmosplere,

A catalogue of lines Intenslties In several standard astrone mical sources, measured with the TRAR 30
m teleseope has been published MMaversberger et al 1989]. The lines ntensities were callbrated by the
chopper-whesl method, following the above recipes. The reader B refemed 1o this report for detals.

8.5 Correction for atmospheric absorption, T3

By analogy with the Rayleigh-Tears approcimation, T = 2ET/A% which strictly applies to long wave
lengihs, tlhe mm-wave radio astronomers have niroduced the coneept of “radiation™ or “efective™ tem-
peratures, which scale linearly with the detected power.

The molse power detected by the teleseope 8 the sum of the power recelved by the antenna, ¥Wa, and
ol the molse generated by the recelver and tramsmission lnes, YWe..

Using Myquist's relation W= kT A, Wa amd Wee can be expressed In terms of the temperatures Ty
and Tr.e 0l two resistors, located at the end of the trarsmBsion line, which would yield noke powers equal
o W, amd W, ., mespeciively:

w.ﬂ + wﬂc = kT_ﬂﬂ-L" + kT‘l’I:M = k[T_ﬂ + TTI.: :l-ﬂ-l"-
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Figure &4: Zenith opacity of the standard winter atmosphere at an altitude of 25 km for 1 mm of
precipitable water vapor, as a function of Mequency (GHz). The contributions of Ha (), Oy amd Oy are
shown in the three upper pamek. The ved line shows e same senith opacity at a scale of 1,20, One may
note the importance of the water line wings above 150 GHz, compared 1o these of Oy (a consegquence of
the aleence of eleciric dipole moment in the latter molecule) and Oy, Courtesy [Cernicharo & Pardo 1994]
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Ta E called the “antenna temperatime™ and T, the “recelver temperature™. Ta hecomes Th,q when
the recelver horn sees a load, instead of the antenna, and T when it sees the ground. Tt should be moted
that Thepd and Ter are not stricto sersus equal to the Ioad and ground physical temperatures, but am only
“Raylelgh-Jeans™ equivalent of these temperatunes (they are proportional 1o the radiated power). For
amblent loads, tley approach bowewer elosely the physical temperature, sinee b fk =~ 11 K at A = 13
.

When observing with the anmenna a souree amd an adjacent emksion-free relerence feld, ome soes a
change ATq = Talsou) — Talref) In antenng lemperature.

Because of the calibration method explained below, it ls cistomary, In mm-wave astronomy, o meplaoe
AT, the souree antenna tempemture, by ATY, the source antenna temperature corrected [or atmesphere
absgrption and spillever losses. Both are related throos he

Ta=(1—nqpiTer + 5[ Tery + AT 7)

where v is the line-ol-sight atmesplere opacity. iy and 5 are the lorward and beam efficlency lactors,
which demote the actions of the power radiated by the amenma on the sky apd in the maln heam,
respectively (they are typleally of the order of (09 and (L7).

The spuree equivalent “radiation tem perature™ Ty (often impooperly called “hrightness temperatume™
and therefore denoted Tyyp when it ls averaged over the main beam) and ATY are related through

a7 = [ e, )dsdy

where A(z, y) 1s the antenna power pattern. For a spuree smaller than the main beam, AT % = i Thy -
When obeerving a small astronomical source with an antenna temperature ATY = Tge = 2T K,
loca tedd at an elevation e, one detects a slgnal V (ol scale: § volt or conumts per Kelvin):

.'I;Jﬂ'uf _—
S = Mo =T+ (L= 1) Ty + 7y Ty + AT e [829)

ThE slgnal can be compared with the signak observed on the blank sky (T, ), close to the sounes,
and to that observed on a hot load [T,

My = Towt (1=t Ty + 0T, (830)
lep = [l - E_r:ﬂ-;‘_.m
Mpyeg = Trwet e

hera, we have neglectod the cosmologle background and assume, In a first step, that the recelver 18 tuned
slngle sldebamd.

E.5.1 Simplest case

Let's assume that T, = T = Ty then:

Mg — Mam = tipTee™

My — Myn = AT
M.:ru. - le'm.

ATY —_— T, 831

A Migad — M 187 (831)

Mote that in Eq8.31, the measurement of the amenna temperature includes the atmospheric opacity
correciion, bl does not depend expliciily on an assumption on the aitmosphede opacity. We can write:

Maa'u. - Mﬂlm

AT; = P T (833

where we defime Tow 88 Tow = 5 Ter = )5 Taim.
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£.5.2 More realistic case

Typleally, the mean atmosphere temperature I8 lower than tle amblent temperature mear the ground by
about 40 K: Ty, = T — 40 K then, the formula above still holds if we replaee Ty by

Toi = [Tima — Lomi k™ (833)
with T, Togtiy + (L -1y T
_ Thema + Trw) % Mar, .. (234)
L./
(L—e ") [Ter — 40}

Ty

Trae, the recelver effective temperatume ls wsually caleulated by the ¥ factor method wsing a cold load
[=ually eooled In lguid nliregen, Le. at 77 K) and an amblent load (eg. at 260 K).

v o- Myl doad
M el domd
T} - YT,
.. — ha]..laad? ldd.bnd (B35

B.5.3 General case

The recelver & mot purely single-sideband. Lot 15 denote by 7 and & the pormalzed galos n the regelver
lower and upper sldebands, &7 4+ G = 1. The atmesphere opacliy per km varies with alilisde as does ihe
alr tem perature.

Then, the above expressions of Ty, amd Tomg should be explicited lor each sideband [ = w or [):

T, = (l—e" )Ty (836)
Temi = TG + TG + (1 - )T, (837)

The atmosplerie iransmission model ATM [Cernichare 1988 allows io ealeulate feratively v, from a
Ipad+ sky measurement. The valies of % are cakulated for tle Standard U5 atmosplere [ paramsters
are: Winter, Spring-, or Summer-tem perature T, altitude, latiiude, water vapor w) by summing up the
coniributions of Gy (AT, Had (B (T and Oy (CL0T) (Including rare lsotopes and vibmilonaly
eited states):

1o = AT+ wBe [T) + Cu (T') [2.38)

Depending on w0, the values of A, (T, BT, 00 (T) are derboed elther fom a Table or estimated Tmom
em pirical formulae. A first goess of the amount of precipitable water Is made rom 1he amblent tem perature,
prssure and humidity by using the relations of Sec.8. 14, Then, the expected Thy and T are caleulated
Irom the two expressions above and Timi B compared to lts valie measured from the the ohservation of
the atmosphere and the load (Eq.8.35). The value of w I8 changed amd the caleulation of 1 3',1"_3,:'I andd
Tomi restaried. Normally, the process converges after 2 to 4 leratlons Onee w and Ty are known, the
calibhm tion lactor Te.q can be deriwvad

T! = (Tiad — Temile™ (B35)

and the data callbrated In the T3 scale using Eq.8.32.



