Mot §994 GAO BT Al

Possible Near-IR Channels for Remote Sensing Precipitable Water Vapor

from Geoostationary Satellite Platforms

BR-C.GaO®

Conter for the Study of Earth from Space/CURES, University of Colorado, Boutder, Coloradn

A T Gorz

Corer fior the Stady of Earih fropy Spice /CIRES, and Depaitment of Gooiogfeal Scienees. University of Colorada. Boulder, Colorado

kD K. WENTWATUR

NOAZERL 7 Weve Propugaiem Labaoratory, Bowlder, Colorado

J. B CONEL AND R Q. GREFN
Jut Propudvion [ obuorgiory, Pasudena, Calitraa

(Manusript aceciveet 20 duly 1992 10 G Forie 26 January 1993

ABRSTRACT

Remote sensing of roposphenc water vapor profiles faom current geostationary weather saleilites are made
using a fow hroadband infrured (TR channels i the & 13 un repon, Uncertainties gréuter than 20 exist in
derived water vapor values just above the surfage from the IR enmigson masurements, In this paper, we proposs
three neur-IR channcls, ane within the 0.04.an witer vapor band absomption region, and the other two in
nearly wnuspheric windows, for remate sensing of precipiable wider vapor over Iy ureas, eaciuding lakes
and rivers, during daytime from future prostotionary satelliie plattorms. The physical principles are ux follows,
The refloctance of most surfdee arpts varies appravimately Tnearly with wavelength near | um. The solae
vadiation on the sun—surfice-sensor ray path is attengateil by atmospheric water vapor. The ratio of the radianee
from the absorption channel with the radumces (om the two window channels cemoves the surfuee reflectance
Cllgets a0y yickis approaimately the tgin emospherke waket vapor irmsmiance of te absomiive ¢hangl,
The inteprated waler vapor amount (rom prsand to spixce can be oblained with o procision of betier thun 3%
from the mean tnsoiitance. Recuse sntine reflectnees vary stowly willt fime, lemporal vasation of precipitable
wirter vapor van be determined velinbly, Hiph spacial resolotion, srecipitable water ~apor imnges are denved
from specinad daty colfecied by The Aborne Yisible: Infrared Tnaging Spectesmieter, which measures solar
culintion veleoted Ty the surtiee in the 04 3 8 0m repion in 1000 ehannels und has a pround instantancous
ficld ol view of 20 m Crom s plattorm on an R aireratlad 20 ko, Phe propoased near R rellectanee technigue
would complement the TR emission lecholques for semnote sensing of water vapor profiles from genstationary
satellitg plattorms, especilly in the Doumdary layes Where moest ol the witer vispor 18 leated,

1. Introduction space s referred 10 as the column water vapor amount,
or as the precipitable water vapor,

Present suteltite capabilities in remote sensing of wa-
ter vapor have been summarized by Starr and Melf
(1991}, The V isible~Infrared Spin Scan Radiometer
( VISSR) Atmospheric) Sounder (VAS) on the current
Geostationary Operational Environmental Satellite

Tropospheric water vapor is quite variable both
iemporally and spatially. Frequent measurenments of
water vapor vertical profiles at good venticad and hor-
izontal resolution over large geographical areas are
useful for meteorological applications. The geostal ion-

ary satellite platforms are most sutable for | reg uent
measurements with large area coverages. i his paper,
The integrated walcr vapor content rem ground to
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(GOES) typically provides data at a temporal vesolu-
tion of approximately 90 min and with a spatial res-
olution of upproximately o km, and was originally
designed mainly for remote sensing of atmospheric
temperature profifes (Rao ctal, 1990 ). However, a few
broadbund channels in the 6=13-um region also have
s)ensilvity W water vapor, and s split window technique
(Chesters eral, 1983y has been vsed in deriving mois-
ture fields, Sinee ! 987 a physically bascd techuique
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(Mayden 1988 ) has been wsed for operational retricvals
of both tomperature and water vapor prafiles it coarse
vertical Fes0h ut inn, The results show clearly t he capa-
bility for observing large-scale temperature and mois-
ture structures, The main weaknesses are the bias crrors
in the ret rievals, t he dependence on the first guesses,
and the effects of clouds, So far, limited quantitative
information on water vapor distribution has been de-
rived from GOES VAS measurements ( Starr and Meih
1991).

The current operationad h'rfritrcd-microwave
sounding system (YOVS) on polar-orbiting platforms
wit.. designed for remote sensing of' temperit wie and
waler “vapor profiles at a temporai resofution of” ap-
pruaimately six hours. The High-Resolution [afrared
Sounder ( HIRS-2) of TOVS has nearly twice as many
channels as VAS. Water vapor profiles have heen des
rived from measurements in five broadband i nfrired
channels botween 6 oand 14 pm. These chantiels also
have tenmiperature sensitivity. A physically based tech-
nique (Susskind et al. 1984) has been developed for
retrieving lemperature and water vapor profiles (rom
TOVS measurements. The uncertainty of the retrieved
column water vapor amount is approximately 4 200,
The uncertaintics of waler vapor verucal profiles at
different pressure levels are larger than 20% ( Starr and
Melfi 199 | ). Although HIRS-2 has more channels than
VAS, the retricved water vapor profiles also show de-
peadence on the fkst-guess temperature and water va-
por proliles, with the greatest Jependence close to the
surface (Reuter etal. 1988).

The next gencration of geostationary weat her sut-
cllites (GOES 1-M series ) ( Rao et al 1990) will hove
improved imaging and sounding syxioma ) he sonned
ing systems will have 1 8 IR chanoels, similarto those
of HIRS-2, for remote sensing of tempxerature and water
vapor profiles. Therefore, the capability 017 remote
sensing of water vapor profiles from GOES =M writs
satedlites is expecied 10 be comparable 1o that of the
current HIRS-2,

In lbis paper, we discuss the possibility of remote
sensi ng of column water vapor, mostl y located in the
boundary layer of the atmosphere, from measurenients
of solar radiation ncar ) umreflecled by kind sus faces
from geostationary satellite plat o s,

2. Remote sensing of water vapor using the 0.894.um
band

Remote sensing of atmospheric water vapor from
the grou nd has heen achieved hy measaring | ransmitied
solar radiation in two ncar-IR channels ( Fowlc 1912
Voliz 1974; Bird and Hustrom 10%2), One channelis
withint he 00.94-um water vapor absorption basd, and
the other ts a window ¢hannel near 0.86 pov, The ratin
of thh rudmnu. from the absorption (.hdllll_lk  with lh(

. LY . AG‘Q-O‘A‘—!—",l rha

almoaphunc water vapor transmittance mult i pi ied by
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aconstunt. The constant is equal to the ratio of the
exoat tospherie solar irradiance at the absorption
channel to that at the window channel, The amount
of water vapor is derived from the transmittance.

Remote sensing of water vapor from an aircrafl
phuform has been made from measurements of solar
radiation near 1 um reflected by land surface targets
(Gao and Goetz 1990: Frouin et al. 1990). Column
water vapor with a preelsion of better than 3% has been
obtained (Gao and Goetz 1990) from airborne imaging
specirometer data by gurve fitting obscrved spectra with
caleulated spectea in the 0.94- and the 1, 14-pm water
vapor band absorption regions using u nonlinvar Jeast-
squares fitting technique. During the fitting process the
surface reflectances are assumed to vary linearly with
wuvelength in t he two water vapor hand absorption
rgiong A recent comparison (Gao et al, 1992) of water
vapor retricvils from airborne imaging spectrometer
data using the curve fitting technique and water vapor
vetricvals {from ground-based upward-looking micro-
wave emission measurements has shown that the results
frora the two kinds of measurements agree 1o 0.1 cm
whenibe atmaspheric column water vapor amount is
approximately (L'cm.

Column water vapor has been derived using the so-
catlea “differential absorption technique™ ( Frouin et
al.1990), In this technique, the solar radfation reflected
by the catdh's suiface is measured in two near-IR chan-
mels centered al the same wavelength of (),935 am but
with Jifferent widths. The width of the narrow channel
1517 NM, and that of the broad channe! 45 nm. The
1wao channels have different sengitivities to water vapor
changes, espectally when the amount of water vapor
inthe atmosphere is small. The ratio of radiances from
the two channels is nearly independent of surface re-
fectanees. A test of the teehnique using data measured
froru :Iow-llynngdxrcraﬂ platform gives column water
vapor mwnunlwuha precision of approximately 15%,
‘The lower precision ol this teehnique, relative to that
ol the curve fitting tcchnique. is due 10 the fact that
hoththe narrow and the broad ¢channels have sensitiv-
ftics 10 water vapor changes and the two.channel ratio
is 1 herefore less sensitive 10 water vapor changes.

3. Selection of near-1R channels for geostationary
satellites

The cueve fitting technique tor deriving column wa-
ter vapor requires measurements of reflected solar ra-
diation at high spectral resolution so that the shape of
the water vapor trend esn be resolved. This, in tam,
reqQ uires spectral measurgments in approximately 20
channels at0-n m resolution, o cover the whole (1.94-
it water vapor absorption region and nearby atmo-
spheticwindow regions, It is not practically feasible in
the near future to add thls many near-l R channels o

et Cpnoe ol u"-—-u..uu—u.c T
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For column water vapor amounts ofa4+daast 4 cm,
the radiance from the 17-nm nanow chamnel usce in
the differentia) absorption technigue ol Frouin et al.
(1990) is very small because of the saturated water
vapor absorption. The saturation cffect is turther dis-
cussed in scction 3b, If the widths of both narrow and
broad channels arc increased. the differential sensitivity
to water vapor, and thereform rotnieval sensitivity, is
lost. Therefore, the differential absorption (echnique
of Frouin ot al. (1990) is not appropriite for remote
sensing water vapor [rom geostationary satellite plat.
forms.

We propose the use of three neur-IR channels, once
within the 0.94-um water vapor band absorption re-
gion, and the other (wo in nearby atmospheric win-
dows. for remole sensing water vapor over land arcas
from future geostationary sawllite platforms. The
technique of remote sensing water vapor from space
deseribed in ahis paper is sefened o as the “ecflecrance
technique.”™ The reasons for making this choice, that
is. onc absorption channel and two window channels,
will become ¢lear Later, In order 10 properly sefect the
potitions and widths of the three nearcdR channels, the
absorption and scattening properties of the atmosphenic
gases and aerosols. the channel sensitivities to water
vapor, the surface reflectance properties, and the long-
term variations in spectral responses of satellite instra-
ments must be taken into consideration.

bpoclvs s

a) Absorption and scattering properties near 1 pmn

The radiance at a dJownward-louking satcllite scnsor
can be written (Bsaias ¢ al. 1986) in a simplificd form
us

Loenan (N) = Lo OO TOORINY 4 L (N) (1)
(R by, e weshireoia ot S sl R

sphere. 7°(A) is the ol aumospheric ransmittunce,
which is equal 10 the product of the atmospheric trans-
mitianee tom the sun 1o the carth’s suctuce and that
from the surface to the satellite sensor. R(X) s the
surface bidireetional rofloctance, and Lpun{\) is the
path-scattered radiance. The first term oo the right side
of Eq. (1) is the direet reflected solar radiation, £,
is used 10 represent this component: Loyl A/ Lo A)
is defined as the apparent reflectance R¥(CX)Y in this
paper,

The T(A) containg information about the total
amount of water vapor in the combined sun- surface
sensor path: Ly (A ) is a known quantity. Near | gm,
Rayleigh scattering is negligible and the main contri-
bution to Ly, A) 18 scattering by acrosols; /.,,,( ) in
the leum region is usually about 10% of the direet re
flected solar radiation, Because most acrosols are fo-
cated in the lower 2 ki Of the atmwospheie and the
same is true for atmospheric water vapor molecules,
the single and multiple scattered radiation by acrosols

BT AL, 003

is also subjected 10 writer vapor absorption. As a result.
Loun( A ) containes water vapor absorption features ( Grao
and Goet2 1990), We assume that L A ) can be
treated approximately as a fraction of direct reflected
solar radiation when the aerosol ¢concentrations are low,
This assumption altows the derivation of column water
vapor amounts trom satellite data without the need of
modeling single and multiple scattering effects,

h) Sensitivity of the 0,94-pm water vapor bard

According to labal ( 1983), the monthly means of
columnwate vapor in diffcrent parts of the United
States are typicaily in the range 0.5-4.3 cm. Figure |
shows the calcolawed tolal atmosphoeric gaseous trans-
mittance spectra in 2 sun-sutilcc-sensor ray path for
column water vapor amounts of 0.6, 1.2, 2.5, and$§0

emin the 0,81 Bum region, The calculations were _,

tosr asolar vonith angle af 60° and for an observational
zenithangle 017457, The two angles arg relative 1o the
localvertical direct ion of the surface pixel { the ground
instantancous ficld of’ view) being viewed. The ¢ulcu-
attons used th e midlatitude summer atmosphenic
mode) of LOWTRAN.6 (Kneizys ctal, i 983) with the
tolal arnount of water vapor in the model king scaled
by appropriate rectors. “1 ‘he calculations used the
Malkmus (1967 ) nuerowhand spectral model with the
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Ui U Calenlingd atmosphadie gascous transmittance spectru in
the .8 1 e reggon for a sunwsurlaceesatellite ry path at ditizrent
waler vapar dmounts. The four curves from the 1op 10 the boltom
covvespand 1anhiimn walier vapor amounts o 046, 1.2, 2.8, and §.0
con, tevpectively, i caleulations were made for a solar zenith angle
of Ak an abservational zenith angle of 45°, The calculations
usedd Ihe midimitnde summer model of LOWTRAN6 ( Xnelzys ot
al. TRV with the total amount of water vapor in the mode] heing
sealed by appropriae factors. The bandousses of the droposed Wwo
window’ channels centered at 0.865 and 1.04 um and one water vapor
absaption channel ceatered 210935 wm are marked with thick hor-

Veveniul Jiew s,
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Reftectance

2.9

Wovelength (um)

Ficr, 2, Typieal il vofloctonce curves for five mujor soil types
{Condit (970: Stoner and Baumgartner 1980): 1) onganic dominated,
maderidely fine texture; (2) organic affected. moderatety course 1ex-
ture; {3 ieon dominated Litertcstype soil (4. 3 itone amd o
rich soil, respectively, The vertical dashed fines represent the (94,
g watest vapor hamd fegion,

modcl parameters having a spacing o' 2.5 am, The two
narrow regions around 0.865 and 1.04 xgm have litte
gascous absorption; these regions are ofien reterred 1o
as the atmospheric windows, In the absorption region
between approximately 0.89 and 1.0 um, the absorp-
tion varies significamly. The strongest absorption -
curs at 0,935 um. As the column water vapar amount
increases from 2.5 10 5.0 cm, therc is little chaage in
the peuk absorption at 0.935 um. Thir in1he suturation
¢ifect mentioned previously. At wavelengihs near 0.90)
and 0.98 um, the absorplion it much weaker than tha
sirdng absorption aegtoh arbuf vy am ‘has the
greutest sensitivity 1o water vapor changes for condi.
tions of column waler vapor atnounts less than ap-
proximately 1 em (Kaufman and Gao 1990). while
the weaker ahsorption regions around 0,90 and 0.9%
M Are More sesitive 10 water vapor changes for con-
ditions ot column water vapor amounts greater than
approximately 2.5 em.

. Properties of surfuce reflectances near 1 pm

In order 1o derive information on atmospheric water
vupor from satellito measuroments of colar radiation
reflecied by land surface, the surface rellectance prop-
ortivs must be taken into consideration. Maoxt Land s
covered by cither soils. rocks, vegetation, snow., or ice,
Figure: 2 shows reflectance curves of hve major types
of sod (Condit 1970; Stoner and Baumgardngr 1980).
The reflectances over the 0.94-pm water vapor hand
ahsorption region change approxinucly lincarly with
wavelength, Similar lincurity is observed in refloctance
spectra of common rocks and minerals, The farpest
deviation from lincarity is observed in veflectance
spectra ot iron-rich soils and mineruls. These materials
huve broad clectronic bands, which are related 1o e
transition and are centered e 0.86 gan, Caive 3 in

VoluMe 0)

Mg, 2 shows such a broadband feature in the spectral
region bet ween approximately 0.8 and 1,25 um,

Figure 3 shows vegetation and snow reflectance
spectra. These were oblained from surface refloctanoe
spectra compiled by Bowker et al, (1985), and corre-
spond to their numbor 6 1 and number 144 spacira,
respectively. The vegetation spectrum has a liquid water
bund centeredat approximately 0.98 um. The snow
spectrum has an ice absorption band ¢entered approx-
imately 911.04 um. For comparison. Fig, 3 also shows
a calculuted water vapor teansmittance spectrum. The
positions of water vapor, liauid water, and ice absorp-
tion haads are relatively shifted. The shilling of the
vibrational bands is due to increases inintermolecular
torces as the witer molecules become more organized
in the liguid and solid states (Bunting and d'Entremont
1982).

o) Instriment charaeteristics

U nder the vacuum cnvironment in space, the band-
passes of interference filters may change gradually, The
ndpasses tend (o be shifted or broadened toward
loager wavelengths (P. N. Slater 1989, private com-
munication ). The shifts can result in changes in moan
atmosphene transmission properties over the band-
passes, and therolore affect retrievals of eolumn water
vapor amounts from near-JR radiance measurements.
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Ficis 3, Faumples of a vpleukated waier vapor transmittance sped-

trunt and measured reflecianve spegtrn of vegetation and snow, The
witlee YA 1ZIesniLanc, speetrum is the 3ame a3 the specirum in
Fig, 1 wish colunn water vapor amount of' 1,2 em. The vegetation
Al now reflec e spectva are obtained feom Bowker et al. { 19RS)
amd corsespond ny their number 61 and aumber 144 spectra, re-
spevtvely, "The land centers of water vapor (~0,94 um), liquid water
Cotb 0% m), and dee (a1 04 ;em) are relativety shiftsd, The hande
pases of the proposed two window ¢hannels centered ai 0868 and
L0 wm und one wader vapot absorption channel centered at 0,938
w0 are ko marked with thick horizonial nes,
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The changes in bandpasses are usually not monitored
on sateilites. Recent lubaratory studics showed that the
bandpasses of some interference tillers did not change
in the vacuum environment (V. J. Kaufman 1902, pei-
vale communication),

¢) Channel select ion

The previous four sections can be summurized as
follows. For a satellitc measuring solar radiation re-
flected by land surface targets near | am, Laea(N) is
usually 0% of Lycaar{ A} and Lan(X) 18 typically 10%
Of Lpamar{ ). Under the conditions ol low acrosol con-
centrations. the Ly, 2) ¢an be treated approximately
as a fraction of direct reflcetead solar radiation. Within
the 0.94-um walgr vapor band absorption region, the
0.935-u sulﬂgii.o: 15 Most sensitive (o water vapor
changes 0 dry conditions, and regions near the (wo
edges of the 0,.94-um waiter vapor bund are more ren
sitive to waler vapor changes in moist conditions, The
window regions noar 0,865 and 1.04 xm have litle

atmospheric gaseous absorption. The rellectances of

many surface targets in and around the 0.'04”“'“ wilter
VROTOHE O VTSR SO QU s
carity arc obviows for iron-rich soils and mincrals, veg-
ctation, and snow. The bandpasses of fillers on a sat-
cllite instrument may change with time, These factors
need 10 be considered in the channced selection process.,

Based un the assumption of lingar surface refee-
tunces and on the assumption that the path radiance
cun be treated as a fraction of dircet veflecied solar
radiation, it ¢can bhe seen that if 2 satellite has theee
near-lR channels. one absorption channel within (he
0.94-pm water vagxyr band absorption region, one win-
daow channel near 0.865 um, and another window
channel near 1,04 am, then u ratio of apparent reflee-
tance of the absorption channcl with 2 proper com-
bination of apparent rellectances ot the two window
channels removes the surface reflectance effects. and
gives the meap water vapor transmitance of the ate
sorption channel on the sun-surface sensor my path.

1n the chunnul sclection progess, we have assumcd
that the bandpasses of channels may drift to longer
wavcelengths by 0-5 nm. We have required that a §
nm shift in bandpasses of the sclected channels must
cause relanvoly small errors in column waler vapor
derivations. The bandpasses of our selected sibsorption
channe! and window chanacls are shown in Figs. | and
3. The selected two window channels ore centarid it
0.865 und 1.04 um, respectively, and have the sume
bandpuss of 30 am. This seleetion ensures that after
shifting the bandpasses of' the two window chaacls to
longer wavelengths by 5 am the bandpasses of bath
channels will remain in the atmospheric window re-
gions. The selected water vapor channgs is ceaterad af
0.935 um with a width of B0 nm. The mean transmit
1ance over the bandpass of the waer vapor chimmel s

GAO KT AL
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also relatively insensitive 10 2 S-am shift in the bandpass
16 longer wavelengths. This is beeanse after the band-
ass shifling the decrease in transmittance neur the lefl
«idn of the handpass of the channel is somewhat com-
pensated by the increase in transmittance near the right
side of the bandpass Of the channel. The reasons for
selecting a broad absorption channal are as follows.
The broad channel allows more energy 10 be collected
atgeostationury altitude than a narrower channel, The
broad channel contains the center portions of the 0.94-
um water vapor band, which are very sensitive 1o water
vapor changes under dry conditions, and the edge pop
tlons of the water vapor band, which are sensitive to
water vapor changes under moist conditions. As a re-
sul, the single broad channel bas sensitivity to water
vapor changes under both the dry and moist conditions
A throe-channci ratio computed from satellite-men.
sured radiances based on the equation

L R*0.935 um)
T RY 0.865 wm) + €5 R*(1.04 um)

(2)
iiiLTNOY vor T B OO IOl P CRAmR:

mEq.(2), the constunt ¢ is eyual 100,6, and C20.4.
The two constants are determined from the center po-
sitivus of thu three channels, The column watcr vapor
amounts can b obtained from the three-channel ratios
using. for example, the method deseribed in section S,

RATIOW.

[ Sienwd-io-nowse estimation

The cstimates of signai to noise ratios of the three
proposed ncar-IR channels arg hased on the parameters
of GOES I-M series satellites ( Rao et al. 1990). As.
sumplions used in the estimates include: satellite alti-
e of 33 800 km: solar zenith angle of 60°; obser-
vitional zenith angle of 43%: mean surface reflectance
of 0.3;meansurfluce to sensor transmittances of 0.9
for the two window channcls and of 0.5 for the water
vapor absorption chaanel; silicon detectors for the
window channel at 0.865 um and for the absorption
channef at (0,935 pm; germanium detector for the win-

dow channel at 1,04 um: optical ethiciency of 0.2, that

is 20% of the cacrgy arriving at the front a7 theopticak” |7,

aystem will reach the detedtors; and detector integration
time of 0.1 s, The solar and observational zenith angles
are reutive 10 the local vertical direction of the surfuce
area heing viewed, instead of relative 1o the position
of the satellie, The loca zenith angles determine the
1oLt length of sun-surface satellite ray path in the at.
masphere. Table | gives estimated signal 10 noise ratios
for the thiee proposed acar-IR channels for 2 X 2, 4
» 4, and 10 X 10 km?® of the ground instantancous
ficld of view (GIFOV), The corresponding signal 10
noise ratios of the three-channel ratio are 250, 1000,
anid 6290, iespectively,
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TaBLE L. Extimated signalstoenise riiiog
for the three proposed near-lR chunnels,

S/N for GIFOV
Channe! cenigt . ——
position (um) 2% 2km? 4 X Akny 1% 10 km?
0.865 600 2400 15
0935 275 1100 6.878
1.040 600 W0 15 DOK)

4. Sensitivity and error analysis

W evaluate errors in column waler vapor derivas
tions from radiances of the three proposed near-1 R
channels duc to 1) finite signal 10 noise ratio ot satetlite
radiance measurements, 2) nonlinear surface reflec-
tances pear | am, and 3 ] drifiy ot saeellite channel
positions by 5 nm.

d. Sensitivity of theee channel ratio
Figure 4 shows the calculated three-channel ratio
RA 1104 (3)

. Tmrm\( 0,935 Mm)
Cy Tinaun(0.865 um) + CaTean{ 1.04 um)

as a luncuon of column water vapor amount using,
atmospheric itnd spectral models. InEq. (3).
Tocan (0933 um) s the meun transtuitance gver the
handpass of the absorption channcl, Taen | 0.865 umi
and Tinean( 1.04 am) are the mean transmittances aver
the hundpasses of the two window channels, respec
tively, Figure Su, which is obtained from the three.
chunnel ratio sensitivity curve in Fig, 4, shows absolute
column water vapor errors for o | % ervor inthe three-
channel ratio u nder conditions of column waler vapor
amounts in the 0. S~54cmrunge. Figure $h shows the
relative column water vapor error as afunction ol col
umn water vapor amount. Although the absolute col-
umn water vapor error in Fig. Sa increases as the col-
U MmN water vapor amount increases. t he opposite is true
for the relative column water vapor error in Fig, St. 1t
i$ seen from Fig, 56 that for medium conditions with
column water vapor amount in the 2,0-2.3%cm range,
a | % error in the three-channel ratio causes an error
ol approximately 2.5% in the derived colum n water
vapor amount, This relationship is used in our column
water vaper ¢rror analysis later.

h. Errors due to fieite sigoad 10 0aise reatios

Based on the signal 10 noise ratios piven in Table t
and the sensitivity analysis above, crrors in cotumn
water vapor derivations are estimated to be approxi-
mately 1%, 0.25%, and 0.04% for pixel sizes ot 202,
4 X 4, and 10 X 10 km?®, respectively. For the pixe)
stze of 10 X 40 km? of GOES I-M serics satellites, the
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¢rror in derived column water vapor amounts due to
finite signal to noisc ratios of the three proposed near-
IR channels is negligible,
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. Lrrors due to nonlineariny of surlace reflectances
near | pm

A major source of error in deriving column water
vapuramounts from mecasurements of reflocted solar
radiation by land surface targets is the assumption of
lincur surfuce reflectances near 1 m This source of
error is anadyzed in detail Mow. A totalof 155 retlec-
tance spectr of a variety of' surface targets were som-
piled by Bowker ¢t al. ( 1985), These spectra provide
a hasis for studving the lincantics of reflectances of
different surface targets acar | um. The spectta were
obtained from approximately 60 sources. 'he quality
of the spectra vary significantly; some ol the specira
have obvious ¢rrors, such as anomalous increases or
decreases in retlectances over a very short wavelength
interval ducto errors in instrument gainfactors, Some
of the specird have crrors of greater thae 20 nm in
wavelength calibrations. Some cover a spect ral region
buetween approxi matcly 0.4 and 1.0 gm, which is too
short for the unalysis ofhn\?lmy of reflectances in the
.85 1.055um region, After aliminating panr-nuality
spectra by visual inspection. which is semewhil sub
jective. and eliminating those thal do not have sufficient
wavelength coverages. a total of 78 reflectunce spectra
of dry vegetation, grown vegetation. minerals and soils,
and shyw are selected for our analysis,

For cach of the sclected spectea, the means of re-
flectances over the bandpasses of the two window
channels and the absomtion channel are caleulated.
These mean refleetances are represented DY Rigeaa-
(0.865 #m), Reeun (1.04 um), and Ryyepn {0.935 um),
respectively. A predicied mean reflectance pver the
bandpiass of the absorption channel, Rurgamean {0,035
pin). is ubtained from Rpwen(0.863 gm) and Rpyneyn( 1 .04
pm) based on linear intempolation, Then the reflectance

error, REFERR, between Ry (QO28 pm) and
Ry wedamean( 0.935 um) is caleulated according to
B 2 s
Hayaer: Ceaon vagwlation
I Otamons Dxy vegwistion
F Plus AR Minerals o Nd solis {eeept Iron - Hich sotie)
4 {ren<rinh seily A
¢ Tetangls! mnw {
g t e . !
24
! ! v e o
n o o » a
: ¢] . e
g ob- w 1 Ry Sy o . e b, “'i
- Q U°U o 2 ™ ' ' .
i a [AN '
-2 - 3 % I
Q + ! N 1
b 13
WL ‘ |

v (2]
JPECTRUM NUMDEK

Fiti. 6, Reflectunce erroes defined in Fq. (4) o TR reflec(anee
speeira compiled by Bowkee ¢t il (1985), The horivoninl axis rep-
roexents the spectral nuraber of Bowker et (1985), Difterent sysmbols
are used for different types of surfice targets
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Tanii 2. Averspe reflectunce errors for ditferent surface TYPRS und

the comesponding \ydemutc errons in derived column water vapor
amounts if lineur surface refllectances nra assumed

==
Column
Number of Relketance vupur
o _Surface type speciny crror error
(ncun vegetation 25 1 03% 2.6%
Dry vepetalion 1 091 2,4%
Vanerals ang soilk
(encept  ironetich  soily) 34 1.04% 2.6%
lvonsrich sotls 4 1.36% R.4%
Snow 4 1.54% 3L9%
REFERR
Rmmn(ﬂ )‘5_L) pmmcan(o.935 am)

Rﬂ\c«m( 0 035 um)

REFERR s a direct measure of deviations {rom lin-
carity of surface rellectances. Figure 6 shows renectance
errors {or the 78 selected reflectance spectra, with the
horizontal axis representing the spectiral number of
Bowker ctal, (1985). Different symbols are used in
thie ploe o epresunt Jiflerent clagses Of surfuce targets.
Sotne types of surfaces, such as mincrals and soils, have
positive und negutive reflectance errors. The average
reflectance error for a class is calculated using the mag-

nit ude of refleetance errors of the tpectra in the class,

Table 2 gives Lhe average reflectance errors for different
types of surfaces and the corresponding errors in de-
riving column water vapor values if linear surface re-
flectonees are wsumed, Because deviation from line
carity is gredtesi for iron-rich soils, we have separated

them{tom the general mineral and soil class and treated
them as another cass, Table 2 shows  that it surface
refleciit nees are assumed o be lincar functions of
wivelengt h whenderiving ¢olu mn water vapor values
over dry vegelation, green vegetalion, minenal and soils,
and snaw, the systematic errors in the derived column

waler vapor values are generally less than 5%, For the
ironerich woily, the Systemuatic waler vupor ereor it ap

proximartely 8.4%,

Two spocific examplos of reflectance errors and their
corresponding water vapor errors arce presented below,
The vogeta Llob speetmy M in Fig, 3 shows a relauw.ly
deep liquid water vaper absorption feature centered at
.98 M, in comparison with other vegetation spectra
used in the analysis above, The reflectance error for
this spectrum is -2.3%, and the corresponding error
in column water yaeks derivation is approximately
3.8%. The snow reflectance spectrum in Fig. 3 has an
e absorption feature at 1,04 um. The relicctance error
fo SBiDaTR W ey SApbb AVIREPT RAndinm STy
4.0%. These two examples show that even if there arc
liguid and ice absorption features in the 0.85- and
1.055-5um spectral regton, the effects of deviation from
linecarity of surface reflectances arc still relatively small.
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d. Errors due to bandpass shifis

The bandpass shifts discussed previously arcusually
not monitored on satellites. Our analysis shows thaut
approximately 0.6% of error in the derived column
water vapor values will occur when the bandpasses of
the two sclected window channels are shifted by Jmn
tolonger wavelengths while the original unshifted
bandpusses are assumed in the eolumn water vapor
derivation. The same analysis has heen done for the
sclected water vapor channel. The mull showws that @
5-rim shift in the bandpass causes an ereor of 2,5% in
the denved eolumn water vapor vilhge,

5. Column water vapor derivation from A V | RIS data

In order to d¢monstirate the possibility of remote
sensing of column water vapor trom a geostat ionary
sitellite with the proposed thigenear-1 R channels, ¢ol -
U water vapor images have been derived from spece
t ral data collected by the Airborne V isi ble-Infrared
Imaging Spectrometer (A VIRIS) ( Vancl987) asing,
the threechannel ratioing weehnique. AVIR IS s cur-
rent |y an operationul imuging spectromed er. This in-
strument images the carth’s surface in 224 spectral

LE em

FiG. 7 A OHBSum AVIR!S image (0) of Ropers iy Lake Cade
dornia, and the culumn witer vipor image (b)) derved trom 1w
AVIRIS duta using it theeeechanng) eioing techinugne. The AVERIS
dula were modsured On 31 August J9KE,
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channels, ¢ach approximaiely 10 nm wide, covering
the region 0.4-2.5 um from an ER-2 aircraft at an al-
utude of 20 kinj the pixel size on the ground is ap-
proxinmately 20 < 20 m*. The AVIRIS data measured
over Rogarn Dry Luke, California, on 31 August 19RS,
and on 23 July 1990 were used in our water vapor
retrievals,

Rowers Py Lake, one of the space shunle lunding
sites. s located approximately at 35.8%N, 117.8°W.
‘The surface elevation is about 0.9 km. The 31 August
[ORE AVIRIS data were measuared under ¢lear and sta-
bl airmass conditions, “The upper part of Fig, 7 shows
i 0.86-um image of Rogers Dry Lake. which covers a
surface arca of approximately 12 X 10 km®, The
tuightness varics significantly over the scene because
of rellectance differences of the surfiee largets. The
viriation of surface clevation within the seene is less
than 30 m, Figwe 8 shows au AVIRIS spectrum in the
0.8« 1. Ium region over a single pixel. The signai-to-
noise ratios of the AVIRIS data in the region are ap-
proximately S0. There are approximately 20 spectral
points in the 0.94-um water vapor band absorption
region and the nearby atmospheric windows, In order
to improve the signal 10 noise mtios, AVIRIS speetra
were averaged on a dpixel X 4-pixel basis, The spatial
averaging inereascs the signal to noise ratios by a factor
OV 34 00 CTCCY LHE PIRC) MEC 10 DU A DU NI, JIIL
averaged data werg divided by the above solar radiance
curve fo oblyin the appatent refledlanges, 2 ' - 2

In order to simulate the three broader channels pro-
posed for remote sensing of colummn water vapor fivm
luture geostationary satellites, apparent reflectances of
several AVIRIS channels were averaged to simulate
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on¢ broader channcl, Specifically, three AV IRIS chan-

ncls centered at 0.855, 0.863, and 0.%7S winweicav-
craged to simulste one broad Window ehannet with a
bandpass between 0.830 and 0.880 um, three AVIRIS
channels centered a1 1.028.1.038, and 1.047 pm weee
aver aged 10 simulate another broad window channel
with a bandpass between 1.023 and 1.052 um, nine
AVIRIS channels within the water vapor absorption
region were averaged to simulate one broad absorption
channel with a handpasgs heiween 0.899 and 0.985 um.,
A three-channel ratio R ATIO,,, was computed trom
the apparent reflcctances of the broad channdls hased
onEq. (2), A number of spectraut AVIRIS specirat
resolution were caleulated using the Malkmus ( 1067)
nurrowband spectral model and using atmospheric
temperature, pressure, ind water vapor vertical distri-
hution profiles measured with a Natdonal Weather Ser-
vice radiosonde released one hour ixfore t he AV IR 1S
pverilight but with the colutun waters vapor amounts
being sculed by appropriate factors. Three.ckmnt:| ra-
tivs RATIO were obtuined from the f1m ulated spec-
tra. A table of three channel ratios as a function of
Colutn walss vapan amount was praducad, Tha anl

umn water vapor amount was obtained from RATIO, .
...-:.-.. w Ul ploa ol wegasnds ven Thaoi taamsy mayt #F F'O‘
[ shows a black-and-whie 1mage processed o i

denved column water vapor values using the three-
clunucl rativing technique. The image is coded Bo that

bluck corresponds 1o a column water vapor of 2.5 cm,

and white 3.2 om. E xcept for three bright spots, the
image is fairly uniform. The dry lake bed is hardly seen
in the imuge. This indicates that the surtiee reflectance
ceflicty are mostly removed in the water vapor jenrieval
process. The mean o' the column waler vapor values
over Lhe entire sceng is 2,87 em, approsimately 2,5%
greater than the value of 2.80 cm measured with the
radiosonde. The standard deviation of the derivext col-
umn water vapor values is 3.3%. The standardd devia-
tion mainly results frorn the combination ol the hnte
signul to noise ratios of the AVIRIS data and the dif:
ferences in ponlinearity o€ refleciances ol surlice @ gets
within the scenc.

Colunin watcs vapor amounts were ulso retricved
(rem four sets of AVIRIS data measured ut1852,1903,
1916, and | 927 UTC 23 July W O  using the three-
channel ratioing technique desceribed above, Although
the sky was clear when the AVIRIS meusurements were
made, there was a weak frontal system passi ng the silt.
The npper row from lef) 10 right of Fig, 9 shows images
processed from radiarces of the 0.865-um channei
measured at the four times, respectively. Bach of the
images covers 4 surface ared of approxinately | 2 12
km?®. The lower row from left 1o right of° Fig. 9 shows
the cor'responding columa watcr vapori mages. The
images are color coded so that blue correspends 1o a
column water vapor of 1.95 ¢cm, and rect 2.43 Sy These
watcer vapor images showed that drier ai r intruded into
the Rogers Dry Lake area at the lcntiong. An NWES
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ractiosonde rafeased from a place near the lower-left
corner Of tho top left image 23 minutes prior tn the
first AVIRIS averflight gave a ¢olumn water vapor
amount of 2,2 cm. Figure 10} chows a time series Of
column watcr vapor amounts measured from ground
1t R ogers Dry Lake with a sunphotometer on the same
dav. The decreasing of eolumn water vapor amount

during the AVIRIS consecutive overflights arc seen
from this fipare.

6. Coraparison between reflectance and IR emission
techniques

‘The water vapor profile retrievals from TR emission
measurements in the 6= 1d-um 1egion arc Very sensitive
to the assumed surface temperature, atmospheric tem-
perature, 3od water vapor vertical distibutions ( Router
ctal, 1988 Hayden 1988). However. retrievals of col-
um nwater vapor amounts from measurements of soluar
radiation reticeted by the surtace near | um are rela-
tively insensitive to the assumed atmospheric models
(Gao and Gioetz 1 990; Gao et al. 1992), Errors in sur.
Faco temperuturae do not affact water vapnr miriavale
using the reflectance technique, because the radiation
RTURE ST R Adobotd v lisifle o MR ree
4UVe insensitivity of retrievals to the assumed temper-
ature profilos from measurements Of reflected solar ra-
diation ¢an be explained using the theory of infrared
cpentrosenpy (Ooody and Yung 1989). Over the 0.94-
pmwater vapor band absorption region, there are nu-
merous vibrational- rotational ines, Some of the lines
have positive sensitivity to temperature changes, and
the convers: istrue for the other lines, The average
effect of alt lines in the band has little temperature
sensitivity, The relative insensitivity to the assumed
water vapor profiles is understandable from the fact
thatthe waler vapor value is essentially derived from
the mean trangmittinee of’ the absorption channeland
that the muan transmittance is not very sensitive 10
the water vapor vertical distributions exeept, to some
extent, pressure,

The proposed refleciancs technique works only over
land areas (excluding lakes and nvers) during the day-
tme, while the IR emission technique works over hoth
land and ovcan during the day and night. Both the
rellecianee technique and the IR emission technique
provide some i nformation on water vapor above cloud
tops. Because the near.[11 radiation and the [R radia-
tion do not pass through water clouds, both the reflec-
tance technigue andthe IR emission techniques fail to
provide water vapor information below water clouds.
Since the seattered radiation by aerosols also contains
water  vapor abhsorption signaturcs, the reflectance
rechmque nvy also yield some information on water
vapor over the oceuan and over lakes und rivery, pro-
vidled tharthe signal to noise ratios of radiances from
the theee ncar-lR channels are sufficiently high and

/ J5 B625588882 (08-03-9313:12:25 LI JAM (Jan) - 0101

DT " d

19 9t S ¥

JNL £&6—92T—"OHN



4,

VOLUME (0

Wy e

1.09 em

116, 9, Four 0.868-pm AVIRIS images (upper 1ow over Rogers Dry Lake, California, and thp corresponding four column wawer vaoo:
smages demved from the AVIRIS data. The fur seis of AVIRIS difa were measured ut T rime of 1852, 1903, 1916, and 1927 UTC
23 July 1990, The water vapor images e tolor coded i that blue goreesponds to i column waler vapor of LY3 em, ond red 2.43 e,

that the atmospheric m ultiple scattering and absosption
processes can be modceled properl y.

7. Discussion

Near 1um, the reflectances ol'iron-rich soils deviate
significantly [rom linearity, If lincarity ol veflectances
is ussumued when dorivi ng column waier vapor atnounts
from radiances of the three near-1R channuls mensured
over these targets. systematic errom ol approximatel y
8% can be introduced.  The systematic eerors can be
reduced if the nonlincarity of reflectances of these tar-
gets is taken into account when deriving the column
water vanor values. A geologic map of tron- rich souls
at an appropriate sputial resolution would he uselul
when developing operational algorithms lor column
witer vapor amount retrievals (rom the ncardK radi-
ance measurements. Because surfice reflectances usu-
ally change much slower withtime than the atino-
spheric water vapor. the determination of temporal
variations of coluinn water vapor amounts using the

reflectance technique is expected 1o be reliable, even

systematic errors am present in the devivad column
WaLCT vapor amounts.

The atmospheric transmission maodel canbe appluyl
to derive ¢olumnwater vapor amounts frommcasore
ments of solar radiation near 1 um reflected by the
surface under tow acrosol concentration cond itions,
thot is. with visibilitics of 20 km or greater, Hlowever,
when at mospheric aerosol concent ratioms aris high,
scattering effects are important. Scatlering clectsmust
e modeled properly when deriving columnwiiter va-
por amounts from racasurements made under hazy
conditions.

"The handpasses of interference filters on a satellite
instrumentmust he made as able as possible. If, for
example, the bandpasses of the two window channels
are shifted to longer wavelength by more than !0 nm,
then the two window channels will be sensitive to water
vapar changes and the three-channel ratio calculated
using . (t) will be less  sensitive.

The suceess of column walter vapor retricvals (Gao
and Goetz 1990 ) from the AVIRIS dawa has influenced
the selectionof acar-1R water vapor channels ( Kaut-
manand Gao 1992) tor the Moderate Resolution 1m-
aging, Spectrometer ( MODIS ) (Salomonson ¢t al.
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198Y ), a polar-orbit satellite instrument currently
scheduled for launching in 1998. MODIS witl have
three water vapor sensitive channels within the 0.94.
xm water vapor band absorpuon segion, instead ol the
onc broad water vapor absorption channe!proposed
in this paper.

8. Summary

Throe near-IR channels, one water vapor absorption
channel centered at 0.935 um with o width of 80 nm,
and two window channels ¢entered a1 0.865 and .04
um, respectively, with the same width ot 30 nrn, are

proposed for remote sensing water vapor over kind
areas during daytime from future geostationury: sinellite

platforms. The three-channel ratio, calculated accord-
ing 10 BQ. (2 ). removes the cifeet of linear variations
of surface reflectance with WAVEIEnBll and pives ap-

proximatcly the mean water vapor tranem ittance of

the absorption channel, The column WiLLCT vapOT s

Aot D htahrasatanpel T, The, Ainnatie-
nels at GIFOV of 2 X 2 km" are sulﬁucnlly high to
produce column water vapor valucs at a precision of
approximatcly 1%, Sysiematic errors in derived colunm
water vapor valucs by assuming that the surlace re-
lectance changes tincarly with wavelengths are typi-
cally 5% or less, except for the derivation over areny
covered by iron-rich soils. Retricvals of column water
vapor amounts from the AVIRIS data a1 o nrecision
better than 5% have been made. Temporl varations
of column waler vapor amounts by less than 0.1 ¢m
hove been determined from the AVIRIS dutn, The
proposed near~IR reflectance (eehnigue for remote
sensing water vapor from future geostationary sarellife
platforms is cxpected 1o yield column waler vipor
amounts with much higher precision than using the
IR emission technigues, and (o complement water vit-
por measurements using the TR emission welmigues
in the boundary layer where most of the water vapor
is focated,
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