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Abs tract

Sev eral tro pos pheric radio- attenuation pa rame ters for the 0.4-4.0 GHz win dow are mod -
eled in the pres ent work. Both the Hop field and Lin ear mod els were used to ob tain ver ti cal pro -
files of Vene zue lan tro pos pheric re frac tiv ity. The ex tinc tion co ef fi cient spec tra is de ter mined via
Kramers- Krönig re la tions. Rain at tenua tion con tours and their monthly time evo lu tion are pre -
sented for dif fer ent Vene zue lan lo ca tions.

Key words: Ex tinc tion coe ffi cient; tro posphe ric at te nua tion pa ra me ters; tro poshe ric
re frac tion in dex.

Mo de lan do pa rá me tros de ra dio- a te nua ción tro pos fé ri ca 
para paí ses tro pi ca les. El caso Ve ne zue la

Resumen

Se mo de lan va rios pa rá me tros de ra dio- a te nua ción tro pos fé ri ca para la ven ta na 0.4-4.0
GHz. Se em plean tan to el mo de la li neal como el de Hopfield para ob te ner los per fi les ver ti ca les
de re trac ti vi dad tro pos fé ri ca ve ne zo la na. El es pec tro del coe fi cien te de ex tin ción se de ter mi na
por me dio de las re la cio nes de Kra mers- Krönig. Con tor nos de ate nua ción por llu via  y su evo lu -
ción men sual se pre sen tan para di fe ren tes lo ca li da des ve ne zo la nas.

Palabra clave: Coeficientes de extinción; índices de refracción; parámetros de
atenuación troposférica.
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1. In tro duc tion

The de ter mi na tion of radio- attenuation
pa rame ters is cru tial in a wide va ri ety of fields. 
In fact a lot of as tro physi cal stud ies (pul sars,
ra dio gal ax ies) and tech no logi cal ap pli ca tions
(GPS, com mu ni ca tions, etc.) use the ra dio
win dow as arena for data trans mis sion/re -
cep tion (1), be ing a fun da men tal prob lem to
pre cisely know the in volved electro- magnetic
(e-m, from now on) losses. 

While it is a com mon as sump tion that
radio- attenuation at low- frequency bands
(at least for rain ef fects) are neg li gi ble, we
con sider - on the grounds of eve ry day ex pe -
ri ence - that a de tailed study must be car -
ried out to de ter mine which agents are re -
spon si ble for the e-m in ten sity at tenua tion
for these bands, spe cially on equa to rial (or
near- equatorial) fringes where the at mos -
phere is larger than higher lat ti tude coun -
tries. Also, it is im por tant to bear in mind
that me te oro logi cal data and high time-
 resolution radio- attenuation stud ies in
tropi cal zones are scarce (see (2, 3) and ref -
er ences therein).

One of the most use ful pa rame ters to
com pletely char ac ter ize the me dium and its
ef fect on the e-m wave propa ga tion is the
com plex re frac tion in dex n c . How ever, in
prac tice, since the dis per sion re la tions pro -
vided by the Kramers- Krönig equa tions
make pos si ble to ob tain the imagi nary part 
( )n i  in terms of the real part ( )n r , and
viceversa, it is usual to work only with one of
the be fore men tioned quan ti ties.

The real re frac tion in dex is, in gen eral,
a func tion of pres sure, tem pera ture, hu mid -
ity of the me dium and also of the fre quency
of the e-m wave. Nev er the less, ex pres sions
re lat ing these me te oro logi cal con di tions
with the al ti tude are avail able with pre ci -
sions as good as one part in 107 (4, 5). It is
com monly as sumed that up to 100 km the
hori zon tal gra di ent of the re frac tion in dex
can be taken as nearly zero (6). On the other
hand, de ter min ing ac cu rate ver ti cal pro files
for the re frac tion in dex is an ex tremely com -

pli cated task, in part be cause of the dif fi -
culty of slant dis tance meas ures (4). As con -
se quence the use of mod els for es ti mat ing
both the re frac tion and ex tic tion in dexes are
very use ful in this field. At ra dio wave lenghts 
re frac tion is in creased and is made rather
more vari able by the pres ence of wa ter va -
pour. The same wa ter va pour that in creases
the re frac tiv ity also at tenu ates the ra dia tion
and gen er ates emis sion by radia tive trans -
fer. Thus, it is very im por tant to take in con -
sid era tion the pres ence of wa ter va por in the
tro po sphere.

Other agents for con sid era tion in low
lati tude coun tries are those caused by hy -
dro me teor scat ter ing and at tenua tion. We
study us ing a well known model the time
evo lu tion of the rain at tenua tion pa rame ter
for places with dif fer ent al ti tudes and cli -
matic con di tions (7).

It is use ful to re mark that for tropi cal
coun tries the tro po pause ex tends to higher
al ti tudes than in the case of other coun tries.
In deed, tro po sphere near equa to rial fringe
can reach 17 km (8). Con se quently, spe cial
at ten tion must be paid to this is sue when
plan ning trans mis sion/re cep tion ap pli ca -
tions in low lati tude re gions due to mag ni fied 
at tenua tion ef fects.

The pa per is or gan ized as fol lows. In
Sec tion 2 we pres ent the ba sic equa tions of
the Stan dard and Hop field tro pos pheric
mod els, and we cal cu late the cor re spond ing
ver ti cal gra di ents and tro pos pheri cal in -
dexes. Sec tion 3 is de voted to ob tain, via the
Kramers- Krönig re la tions, both the real and
imagi nary parts of the com plex re frac tion in -
dex as a gen eral func tion of fre quency and
al ti tude over sea level. The rain at tenua tion
spec trum for sev eral near- equatorial cit ies is 
pre sented in Sec tion 4. Fi nally, in Sec tion 5 a 
dis cus sion and con clud ing re marks are in -
cluded.

2. The Re frac tion Mo dels

We shall con sider in this work two mod -
els de scrib ing the be hav iour of the tro pos -
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pheric re frac tion in dex: the lin ear (or US
Stan dard) model and the Hop field model. As
usual, we pres ent them in terms of the re -
frac tiv ity. The first one as sumes the at mos -
phere an ideal gas (7),
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where P P hº ( ) stands for the to tal at mos -
pheric pres sure, T T hº ( )  for tem pera ture
and P P hp pº ( ) for the wa ter va pour par tial
pres sure. As it is well known, the lin ear
model is widely used to de fine the stan dard
at mos phere (ITU-R).

On the other hand, the Hop field model
sepa rates the to tal tro pos pheric re frac tiv ity
in wet and dry com po nents (9, 10),
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where the cor re spond ing wa ter va pour con -
tri bu tion (about 10%)
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Similary, for the dry con tri bu tion, it
can be writ ten
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where
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and
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is given in km.

The pres sure P, tem pera ture T and wa -
ter va pour par tial pres sure Pp pro files are
given by (11)

P P h= - -
0
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T T h= -0 65. [9]
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where h must be given in km. Thus, the lo cal
mod el ling is in tro duced via the pa rame ters 
T 0  (in Kel vin de grees) and P0  (in mb),

shown in Ta ble 1.

To il lus trate the dif fer ence be tween the
mod els un der con sid era tion, in Fig ure 1 the
char ac ter is tic pro files for the ver ti cal gra di -
ents pro vided by equa tions [1] and [2] are
sketched for tro pos pheric al ti tudes.

An other use ful pa rame ter in volved in
at tenua tion stud ies is the tro pos pheric in -
dex T i  (7). Us su ally pre sented only for the
Lin ear Model, in Fig ure 2 we com pare pro -
files for both mod els.

3. Tro poshe ric Re frac tion
and Ex tinc tion

In or der to char ac ter ize the op ti cal
prop er ties of the tro po sphere it is use ful to
write mathe mati cal ex pres sions for both re -
frac tion and ex tinc tion co ef fi cients as func -
tions of the fre quency and the al ti tude over
sea level. How ever, as we have ex posed in the 
In tro duc tion, not a unique func tional form
in volv ing both vari ables is known. The rea -
son for a mul ti pli ca tive sepa ra tion for each
re frac tiv ity is two fold: sim plic ity, be cause it
per mits to in te grate in the Kramers- Krönig
re la tions with out con sid er ing the al ti tude
de pend ence but as a scale fac tor, and be -
cause al ti tude de pend ence is known
through sev eral mod els (Lin ear and Hop -
field). Other func tional forms were tested
but the pres ent form pro vided the best re -
sults. For the re frac tiv ity in dex we choose
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N h N h NLO L O( , ) ( ) ( )n z n= [11]

and

N h N h NHO H O( , ) ( ) ( )n z n= [12]

where N hL ( ) and N hH ( ) are the refractivities
related to the index of refraction n through N
=(n-1) ·106 ;  No (n)  is given by the
forced-damped harmonic oscillator model
and z is a coupling factor determined via
boundary conditions.

We ob tain the cor re spond ing ex tinc tion
co ef fi cients via the Kramers- Krönig trans -
for ma tion,
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The ob tained ex tinc tion co ef fi cient is
pre sented in Fig ure 3. The re sem blance to
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Ta ble 1

Lo ca tions un der study. Co or di nates are given in de grees, al ti tude in me ters, tem pera ture in Kel vin

de grees and pres sure in mili bars

Location N W Altitude T 0 P0  

a. Caracas 10.5 66.9 835 22.87 1011.9

b. Ciudad Bolívar 08.2 63.6 43 28.65 1011.0

c. Coro 11.4 69.7 16 28.75 1014.9

d. Maiquetía 10.6 67.0 43 26.90 1012.0

e. Maracaibo 10.7 71.6 66 28.80 1008.2

f. Maracay 10.2 67.7 436 25.85 1014.0

g. Margarita 10.9 64.0 23 28.10 1012.9

h. Mérida 8.9 71.2 1479 20.34 1019.0

i. San Fernando 7.9 67.4 27 27.68 1011.0

Fig ure 1. Ver ti cal gra dients for the Stan dard

and Hopfield mo dels.

Fig ure 2. Typi cal tro posphe ric in dex va lues for 

Ve ne zue lan lo ca tions.



the em piri cal Van Vleck- Weisskopf pro file
(12) is no to ri ous. The dif er ence be tween the
mod els con sid ered is at most of the or der of
12%, as ex pected (Fig ure 4).

4. The Rain Effect

Among the hy dro me te ors, rain is the
most im por tant radio- attenuation pa rame -
ter for tropi cal coun tries. For prac ti cal ap -
pli ca tions, the rain spe cific at tenua tion can
be mod eled by means of the ex pres sion (7,
13)

Gli i
iK R= a [15]

where R cor re sponds to rain fall (in mm/h)
and the pa rame ters K i  and ai  de pend both
on fre quency. The in dex i is in tro duced to
take into ac count the dif fer ent po lari za tions
of the rain drops. Gli  is given in db/km. For
fre quen cies be tween 0.4 and 4.0 GHz, the
time and fre quency varia tion of the rain at -
tenua tion for sev eral lo ca tions is pre sented
in Fig ure 5, af ter re duct ing data of the last
30 years.

5. Con clu ding Re marks

In this work, a char ac teri za tion of the
op ti cal me dium of propa ga tion of e-m waves
in terms of the re frac tiv ity gra di ent and tro -
pos pheric in dex is pre sented for a tropi cal

zone. Equally, we have win dow for sev eral
Vene zue lan lo ca tions. The aim of these re -
sults is to init ti ate an at tenua tion map for
equa to rial coun tries that may help to pre dict 
com mu ni ca tion dis rup tions and other un -
de sir able ef fects.

We have also pro posed a sim ple model
for tro pos pheric re frac tion and ex tinc tion in -
dexes in terms of both al ti tudes and fre quen -
cies. With the aid of the Kramers- Krönig re -
la tions the model per mits to find the ex tinc -
tion co ef fi cient once the re frac tive in dex is
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Fi gu re 3. Ex tinc tion coe ffi cient for the Hopfield mo del.

Fig ure 4. Por cen tual er ror be tween Lin ear and

Hop field mod els for the ex tinc tion

co ef fi cient.
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Figure 5. Mean ra in at te nua tion for the lo ca tions of Ta ble 1. The last gra phic co rre ponds to ave ra ge va -

lue for Ve ne zue la.

a)

c)

e)

g)

i)

b)

d)

f)

h)

j)



known. For the mod els stud ied, we have ob -
tained a very simi lar pro file to that of Van
Vleck- Weisskopf. The por cen tual er ror be -
tween the ex tinc tion co ef fi cient for the Lin -
ear and Hop field mod els is, in the worst
case, of the or der of 12%, as ex pected. It is
im por tant to no tice that if ex tinc tion co ef fi -
cient meas ure ments are made, the pro -
posed model is able to pro vide a lo cal re frac -
tive in dex pro file that may help to char ac ter -
ize the low lat ti tude tro pos pheric me dium.
The na ture of these ob ser va tions re sem bles
that of op ti cal pho tome try and the use of
Bou guer law for de ter mi na tion of the at mos -
pheric ex tinc tion co ef fi cient.

The model also pro vides an easy way to
evalu ate the lo cal e-m at tenua tion if cer tain
as sump tions about the at mos phere ther -
mo dy nam ics are con sid ered. For in stance,
to con sider the me dium in lo cal ther mo dy -
nami cal equi lib rium usu ally gives re sults
simi lar to ex peri men tal data.
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