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EVAPORATION DUCT EFFECTS AT MILLIMETER WAVELENGTHS

by
K.D.Anderson -
Ocean and Atmospheric Sciences Division f
Navitl Ocean Systems Center o

San Dicgo, CA 92152-5000 5 i
Unilted States k'ﬂ;.
Summazy

The evaporation duct strongly influencas low-altitude over-the horlzon propagation at
millimater: wavalangths, Results {rom more than 2000 hours of propagation and meteorologieal
measurements .made at .94 GHz on a 40.6 ki over-horiron, over-water path along tha southetn
Californla ccast show that the average recelved powsz was 63 dB greater than axpected for
propagation in a nonduoting, or normal, atmoaphers; 90 petrcent of the measurements were at least o .
33 dB greater than the normal atmoaphare, »3koa Forp

A numeriaal model of transmission loss based on obaerved surface metsorology is dimcumsed and  HROAD
rosults arve compared to measured tranamlssion loss. On avsraga, modeling results undevestimata ' PT4K
tha transmission loms by 10 dB, In addition, results from modeling basad on an independeut anuneed
elimatology of avaporation duct holglits fox che mrea ure shown to be adequate foy most propagation . . .
ssseusmant purposss. The reliability and rensonable accurnay of the model provide n strong " +& M@tista..
justification for utilizing the teghnique to assess millimater wave communication and FAUAY e ioomm by’
systems operating in many, if not all, ocman regiona,

D { By e e,
LYST OF -5YMBOLS , D4
x61 of -suaor | Dissrtmytens
] Evaporation duct haight (m). ’M Availabilisy ag
Ads  Potential refractivity difference between aiv and szea, B AT Sl
R Bulk Richaydmon’s numbay, DL Avail uﬁﬁ
'  Empirioal profile-noaffinient, ivlat ipooial .
B
INTRODUOTION .

Tht svaporation duct is a nearly permansnt propagation mechanism createcd by a rapld decreass
of maimturs immediately abova the ocean surface. Alr adjacent to the surfaca is naturated with
vater vapor and rapldly dri{es out with incrsasing height until an ambient value of water vapor
content is reached, which ia dependent on pgeneral meteorological conditions. Tha noarly
logarithmic daorease in vapor pressurs causes the refractivity gradient to decreaso fastor chan »
157 N/km, which ia a trapping condition, The heipht at which dN/dz aquals -157 N/km ls defined
#s the avaporation duct height and 1a a measure of che atrength of the duct., Typlcal duct lielphts
nre between a few maters and approximately 30 meters with a world-average value of 13.6 maters
[1]. Becauss thess ducts are vertically thin, strong trapping 1s infrequently observed for
frequencies below 2 OHz,

For low-al:'itude, over-watar appliecations, the ovaporation duct hng been shown to bo a
reliable propagation phenomena that can dramacically increase bayond-the-loriron signal levalu
for frequencies groater than 2 GHz {2]-[4], Although the higheat frequenay reported in previoua
work is- 35 QHz, the results show that the magnitude of signal enhancement (refetenced to
diffraction) inareases with inoreasing frequency. An analysia of the Aegaan Soa meawurements [4)
shows that median received sighal powey on a 35-km path is 2, 15, 27, and 30 dB above diffraction
for frequenéies of 1, 3, 9.6, and 18 GHxz rospectivaly, Recelved aignal power at 335 Gllz on this
path Ly conslstently 30 to 43 dBb above diffraction [4].

Effects of evaporation ducting on over-the-horison aignal propagation at 94 GHz ave prosentad.
Results from more than 2000 hours of RF measurements made on a 40.6 km path along the neunthern
California coast are analyzed in terms of path loss (equivalent to transmission losas) which fs
dufined as the rvatlio of trathsmitted to received powar assuming loas-frea lsotropic antennas.
Numerical propagation modeling results based on measured and climatologloal surface metaorology
are gompared to measured path loss, These comparisons are good and the results strongly support
uuing the propagation model to predict the performance of millimeter wave systoms operating noar
the surface ln all ocean reglons,

A brlef review of the evaporation duct model and the propagation mede) wsed in this analysins
ptecades a discusalon of the experiment and the results.

Modala

In practice, boundary-layer theory relaras bulk surface metecrologlecal massuraments of alr
temperaturs, sea temperatutre, wind opeed, and humidity to the vartical profile of refracciviny
and thus the evaporation duct height. In a thormally neutral atmosphere wharan the air-sea
temperatura difference is 0, tha modifisd refractivity proflle i givan by

M(2) = M(O) + 0,123(z » §eln( (2 + ng)/25) ) )
vhere ¢ 1s hedpght above the ccean, 5 is avaporation duct hnight, and %, is a length charaaterizing

boundary roughness. For a tharmally non-neutral atmosphere, stability torms are incorporated inte
Eq. (1) (See Jomks, [3])). Howsver, for cummon dopartures From neutrality, propagatlon
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calculations indicate that a neutral profile i1s a reasonable approximation, provided that duct
height for the neutral profile is caloulated frem obsarved mateorology. In this analysis
avaporation duct height ig computad from surface obaarvationa using the Jeske model [3].,15) as
implemented by Hitney {6) with thermal stabilicy modifications suggested by Paulus [7].

Numerical propagation modeling techniques have shown good sireement to RF moasuremont resulrs

when uingle-station surface meteorological observations are avallable to detarmins ths 1 -
refractivity-versus-altituds profils of the svaporation duct {B). Ina maritime environment, the : !
assumption of lateral hamogoneity (vertical profile of refractivity invariant along the path of
propagaticn) is ganerally good (8),19) and Justifies a waveguide formaliam [10)-[12) approach to
the analysis of Propagation through the troposphers, Numerical results are derived from a.
gomputer program callad "MLAYER® which ix an anhanasd version of the "XwWvg! program [13}, MLAYER
Assumas that che vertical profile of refractivity ovar the sea aan be approximated by an arbitrary
nunber of linear segments and uses an ingenious rechnique (14) to find all complex modes that
Propagate with attenuation rates balow a spscifisd valus, Surface roughness La davelopsd from )
Kirohhoff.Huygens thaory in terms of rms bump height, ¢ , whieh L{a relatad to wind speed ag o

= 0.0051u?, where u is wind tpand (m/s) [13],(16). r

e s e

The determination of the vartical rafractivity profile is crucial to the MLAYER caleulations,
For neutral and scable conditions, the duat height 1a

YN

8 - <2J v
1,32 4 0.,0867¢R/I(0.75 + ag4)

whera 4. ia the potential refraativity difference batwean the air and sea surface, R is the bulk
Richardson’s number, and I' {s an empirical profile coafficient. Eq. (2) assumaes that bulk ‘ i
parameters are measured at a haight of 6 m and that Eo 13 0.0001%5 m. Under neutral conditions,

R is zero, hence the potential refractivity diffarence is $a = -1,32¢§, The potential )
refractivity gradient (under neutral and atable conditions) {a

.Y} 4 [ 1./2 + 0,0867R/T } )
—_— - 3
Ax 10.60 + 0.52.»/1

|
whera £ is the height above the surface. Again, under striotly neutral conditions, Eq. (3) i
reduces to A¢/A2 = 44,/(10.60+x), Tha potential vefractivity gradiant ix relatad to the :
refractivity gradient as |
A¢/oe w AN/AZ + 0,032 and to the modified xefractivity gradient as ,
Ad/bz w aM/AE - 0,128, Using Ege. (2) and (1), the modifled vefrastivity profils was detarmined .

for wvaporation dust haighes from 0 to 20 m in 2 m {ntervals, These profilea aro shown In Fig.

1 where the surface modified rafractivity {s referancad to 0 Meunits., Dath loas naleulations wars

made for five rma bump heights: 0.0 (smooth surfacs), 0,025, 0.100, 0.2%0, and 0,300 m

corresponding to wind spaeds of 0.0, 4.3, 8.6, 13.6, and 19.2 knots. !

For a one-way tranamlaston syatem, signal powar at the receiver is
Pem Py +0 - L+@+aq, ),

|

vhers P, {a power transmitted, G, and G, are transmitter and receivar antenna gaina, and G, ls
additional gain measurad from tho receiver antenna te the point in the receiver where power is
measursd, Assuming tranamissionsline lossss and other hardware-related Losses are sccounted for
In P, or G,, the loas L can be written as L = lo + Ly, where L, 1s loas due to molecular absorption
and L, iz loss acaounting for all other environmental and gecmetrical losses. Tha advantags of
treating L as the aum of two independent terms {s that Ly then depends on ohaervable air
temparature and humidity, whereas L, depends on the same two observables in uddition to sea
temperature and wind speed, Of course, both loss terms depend on geomatry of the transmlssion
path: L, 1a the produst of attsnuation vate and path length, and L, involves a complicatad
depandency on the refractivity profile, path length, aud antenna haighta.

Range dependency of nbasorption-fres path loss (L) at a frequsnay of 94 GHz is shown in Fig.
2 for a normal atmosphers, dancted by 0 duct height, and fer svaporation duct profiles (neutral
atability) corresponding to dust halghts of 2, %, 6, and 8 m. In this casa, transmitter and
recelver are 5 and 9.7 m above a smooth sea surface, and ccherent signal propagation (modal
phaning inoluded) is assumed. At a range ssparation of 40 km, L, for cranamisaion through a ‘
normal atmosphute s about 250 da (assuming 4 typical 0.7 d8/km molesular abrorption attenuation
rate, total path loss {s about 280 dB). For prepagation in an atmosphere represented by a
tefrastiviey profils torresponding to an avaporation duat height of two meters (a rolatively
shallov duat), L, i approximately 184 dB -. a “gain* of 64 dB oumpared to the diffraction
reference, With an 8-pm evaporation duct, path loss increaves with rangs at a fairly consistent !
rate of about 0,2 dB/km beyond 30 km,

Path loss variation with receiver height isx shown in Fig. 3 for a path separacion of 40.4 km.
The transmitter is located 5 m above a amooth surface, In a normal atmoaphera, path losa for a
recaiver located 20 m above the sutface is about 230 dB. For this same reselver in an environmant
of a 2.m evaporation dust, path loss is about 178 dB; a gain of 52 dB even though buth
transmitter and receiver are outsides of the duot,

Burfacu roughness effsots are ahown in Fig. 4 for a transmitter at 8 m, receiver at 9.7 m, and
& fixad path separation of 40.6 km, Incaherent signal propagution (modal phase La ignoracd) is
used to reprasent absorption-free loas, o Higher wind speods generally incrasase loss with
respact to & smooth surfacs, excapt for s notmal atmosphers whare tha waveguida modes ave




evanesnent. For duct heights above 10 m, path losa at the two highest wind ampeeds ave nearly
aquil, " ‘Abuve. Lt m, path loss £or wind speeda greator than ahout 8 knots are nearly equal. In
thése highly trapped cases, many weakly attenuated modes are found and the aggragute offact ls
for ‘convergence of ths mode aums to a Limiciipg valus. At 94 GHz, the limiting valuo of surface
roughness appaars to be a bump height . £ 0.5 m.

EQUIPMENT DESGRIPTION

A 40 6-km tywnamission path alorng the Southetn California coast was chosen and instrumenced
for the measuremenc program. The path is ahown in Fig. 5. The tranamitter antenna wus lecatod
5 m above mean low watar (mlw) at the Dal Mar Boat Basin facility of the U.S, Marine Corps Bara
at Camp Pendleton, CA. -This antenna, a horizontally polarized 12-inch.diameter lans with a 0,7°
heamyideh, was centered along the path at an elavation angle of zero degreos. The horizon {a 9,2
km and 13 shown as a. dashad arc in Fig, 5.

"the ‘receiver site was at the western end of Soripps Plar, locatad at the Unlversity of
California at San Diego, CA, Thim plex extended 333 m from the shore, which, Ln all but the worst
storms, placad tha receiver heyond the surf none (this pler has since baan torn down and replaced
by a nav atructuxe) The receiver antenna vas located .7 m above mlw (horizon of 12.9 km) and
wag pointed towards the transmitter with rnn slevation angle of rero degraes,

The RF. transmigter was similar to the receiver which is shown in Filg. 6. An X-Band
oscillatol, phame-locked ,te a stable 103-MHe arystal mource, phasa-louked a 94.GHz Gunn dlode,
Approkimately 23 dim of eranamitter,powsr was genarated by an injection-locked IMPATT diode. At
the' receiver, thes 103-MHz crystal source was offser from the tranamitter cryrtal reference to
genarace an IF of 59,8 MHe which was monitorad by a spectrum analyzer. Although the controllev
could adjust analyzer funetiuns to optimiee signal detection, the analyzer was typically sot for
a frequency span of 181,7 KHx, no integration, and with videe and rasolution bandwidths of 3 KHz.
Bignal pawer and fraquancy wore recordad with an effeative sample time of 540 millimeccnds.

Syatem "constanta" (power transmitted, antanna gains, and RF-to-IF gain of the recoiver) are
listed in Table 1. Tutal path loss iy related to observed received sighal powar am L = 157 - P ,
which is the sum of the system constan: 8 minus the pover received (see Eq. 4). Minimum datectablo
slgnal power at the analyzeyr was ~ .83 dBm, which corresxponds te a maximum datectable path lons
of » 240 dB (L = 137 - .83), Diffraction is about 230 dB foyr the goometry of the path (Sas Fig.
2). therefors, without avaporation duoting, the signal should be 10 dB below tha receiver nolse
level and should not be detectuhle. Howevar, the expected gain of ahout 60 dB through evaporation
ducting,.less the sxpected molecular abmorption loss of about 30 dB, places the signal at abour
220 dB which is detectable by the veceiver.

Thas dynamic range of the analyser wam sufficient to look onto and track the smignal {n all
conditions, except when there was pracipitation along the path, whioh was rare. A moderate ruin
showet, uniform along the path, could Lnorease path lomn by 100 dB, making any practical reception
impossible, As a refere- .a, tha baaio frae-spaca transmimsion loma, (4xd/\)?, is 164 db, whore
d f{a the range moparation and A {s Lhim wavelength,

Alr cemperaturw, sea temperature, relative hunldity, wind spoad, and wind divection wore
recorded at Scrippa Pler In conjunction with the RF maasuremonts. Table 2 describos the surfuco
mateorologlaal sensors, which were monltored by a lata asquisition system that sampled and stored
the data avery 10 mocond..

In operation, memsurements wure recorded 24 houts per day. To reduce the voluwe of data
statistios of rma and mtandard deviation wers locally ocomputed Ffor 10-minute intevvals
Approximately 60 mamplen of surface mstesrology and approximately 1000 samples of powor meniteorad
at the analyzey were used to compute those statistics. The local data (statistics) wera
nutomatically transferrad for furchar analyais via modem Linea to computurs at Naval Ocoan Syatems
Center, about 10 miles south of the receiver site.

Evaporation duct haight and molecular absorption were computed from ohaervad yme valuns of
surface metaorology, .Absorption-fres path loss was determined by a look-up procedure inte a
pracomputsd two dimensional table. Ona dimanuion of this table was evaporation duct halght Crom
0 to 20 m in 2-m {ntervals; the other dimension wus rme bump halght apecifisd at 0 (smooth
surface), 0.25, and 0,50 m,

RESULTS
HEABURENENTS

Maasurements began In late July 1986 and continued through sarly July 1987, Elght petlods
tatailing 102 days of operations, were completed during this time. Table 3 lists the tlme perlods
in which moasurements wera made.

Ors-way transmission path data wers analyzed by aomparing obuarved rms path loan (cransmission
loss) to path losa computed for both- evaporation duet height and rms bump haight, which wore
caloulated from surface meteorological quantitieca measured at the recelver site. Abaovption.
fres path loww calaulated by MLAYER wes modified by adding molecular absorption loss calculated
from surfate metacrology (refarence [17]) in order to compare it to obisrved total path loss.
Molesulay: absorption lowr during the entire messurement program averuged approximataly 30 dB,

Flgure 7 aliows the time-series of surface meteorology, measured path loss, and predicted path
losn:for a representative measursment period. Figure 7(a) Ls a time-merles plot of mensuvrad air
temparature (0), relative humidity (v), and wind speed (knota). Alro included in this flpure s
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the aomputed molecular absorption (dB), labeled as o, The time shown on the abac{ssa ix platted
in local time; hour 00 is assoclated with the tic mark abova the firat sharacter in the day label.
Capa in the data (around August 8) were dus to moftware and hardware fallures chat were manually
corracted,

In thin perlod, relative humidity was nearly always groater than 90 % and accompanied wirh
light winda, Seaa tomperature was falrly constant at abour 20 degrees Coleius. Fipure Joh) shows
the air-sea temperature differonca and the caleulated evaporation duct he {xiit. Diurnal changes
of about 3 degree Celmius in air temperature ars observed sarly in chin pericd ana become lesx
pronouncad later, Wind direction, Fig. 7(¢), shows some land-sea breor. sffacts up uncll about
August 4th when ths breoxe became fairly constant from the northwer:, Flg. 7(a) shows the
observed and predicted path loss., Predioted path loss is derives f.oum .4+ 2 the aalculated
sbaorption to the path loas aaloulated for the evaporation duct heiy .2 = a point.by. puint hasla,
Conaidsring that the propagation model assumes zpatial and temporal hor . oneity alsaiy the entive
40,6 Wn path, the time-series agresment bestween the observed and rpredicted p.th loss la
remarkable,

With no svaporation ducting, the estimated path loss is the sum of ths diffraction peth loas
and tha meleuuler abaorption. Tha diffraction loas for the path geometry iz 230 dB; the avarage
molacular absorption loss {s mesn to be sbout 35 dB (Filg. 7(a)): tharefore the estimated pach
loss with no evaporation duoting Ls about 283 di, From Fig. 7(d), the mverago obuarved path loss
1s about 225 dB, which iz 60 dB less than vhat is expectsd using normal ov 4/3 sarth propagation
prediction models, Howsvar, tha observed path loss is about 60 dB greatsr than the frea-space
leval (164 dB) which means that radar applications are unlikely unlass the target has a large
radat oroas-ssction,

ALL MEASUREMENT PERIODS COMBINRD

The crucial parameter that relates path loss to surface metsorologioal conditiens is
avaporation duct height, A meatter plet of dilferance batwesn observed and predicted path lous
in relation to calculated duot helght fa shown in Fig, 8. All 102 days of obaervations, more than
12,000 data points, ars included, Predicted path loss, on avarage, underestimatas observed path
losa by approximatsly 10 dB and, in the sxtremes, underestimatsa by naarly 40 dB and overastimatas
by 22 dB. A trend line, nomputed from a histogram of ncatter, indicates median etror. The tvend
is for error to {ncreass with duct height up to heights of about 5 m; median srror ia relacively
flet for higher duat hieights,

Wind spesd atrongly affects both evaporation duat height and surface roughness. Highar winda
genarally increase duct helght and inorsane attenuatlion dus to roughness, A scattar plot of
srror in path loss with relation to wind spaed ia shown in Fig. 9. A trend line Indicates that
median arror is about 2.3 dB fnr winds lesas than 1 knot and inoreasss to ~ 14 dB at about 5 knots
For winda greatar cthan about 8 knots, error ramains nearly censtant at about 14 db. 1t L
tempting to reduce ths ‘error bias by modifying vms bump haight because the surtace roughnoss
formulation in MLAYER is ona of the largest uncertainties at millimoter wavelengths. Howavar,
the measuremant program was designed to test for guoss anvironmental effects; a modification to
rms bump height or surface roughnoss formulation cannot be justified from thia data,

CLIMATOLOGY

L}

A comparison of observed absorption-frea path loss to predictions derived f£rom a moparate
olimatnlogy of svaporation duct heights {1) {llustrataas an appli ation of the propagation modol
to the assesument of a millimeter wave system, The avaporation :uot 2limatology is based on 1§
yaars of asurface meteorological obmarvations (normally taken . alips at sea) from whiech the
distribution of evaporatlon duct heights ware computad. All ocoan areas were analyred in L0° x
10° grida (Maraden Squares), For the San Dlego off-shore araa, the evaporation duct helght
fraquency distribution, Fig. 18, shows a peak for duct heights betwaeen 6 and 10 m. Duct heights
greatay than 20 m ars infrequent. Combining this distribution with the remults shown in Fig. 4
(0.25 m bump height), gives an accumulated frequency distribution vhich ia shown as a solid line
in Fig. 11, Observed abusorption-frea path loss is plotted on the same figure as a dottod line,
Free apace and diffraction fields are rafersnaed. Although the predicted path loss distribution
consistently underestimates the cbserved, it is clearly s better predictor comparad to assuning
a normal atmosphare representation cof the enviromnent, In the worst vase, it is only soma 10 db
loss than cobserved, whareas the diffarenco is about 4 dB at the 50 percent lavel. The ohsaerved
path lose reduction from diffraction exceads 63 dB half of the time; 90 porcent of the time tho
redustion oxceeds 3% dB, Both pradicted and obeerved diutributions show that path losw is 45 dB
less than the diffraction rafarance 100 percent of the time (the pcourrance of railn was negligible
during the measutements),

QONOLUBIONS

Low altltude propagation of millimeter waves at tanges beyond the vadie hori{gen is strongly
influenced by the evaporation duct; for the propagation path used, vecaived power lavels are on
the order of 50 to 100 d8 greater than the power levals expectad for propagation through a
nonducting or normal atmosphera,

A singla-station meamurement of autrface metsorology 1s adequate to analyze millimetar wave
propagation over the ocedan, On a point-by-point camparison, modeling typically underenvimates
obaervations by about 10 dB: the error {s probably dus to indomplats considerations of hoth
hoxirontal haterogensity and surface roughness affacts, Dir.ut sensing of the anvironment en tha
scale of kilomsters in the horizontal ard meters in the vertlcal Ls impractical, howsver
planatary boundary layer modals and remote wueneing techniques may, in the future, offer




congldorable improvement to the propagation analyais. The t rmulation of surface rouphnens i
tha propagetion moedl Iu one aves that iy actively boing exmmined for o wore - omplere
understanding,

I summary, the nerease [ recelved algnal strength due Lo thoe prescnce of the wvapuiabion
duct has been realistically modslad and provides an accurate estimato of actual millimetor wave
syatem performance, The significant system "gain" due to evaporation ducting Lls clearly an
impertant: consideration in the design stages of moderate range, over-water mlilimetor wave
syatama,
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Table 1 RF Systam Constants

Component Value
Transmlteer power 23 dBm
Tranamitter antenna gain 47 dB1L
Rocaldver antenna gain 47 dBL
Racoelver NF-to-1F gain 40 dB

Table 2 Surface Matmorological Senuors

Senaor Type Accuracy Rerpaonae
Aly temparature Platinum RTD 0.1 deg ¢ 10 gec
Saa tempesrature Platinum RID 0.1 dag C 30 sac
Relative humidity Cryatallita flber 6 % 60 nuc
Wind apoead Cup 1 s 1.5 m
Wind direation Vane 1 deg 1.1m

Table ) Dates of Maasuraments

Stare

End

July 29, 1986
Soptembar 2, 1984
October 7, 1986
November 18, 1986
Dacembar . 1986
January 13, 1987
May &, 1987

Juna 10, 1987

Aupust 10
September 11
Octobar 20
Novembar 23
Dacembar 23
January 30
May 14

July b

}
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————g
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DXIBOUSSION
M. LEVY .
Doesa difrfuse reflection from the rough sea surface centributa to transmission loss? Is
it modeled? It might explain the dimcrepancy between measurements and prediction.
AUTHOR'S REPLY

We presently modsl sea surface roughnass aftfects by simple moditfioation of the reflag-

tion coetficient, A rigorous apfroach is being incorporated into our treatment using
the parcbolic equation approximation,

J. BACH ANDERSEN

Do you assume horizontal homogenalty of tha duct, and could deviations explain the
obascrved path loss?

AUTHOR'B REPLY

Yes, horizontal homogenaity is assumad and this 1s clearly not always correct. Spatial
and temporal variaticns over the path maybe a major factor in explaining the differancaws
betwean the observed and predicted path luss, Howaver, our present modeling explains
the 60dB signal enha' :ement above what «ne would expect undar standard atmospheric
conditione and meams to be a gatisfactory first order approximation,

J+ RICHTER (COMMENT)

In rosponse toc Profespor Bach Andexsen'a question, horizontal inhomogenaity of duoting
conditions alonyg the path may certainly be one of the reasons for discrepancies betwson
calculated and moasured fleld strength values. Ducting paramstars were measursd only at
ona end of the propagation path and horizontal homogeneity was assunmed along the path.

D. HOHN

Are simllar effaects possible over land, under specific conditiens, like nelting snow,
after rain, ete?

AUTHOR'8 REPLY '

In my opinion, Jt is unlikely to see similar effects over land, The surface would have

to be relatively smooth over ranges of tens of kilometors and provide an unlimited
moisture source,
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