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Abstract

The signal of amicrowave radiometer observing aland surfacefrom space is compaosed of
surface and atmospheric contributions, bah of which depend onthe relief. For proper inter-
pretation d the data these eff ects sroud be quantified and, if necessary, taken into accourt.
Relief effeds are twofold: First, the path through the amosphere between the surface and the
sensor depends on the dtitude of the amitting surface, thus leading to a height-dependent
atmospheric influence. The dfed can be taken into ac@urt by standard atmospheric radiative
transfer modelsif the devation d the surface ad the amospheric state are known. Second,
and more relevant for the present discusson, is the variable topography of land surfaces, con
sisting of slopes, ridges and vall eys, sometimes with charaderistic dignments, and surfaces
surrounded by elevated terrain. These surfaces can interad radiatively, na only with the
atmosphere, bu also with each ather, lealing to the tendency to enhancethe dfedive anis-
sion. Under such circumstances, deviations occur from the standard hemispheric emisson d a
horizontal surface The interactions nat only depend ontopogaphy and emissvity, bu also
onthe bistatic scatering behavior. Spedal attentionwill be paid to the radiation enhancement
in alandscape of lambertian surfaces with elevated haizons. As an example, simulated data
for southern Norway are shown.

Introduction

To asesspoatential error sources in algorithms based on @ssve microwave data, the quantifi-
caion d al factors contributing to the measured microwave radiation is necessary. This paper
dedswith the dfeds of aterrain with variable height and with tilted surfaces onthe
measurement of microwave radiation by means of satellit e-based radiometers. Although these
eff ects can be quite significant for land remote sensing, so far they have not recaved proper
attention. An example of relief effeds are shown in an early image from Schaerer and
Schanda (1974 at 3 mm wavelength where part of the radiation from the mourtain is
reflected by the lake of Thun(Figure 1). Furthermore the anissonitself clealy deviates from
aflat horizon. Also shown isavisible version d the same scene. Relief eff eds are twofold:
First, the path between the radiation source & the surface and the sensor depends on the sur-
face #itude, thus lealing to areli ef-dependent atmospheric contribution. This effed isthe
topic of Sedion 2,where the radiation from a horizontal surfacewith aflat horizon at a given
atitudeis described. Sedion 3is devoted to avariable topography, consisting of valleys and
ridges; characteristic éfeds onthe passve microwave signa will be described andill ustrated
in Sedion 4.

Flat horizon

The dasscd geometry of remote sensing of the terrestrial surfaceis apair of half spaces
separated by ahorizontal surface, leading to aflat horizon. In this stuation there is no shadow
of any kind. The relief eff ects are determined by the dependence of the amitted radiation on



the dtitude h of the surface Blackbody radiation with a brightnesstemperature equal to the
physicd temperature Ty is produced in the lower half space, part of which is transmitted, and
thus emitted (Te) into the upper half space where it is ®nsed by aradiometer (Figure 2).
Radiation from the upper to the lower half space(Tsy) is much smaller than To. The p-pdar-
ized emitted brightnesstemperature T, above aflat surfacewith reflectivity rp, is given by

Te=eTo=(1-rp) To 1)
The upwelli ng radiation Ty, just above the surfaceis the sum of the radiation emitted by the
lower half space and the radiation Tgy incident from the upper half space and being refleded
at the surfacetowards the sensor:

Tup = (L-rp) To +1p Tay )
The brightnesstemperature T, at satellit e level isthe dtenuated upwelli ng radiation dus the
radiation emitted by the amosphere in the diredion toward the radiometer (atmospheric
scatering and atmospheric temperature inhamogeneity being neglected for simplicity):

Tp(0) = Typ t + Ta(1-t) 3)
wheret isthe amospheric transmisgvity in the observation dredionand T, is the tempera-
ture of the @mosphere. The dove equation appliesto the paarization and drection corre-
spondng to Ty,. In case of an inhamogeneous atmosphere T, hasto be cnsidered as an
eff ective temperature Ty, for upwelli ng radiation. For a plane-parall el atmospheretisgiven
by

t(h,0) = exp(-t1/cosb) (4)
where the zenith opacity Ty, is the verticd path integral of the @sorption coefficient a.(z)
through the @mosphere, starting at the surface The refledivity rp at pdarizationp = h, vin

(2) may be composed of a speaular, pdarized component rs, and d a diffuse, unpdarized
comporent rg:

r,=re,+T (5)
The following discussonis concentrated onthe derivation d expressons for T, depending
on poperties of the relief. We will assume that we can approximate the total reflectivity ry by
(5), wherers, isaperfectly speaular comporent andrg is alambertian comporent, i.e. dueto
aperfealy rough surface. In Ulaby et al. (1981,Sec. 4-16.2), r ,(6) andrq are expressed by
I'(8, p) and 0.255, respectively, where 0 is the observation angle with resped to the surface

normal, and p isthe state of palarization (p = v, h). According to Ulaby et a. (1981), T, can
be written as

0
(¢}
Tup(8,0) = €, (8) Ty +rg (6, P) T (6,h) + 4—2 [[Tae/ (05, @5, M) cosH A, (6)

where h isthe height of the surface #ove sealevel. Theintegra term in (6) isthe diffusely
scatered sky radiation, here to be called Ty; as aresult of Lambert scattering Ty depends only
on h. We asume that the incident sky radiationis unpdarized. For a plane-parall el atmos-
phere Ty depends on 05 and h, thus the integral in (6) can be solved for @ using

dQ, =sin6,d6.dd:
wl2

0
T, (h) = 0—20 [Tay (6., h) cost, sino,do, .
0

(1)

In case of an isothermal atmosphere & temperature T, with a csmic badkgroundT, we have

T§<y (es’ h) — -I-Ce—’th /COS@S + (1_ e—‘Ch /COSQS )Ta ’ (8)



Equation (8) can be used even for anonrisothermal atmosphere; then T, is an effedive ar
temperature T, ., for downwelling radiation (e.g. Métzler, 1992 Ingold et a., 1999. We
obtain
('50 nl/2
Ty T, = 70(Ta ~To) | @-e7/%°%)cosn, sin6,do, (9)
0

where o¢ isa constant related to the dieledric properties of the scattering surface. For an
opticdly thin atmosphere, the exporential in (9) can be replaced by the first two terms of the

Taylor series expansion e ¥/ ~1_ 1, /coshy, leading to
GO n/2
Ty-T, =70(ra ~To)th [sin0.d0g =ry -2ty (T, ~To), (10)
0

where o has been replaced by 4rq. As pointed out by Métzler (1987, the brightnesstem-
perature T, can be observed from the surfacelooking up at the incidence angle 6=60°,i.e. for
2 air masses. Proper integration d (9) leadsto

T, T, =r,(T,-T,)1- 2E,(z,)]
(11

where E; is the exporential integral of order n=3 (Abramowitz & Stegun, 1974. Eventualy,
we get

Tup = To€p (0) + Talp — (Ta —Te) e €XPE, /COM) + 1 2E5(xp) |, 12)
with e, +r,=1and r, =r, +r,. Another representation d T, isobtained if we write 2E;(tn)
as an effedive transmisgvity

ty = 2E3(t,) =explr,/cosHy) (13
thus defining 64 as an eff ective incidence angle for diffuse radiation. For an ogicdly thin

atmosphere (tr<0.2) we have 6,=60° thus cosH=0.5 (Métzler, 1987. Foll owing this repre-
sentation, we get

Tup = To€p (0) + Talp () = (Ta — To) frep (BL(O) + ety |, (14)
A simplification accursif 0 =0g; thent = ty and

Tup =To€p(0g) +Talp(84) — (Ta = Tc)rp(64)tq
(19

Now, since 64 is often between 50°and 60°and sincethisis also the cae for the nadir angle 6
of conicad scanning sensors on satellit es (SMM R, SSM/I, AMSR), this smplified formula has
been used frequently. The diff erence between (14) and (15) isnegligible if at least one of the
following condtionsisvalid (plane-parall el atmosphere):
e the @mosphereis sifficiently transparent (tq=1),
e Oz Oy,
o ry=0.
After having foundthe most applicéble expressonfor Ty, we can determine its value from
surface and atmospheric properties. Inserting Ty, in Equation (3) leads to the reli ef-dependent
radiation at satellit e level, i.e. the dependence of Ty, onh. Note that both Ty, and t depend onh.
It isto be expeded that this altit ude dependence can be adominant relief effect, if the
frequency is above 20 GHz, and if the height variationis sgnificant.



Terrain with tilted surfaces

In additionto the dtitude df ects on atmospheric radiation, there ae dfeds dueto tilted
surfaces. On the one hand, the local incidence angle of atilted surface depends onthe orienta-
tion d the surface with resped to the view diredion d the sensor, and onthe other hand, the
tilted surfacesimply avariable and elevated horizon degpending on azimuth, shadowing parts
of the sky. In these diredions the incident sky radiationis replaced by the radiation d the
elevated landscepe.

Because the scde of the relief is asaumed to be large with resped to the sensing wavelength,
both eff ects (at the large scale) can be described by geometrical optics. A facet model isindi-
caed, see eg. Schanda (1986,Section 4.3; such amodel was used to describe the microwave
emisson d the rough seasurface & mmwavelengths by Prigent and Abba (1990 who
asuumed each facet to be aspeaularly refleding surface éement. In contrast to their model we
alow, in acordance to Sedion 2,that the surface éements have apartly specular and a partly
lambertian comporent.

3.1 Emission from large-scale rough surfaces

Refledion onand emissonfrom alocd surfacefacet can be treated asin Sedion 2with the
exception that the surface normal n used to define the plane of incidence deviates from the
verticd z diredion by atilt angle o, oriented by an azimuth angle ¢ with resped to the global
plane of incidence (Figure 3). The transformation from the global to the locd plane of inci-
dence dfeds both the scatering geometry and the polarization. The locd angle of incidence
0, isgiven by

cosH; =sinBsino.cosp + cosH coso (16)
Furthermore the linear podlarizationis rotated by an angle ¢, given by
sing = singsina./sing, a7

After thereflectivitiesryi(4) and riy(4) have been determined in the local reference frame,
they can be represented in the global (satellit e-earth surface) frame, taking into accourt the
polarization rotation:
r(6) =ru(d) cos’e + ru(4) sin’ ¢ (18)
r(6) = ru(@) sin‘e + ru(4) cos’ ¢ (19
In aur choice of the refledivity, this transformation orly acts on the speaular comporentsrsp,
since rqy isindependent of incidence angle and pdarization.

3.2 Shadowing effects

When we spe&k abou shadows we have some adive, directed ill uminationin mindfor a

given incident ray. Therefore it may not be quite dea what we mean in the present case of

passve microwave radiation. First, the amncept can be generalized to include diff use radiation
by adding the contributions to the radiance in the observation dredion scatered from all i nci-
dent rays. Theincident radiationis distributed over the half space @ove the locd facet.

Seoond,the ancept can be gplied to passve radiation by Kirchhoff’ slaw where enisson

corresponds to absorptionin aredprocd ray, i.e. orethat istransmitted by the radiometer. By

doing so, we find the foll owing effeds:

e The surfacefacet appears enhanced or reduced in size (i.e. view solid angle), or iseven
hidden from a given view diredion, depending onincidence angle, slope and aientation of
the facet.

e Shadowing eff ects include radiation reflected by the surfacefacd, i.e. radiation emitted by
some devated part of the relief which isincident onthe facet. This shadow radiation
replaces the radiation form the hidden sky. It means also that the incident radiationis
compaosed of asky term and o aterrestrial term.



Both effeds are to be described here, starting with the former, seeFigure 3. For avisible
facd, the contribution to the received radiation depends onthe solid angle Q@ under which
the facet appears; it is given by the relationship Acosd|/R?, where A isthe true surface aea
of the facet and R isthe distance to the radiometer antenna. A surface aeais usually

represented onamap by its projection A, onahorizontal plane. If we use this projeded area,
then we get

nggﬁﬁ. (20)
cosa

Now, the total signal at a given pdarization colleded by the radiometer antennais a beam-
weighted sum over the radiation from al facds (numbered from j=1 to n) within the antenna
footprint:

1 n
D To(A)-Q; (21)

total j=1
The @ove summationislimited to the neaest face per line of sight, taking the dosest oneto
the radiometer.
The remainder of this sdionwill be devoted to the estimation d the former eff ect, assuming
that the surfaceis a Lambert scaterer (ry= rn= rq). Let usconsider ahorizontal profilein
some diredion x through alandscgpe & $1own in Figure 4. The profile dements are straight
lineswhase ends have x coordinates X, Xp, X3, €tc. The landscape is smplified to table moun
tainsin ahorizontal plain. The quantity of interest is the zenith angle 6y of the horizonto the
right in Figure 4 at position X (Xo < X< X4). Theslopetangent b of the dashed line, i.e. b(X)
= cotby is given by

Tb,total =

(h,—h) (xX=%). , _
;X < X< X
(%) (G- °
hz_hl. <y<
b() =) x—x' 210 22
M; X, < X< X,
X3 =X,
0 ;X3 SX<X,

The sky radiationis limited to incidence angles 6 smaller than 6. For larger angles, enhanced
incident radiation at brightnesstemperature Ty, appears from the devated landscape. Let us
define the total upwelli ng krightnesstemperature by T, (total) as the sum of the radiation
from aflat horizon, Ty, (Sedion 2, plustheincrease ATy, i.e.

Tup(total) = Typ(Sedion 2 + ATyp. (23
The increase describes the enhancement, resulting from Ty, being lager than Ty
2n 0 ax nl2
ATp= 1o [dB [T(x.0)cos0sinddo- [Ty (6)cosdsingdo (24)
T
0 0, 0,

The angle 3 isthe a&imuth angle of the surface-profile diredion. The upper limit in thefirst 6
integral is denoted by Onux. Thisvalueis /2 for ahorizontal facet, bu for atilted facet, Omax
may be larger or small er depending onthe orientation d the facd (i.e. the integration hesto
include dl incident diredions of the locd facet). Note that values of 6 and 6. depend on
azimuth .

Let us add a comment for the case of a partly specular facet: The @ove expressonfor AT, is
still valid as long the speaularly reflected component emanates from the sky. This stuation
can easily be dhecked at least for horizontal facets. In ather situations where specularly



reflected radiation emanates from the surface dements, aray-tradng technique has to be
applied to include dl multiple refledions and emisgons. In a statisticd sense the overall
appeaance of avery roughsurfaceis one that behaves more and more like alambertian ore.
Now we return to Equation (24) to estimate the increase AT, for alambertian facet. In the
simplified case of a horizontal face at the lower altitude h; where 6p=1/2 we have

2n  wl2
ATy = % [dp [[Tia(x,6) Ty (6) Jcosbsined (25)
0 o,

In order to estimate an upyer limit AT,pmax Of ATy, We asume that the devated surfaceis a
bladk body at constant temperature (Th,=To). This stuationis approximated, e.g. by aforest-
covered hill . These simplificaions lead to
RAUSLE _
ATypmex = ————22 jdﬁ oS’ Oy = 1y (T —Tgy )OS O (26)
2n 5

where the horizontal bar in the last expresson means averaging over azimuth . With this
expressonit israther simple and straightforward to compute AT p max Using a Digital
Elevation Model (DEM). The key quantity is cos’0y; it can be computed from b(x):

1
cos 0, =
: 1+b2

Let us assume ahilly relief with an effedive angle 0y of 70°,thus cos? 0y = 0.12.In order

to produce anaticeeble increase AT, the diffuse reflectivity rq has to be large enough. For rq
=0.2andfor To-Tay = 260K, the crredionterm ATy, max iS6K. The dfed gets gronger as
the ruggednessof the terrain increases. In an areadominated by steep slopes the azimuthal
average of cos?0y within deep valleys may reac 0.5.Since such regions have limited lateral
extent, their overall contribution to the radiometer pixel value may still not be very important.
In afurther situation we assume that besides a amnstant surfacetemperature T, the surface
reflectivity rp, iseverywhere the same and given by rq. Then, if the zenith opaaty is 4ill
negligible, ATy, bemmes

ATup = Tq(L—1g)(To — Tgy )OS Oy (28)
The diff erence with respect to (26) isthe alditional fador (1-rg). If the refleding facet isa
tilted surfacewe can still usethe ébove expressonsfor AT, however, with 6y being the
locd angle of incidence of the horizon.
At low elevation angles, atmospheric emisgonis often na negligible. Increasing aimospheric
emissgonincreases Ty andthusreduces AT, to values closer and closer to zero. Simula-
tionsof ATy, using DEM andredlistic amospheric datawill quantify the ad¢ual behavior.

(27)

An example
Asanillustration o purerelief effects (i.e. of the geometrical fadors), let us consider the rug-
ged terrain of southern Norway. The relief is snown by the DEM in Figure 5, and Figure 6

shows the omputed values of cos’ 0 whose range extends from O to abou 0.3 with
extremes upto 0.4.Roughly spe&king, Figure 6 looks like anegative of Figure 5. However,
ona doser look, there are significant differences. The main valleys and Fiords clealy seenin
Figure 5 aimost disappea in Figure 6 where the brightest areas are foundin small and rarrow
valleys, e.g. in the upper left part of theimage. The extended mourtain areain the southern
part are practicdly unaffeded. The other parameters of interest are the local incidence angle
0, and the pdarizationrotation angle ¢. Instead of 6, itsdeviationfrom 6 is fiownin
Figure 7 for southern Norway, and Figure 8 shows ¢ of the same region. These data are of
interest if the refledivity depends onincidence angle and pdarization,i.e. for the speaular



comporent rsp,, but not for lambertian surfaces. The radiometer asped diredion was taken
from an average descending SSM/I orbit. Figures 6 to 8 were creaed from Figure 5 with a
software padkage of Frew and Dozier (1989.

Conclusions

We mnsidered relief effeds on the upwelli ng brightnesstemperature Ty, at the surface and
onthe brightnesstemperature Ty, to be observed above the amosphere. At frequencies of
relevant atmospheric atenuation, major effeds result from the variable amospheric contribu-
tions due to their dependenceonthe dtitude h of the emitting surface. Additional effeds
occur due to the shadowing of sky radiation by an elevated haizon. For lambertian surfaces

this contribution can be estimated from cos? 6, . The formulas were derived for surfaces

whose refledivity can be described by a partly speaular and a partly lambertian scattering
behavior. The shadowing effeds of ahilly terrain with an elevated haizonwere computed for
lambertian surfaces, and as an example the situation d southern Norway was siown. The
effect can be expressed by anincrease AT, of Ty, Theformulasfor ATy, are dso validif a
speaular comporent exists, as long as the specularly refleded rays do nd lead to an additi onal
increase of Ty,. A ray-tradng methodis required to model multi ple speaular reflections. In
addition to shadowing eff ects, tilted surfaces lead to changes in incidence angle andto arota-
tion d the plane of linear paarization.
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Figuresto:
Relief effeds for passve microwave remote sensing by Christian Métzler and Andy Stand ey

Figure 1: (a) Microwave 94GHz and (b) visible relief effects at Lake of Thunwith Mourtain,
Niesen (from Schaerer and Schanda, 1974
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Figure 2: Emitted brightnesstemperature Te in dredion towards aradiometer above a
horizontal surfaceof emissvity e,=1-r, (p = polarizationh or v) at physicad temperature T,
illuminated from sky by Tgy.
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Figure3: Local | andglobal incidence anglesonasurfacetilted by angle
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Figure 4: Profil e through a simple landscape to ill ustrate the horizon at position x.



Figure 5: Digital elevationmodel of southern  Figure 6: Values of (cos y)?in southern
Norway, resolution 1km (horizontal), 100n  Norway.
(verticd)

Figure7: Change |- of theloca incidence Figure 8: Rotationangle of linea
angle for SSM/I by therelief in southern polarization for SSVI/I by therelief in
Norway. southern Norway.



