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Atmospheric Precorrected Differential
Absorption Technique to Retrieve

Columnar Water Vapor

Daniel Schlipfer,” Christoph C. Borel,! Johannes Keller,

and Klaus 1. Itten*

D ifferential absorption techniques are suitable to retrieve
the total column water vapor contents from imaging spec-
troscopy data. A technique called Atmospheric Precor-
rected Differential Absorption (APDA) is derived directly
from simplified radiative transfer equations. It combines a
partial atmospheric correction with a differential absorp-
tion technique. The atmospheric path radiance term is iter-
atively corrected during the retrieval of water vapor. This
improves the results especially over low background albe-
dos. The error of the method for various ground reflec-
tance spectra is below 7% for most of the spectra. The
channel combinations for two test cases are then defined,
using a quantitative procedure, which is based on MOD-
TRAN simulations and the image itself. An error analysis
indicates that the influence of aerosols and channel cali-
bration is minimal. The APDA technique is then applied
to two AVIRIS images acquired in 1991 and 1995. The
accuracy of the measured water vapor columns is within a
range of *5% compared to ground truth radiosonde data.
©Elsevier Science Inc., 1998

INTRODUCTION

Water vapor is one of the main forces for weather devel-
opment. It also is a key absorber of solar radiation. Cur-
rent operational imaging systems for water vapor detection
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use primarily the emission in the thermal infrared at 5.7-
7.1 um (GOES and Meteosat). The disadvantage of these
satellite systems is a coarse spatial (horizontal) resolution,
ranging from 5 km (Meteosat) to 8 km (GOES) and a lim-
ited penetration into the lower atmosphere (e.g., 700 hPa
for Meteosat) (Kramer, 1994; Krishna Rao et al., 1990).
Other sensors like ATSR, HIRS, or DMSP are sounders
with vertical resolutions in the kilometer range but with-
out any imaging capabilities. Conversely, imaging spec-
troscopy measures the total column water vapor contents
at high spatial horizontal resolutions and has therefore
the potential of completing atmospheric sounding sys-
tems. The sensors of the AVIRIS instrument are capable
of acquiring hyperspectral data in 224 channels located
in the visible and near-infrared from 0.4 ym to 2.45 um
at 10 nm resolution. The measured radiances depend on
the spectral reflectance of the Earth’s surface as well as
on absorption and scattering in the atmosphere. Measure-
ments of water vapor can be performed using sensor
channels located in bands (or on lines) of the water vapor
absorption spectrum. The AVIRIS sensor has been used
to retrieve water vapor (Green et al., 1989) and, with less
accuracy, oxygen (Green et al., 1995a), carbon dioxide (De
Jong et al., 1996), and ozone (Schlipfer et al., 1996a).

The influence of an atmospheric gas of interest on the
radiance at the sensor level is usually simulated by radia-
tive transfer codes. In this study, the spectral transmit-
tance and the atmospherically scattered radiance are cal-
culated by MODTRAN simulations with the Discrete
Ordinates Radiative Transfer (DISORT) multiple scatter-
ing option (Kneisys et al., 1995). In the following sec-
tions the derivation and the implementation of the At-
mospheric Precorrected Differential Absorption (APDA)
technique is given.
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COMPILATION OF DIFFERENTIAL
ABSORPTION TECHNIQUES

Differential absorption techniques are a practicable way
to determine gas contents from a spectrum of an absorp-
tion band at low computing time costs. They perform in
general a ratioing between the radiance at channels within
the absorption feature (measurement channels) and an
interpolated radiance of channels in its vicinity (refer-
ence channels) to detect the relative strength of the ab-
sorption. This signal is related to the total column water
vapor. Two major differential absorption techniques were
used for hyperspectral imaging spectroscopy and com-
pared by Carrére and Conel (1993): The Narrow/Wide
technique (N/W; Frouin et al., 1990) and the Continuum
Interpolated Band Ratio (CIBR; Green et al., 1989;
Bruegge et al., 1990; Kaufman and Gao, 1992). A varia-
tion of the CIBR, the Linear Interpolated Regression
Ratio (LIRR) was introduced by Schlipfer et al. (1996a).
Table 1 shows a summarizing compilation of the three
mentioned techniques. Curve fitting procedures (Gao

and Goetz, 1990a) are not considered in this study, pri-
marily because of their higher computing time.

DERIVATION OF THE ATMOSPHERIC
PRE-CORRECTED DIFFERENTIAL
ABSORPTION TECHNIQUE (APDA)

The radiance L measured in one specific channel by a
sensor can be expressed as (Middleton, 1952):

L=pE BTt Lo, W

T

where E, is the extraterrestrial solar irradiance and T, is
the effective (observed) total transmittance of the Earth’s
atmosphere from the Sun to the ground and from the
ground to the sensor. The apparent ground reflectance
p includes the reflectance of the observed pixel as well
as the path scattered radiance, reflected by the adjacent
area (adjacency effect). In real data it therefore never
will get to zero. The second term (L,,,) is the backscat-
tered atmospheric path radiance not reflected by the

Table 1. Summarizing of Differential Absorption Techniques Used for Water Vapor Retrieval

Technique: Narrow Wide Continuum Interpolated | Linear Regression Ratio
Band Ratio
Acronym: CIBR LIRR
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Source: Frouin, 1989 Bruegge, 1990 Schlédpfer, 1996a
rematrks multispectral approach, in the | often used water vapor retrieval | extended CIBR technique,
hyperspectral case the channel | technique of high reduces total noise of the
sets are averaged computational speed sensor




ground. All parameters of Eq. (1) depend on the wave-
length of the used channel. The total transmittance is
now split into the water vapor transmittance T, and a
residual transmittance T, which depends on aerosol and
gas absorption. The radiance at the sensor level L can
then be expressed in a simple form as

1
L=p_E0TOva+Latm=Lgn(lTwu+Latrn > (2)
T

where L,,= plEOTO is the total ground reflected radiance
v

at the sensor level, if no water vapor were present. Ly
does not depend on the ground reflectance p but is sen-
sitive to the atmospheric composition, in particular to the
aerosol amount and the water vapor content.

Using this equation, we first write the radiances in
three channels i=m, r1 and r2, where m is a measure-
ment channel in an absorption region, for example, the
940 nm water vapor absorption, and 71 and r2 are two
reference channels on both sides of the absorption band.
The transmittance T,,,, is a function of water vapor for
channel m but not for the reference channels r1 and r2
(ie., Tyn=1 and Tye=1). Assuming a spectrally linear
background reflectance in the range of the wavelengths
/4, the radiance L, in the measurement channel can be
approximated by a linear interpolation as

Lm = [u)rl Lgnd,r] +“)r2 Lgrul,r'Z]TLvu,7n<PW) +Lntm,m(PW) > <3>
where [Eq. (4)]

0= /11'2 B j'm
i7‘2_-}'r1
Solving Eq. (3) for the transmittance in the water
vapor channel T,,,, and substituting Ly, and Ly, from
Eq. (2), we find an equation similar to the CIBR (see
Table 1) but with precorrection terms for the atmo-
spheric path radiances L,
P P ,

Lm_Lﬂtm,m(PW)
Wy (Lrl - Lnlm,rl) + wrZ(Lr2 - Latm,r2> .

and W=

Twu,m =

(5)

The atmospheric precorrection term Ly, is a func-
tion of terrain height, aerosol profile and contents, chan-
nel position, and water vapor contents. It can be esti-
mated by calculating the total radiance at the sensor at
zero albedo under varying ground altitude and water va-
por contents [for a given aerosol optical depth, which has
to be known approximately; see the text near Eq. (17)
for details]. To increase the accuracy, an iterative ap-
proach is necessary. First, the path radiance is estimated
based on the most probable water vapor contents. Then,
the first water vapor result is taken as a second guess
to calculate the improved path radiance estimate. In this
derivation only one measurement and two reference chan-
nels are used. However, Eq. (5) can also be extended to
more channels, analogous to the linear regression ratio,
given in Table 1. The radiance values L of each channel
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are reduced by the corresponding atmoépheric path radi-
ance terms L., and inserted in the LIRR equation. This
equation is the common APDA equation which reduces
directly to Eq. (5) for the three-channel case:

[Lm_Lutm,mJi ;
LIB-< [lr]ja[Lr—Latmir}j) | Tl

Rappsa= (6)
where LIR([x]ly])|, denotes a linear regression line
through the points (x, y) evaluated for y at the point x=a.
The parameters in brackets are the center wavelengths
and atmospheric precorrected radiances of i measurement
channels and j reference channels, respectively.

COMPARISON OF THE APDA AND THE
CIBR TECHNIQUE

The CIBR Technique over Variable
Background Albedos

The original CIBR technique uses the simulated radiance
at the top of the atmosphere for the comparison with the
measured radiance. Thus, atmospheric scattering effects
are considered, but the influence of the atmospheric ra-
diance on the ratio is neglected. At low ground reflec-
tance, the atmospheric radiance is the major contributor
to the total radiance, whereas at higher reflectance the
ground reflected radiance term dominates. We introduce
the total radiance following Eq. (2) into the CIBR equa-
tion (see Table 1). In the limit p—0 the equation re-
duces to Eq. (7):

Lutm m(P‘/‘/j
Ren(p —0)= ' '
CIBR(,D ) W, Latm,rl +wr2 thn,r?

(7)

Since Ly, and Ly, are almost independent on the wa-
ter vapor contents, the CIBR is then proportional to the
water vapor-dependent atmospheric path radiance
Lummpw- When the background reflectance is high, the
CIBR equation reduces to Eq. (8):

(8)

Thus the CIBR is proportional to Ty,uew only for high
background reflectances. At low background reflectances
the water vapor retrieval gets less accurate, resulting in
an underestimation over dark surfaces (Gao and Goetz,
1990a). The analogous calculations for the N/W technique
lead to the same conclusions. This error could be cor-
rected using a differential absorption procedure, which
depends on the apparent reflectance at the sensor level.
The presented APDA technique should correct for this
effect based on the physical derivation given in the previ-
ous section.

RCIBR(/’ —1 ) =~const Twu,m .

Evaluation over Simulated Reflectance Spectra

at a Fixed Water Vapor Amount

The APDA equation (5) and the CIBR (see Table 1) were
tested on MODTRAN-simulated radiance data. The at-
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AVIRIS Case: CIBR

AVIRIS Case: APDA
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Reflectance in Channel m

Multispectral Case: APDA

Figure 1. CIBR and APDA ratios
for water vapor as a function of
band-averaged ground reflectance of
channel m. A 10 nm bandwidth in-
strument (AVIRIS) and a multispec-
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mospheric state was midlatitude summer, the visibility at
23 km, and the columnar water vapor was fixed at 2.4
g/em?®. The target height was at 0.4 km, the Sun zenith
angle at 40°, and the spectral resolution was set to 1 nm.
The ground reflectances p,; and p,, were changed from
0.05 to 1.0 in steps of 0.05 on both sides of the spectral
range (A1) Anae), which is defined as the minimum
and maximum wavelengths of Channels r1 and 2, re-
spectively. The following formula [Eq. (9)] is used to cre-
ate the various reflectance background spectra:

A' - lmin(rl)
/lnmx(rZ) - Amin(rl)

The selected AVIRIS bands (55, 62, and 68) for 1995
data have the following spectral range at full-width~half-
maximum r1: 0.869-0.879 yum, m: 0.936-0.946 um, and
r2: 0.994-1.004 um (see the next main section).

Figure 1 shows a scatterplot of all computed CIBR
and APDA ratios as a function of the band-averaged re-
flectance in Channel m. The CIBR maps low reflectances
(P, <0.2) to higher ratios, thus lower water vapor. The
APDA in contrast maps all reflectances to an almost con-
stant ratio. The residual distribution of the ratio numbers
originates from the varying reflectance slopes. This effect
is similar for the CIBR and the APDA. Using broader
bands, for example, in a future multispectral sensor such
as MODIS, similar results are achieved. The selected
bands have the spectral ranges r1: 0.86-0.89 um, m: 9.91—
0.97 pm, and 72: 0.99-1.04 um. The ratios or quasi water
vapor transmittances for the AVIRIS case are much lower
than for the multispectral case because the narrower
AVIRIS measurement channel has a more significant
transmittance in the water vapor absorption feature.

PA)=pat+(pa—pn) 9

0.2
Reflectance in Channel m

tral instrument (e.g., MODIS) are
compared at constant water vapor
amount.

0.4 0.6 0.8 1.0

Evaluation over 379 Reflectance Spectra at a
Variable Water Vapor Amount

The behavior of CIBR and APDA techniques over spec-
trally varying background was tested by another simula-
tion. Existing reflectance spectral databases for 165 (Grove
et al.,, 1991) and 25 (Kruse, 1992) minerals and 64 other
spectra of natural and man-made materials were used as
background. Since leaves contain significant amounts of
water, a database for 125 simulated leaf reflectance and
transmittance spectra with variable leaf water content
(0.0046-0.0405 cm) was created using the PROSPECT
model (Jacquemoud and Baret, 1990). The radiosity
method (Borel et al., 1991) was then used to compute
canopy spectra of a 20-layer canopy with a total leaf index
(LAI) of 5.

All 379 reflectance spectra were resampled at 2.5 nm
spacings. The radiative transfer code 6S (Vermote et al.,
1994) was used to compute the top of atmosphere (TOA)
radiance over the water vapor band centered on 940 nm.
The water vapor amounts ranged from 1 g/em? to 5 g/em®
in 12 steps. The atmosphere had a visibility of 20 km
with continental aerosols. The target height was set at
sea level and the sensor located above the atmosphere.

The original CIBR technique (see Table 1) and three
variations of the APDA technique are compared. The
three variations are:

APDA: The regular APDA equation (5) using a fixed
water vapor amount of 3 g/em® (out of 1-4 g/cm®
range) to compute the water vapor dependent atmo-
spheric path radiance Ly,,,.(PW).

APDA (optimal): Eq. (5) with known L,,,,(PW).

APDA (iterative): Eq. (5) with the iterative scheme
described in the main section after next.



Retrieval of Columnar Water Vapor 357

Table 2. Water Vapor Signal in Comparison to the Variation for Four Water Vapor Retrieval Techniques over 379

Background Spectra, Expressed as a Quasi-“SNR” Number*

Case
AVIRIS Multispectral
Retrieval Technique Range of R SNR,in SNR, Range of R SNR, SNRux
CIBR 0.243 14.7 15.8 0.267 16.7 179
APDA 0.253 21.5 58.7 0.277 18.4 42.1
APDA (optimal) 0.245 30.5 66.8 0.267 20.7 50.2
APDA (iterative) 0.246 30.5 66.6 0.270 21.2 49.7

* R and o(R) are unit free ratio numbers.

The four techniques are compared by a measure
similar to a quasi signal-to-noise ratio (SNR), which is
based on the channel ratio number R, shown in Eq. (10):

ZR(PWmin)_R(Panx)
- a(R(PW))

where PW,,,=1 g/cm® and PW,,,=5 g/cm® are the mini-
mum and maximum water vapor contents, R(PW) denotes
the average over R(PW), o(R(PW)) denotes the standard
deviation of R(PW). Table 2 shows the minimum and
maximum SNR for the four retrieval techniques.

Next, we compare the retrieval methods by setting
thresholds at +5% and *10% RMS relative water vapor
and counting the number of spectra which indicates how
robust the retrievals are over many different backgrounds.
Table 3 summarizes the results obtained for all 379 back-
ground spectra using the four above described techniques.
Figure 2 shows a scatterplot of the relative water vapor
errors over 379 backgrounds as a function of band-aver-
aged ground reflectance.

The CIBR underestimates the water vapor for low
ground reflectance, where the regular and the iterative
APDA work better. The AVIRIS case has fewer reflec-
tance spectra outside the *10% limit than the multi-
spectral approach, as is also evident from Table 3. In the
scatterplots the simulated vegetation spectra show up as
clustered sets of points along two lines between reflec-
tances 0.55 and 0.66. The water vapor is overestimated
because vegetation has a water absorption feature which
increases the apparent water vapor in the atmosphere.
This feature can be exploited to estimate canopy water
content (Gao and Goetz, 1990b).

An analysis of the materials in which the iterative
APDA had relative water vapor errors of more than

SNR(R(PW)) ) (10)

*+10% showed that nearly all of them were classified as
spectrally sloped or nonlinear in the 940 nm band (Borel
and Schlipfer, 1996). These special cases of background
spectra still may lead to ground reflectance dependent
errors in water vapor retrieval.

Error Propagation Due to Sensor Noise

The measured radiances L,, and L, are affected by the
sensor noise. The noise is given by the noise equivalent
radiance L, for each image channel (Green et al,
1996b). The APDA equation in general averages a num-
ber of measurement channels, what reduces the absclute
error for n measurement channels to Le,.,.‘,,,=\12(L%g,.,,,,)/n.
The absolute error for the reference channels interpola-
tion is described by the error of the linear regression in-
tercept at the central channel position (Bevington and
Robinson, 1992). The relative error of Eq. (6) is then
calculated in relation to the ground reflected radiance at
constant atmospheric conditions (PW=2 g/em’, rural
aerosol type, visibility=23 km). The relative noise uncer-
tainty of the retrieved APDA ratios is below 3% for a
ground reflectance above 10% (see Fig. 3). It increases
to 4.5-5% reflectance with a further exponential increase
towards zero reflectance. Thus, the method cannot be
used for large black background targets, for example, for
water. This effect is reduced over small dark targets,
where the adjacency radiance contributes significantly to
the total radiance at the sensor (note that only the radi-
ance not reflected by the ground is subtracted in the
APDA ratio). Atmospherically uncorrected ratios (CIBR/
LIRR) are about half as sensitive to the image noise at
low reflectances, where their systematic errors are high.
An increasing number of measurement channels reduces
the noise significantly, whereas additional reference chan-

Table 3. Percentage of Reflectance Spectra above 5% and 10% RMS Relative Water Vapor Derivation

Retrieval Technique AVIRIS 5% Multispectral 5% AVIRIS 10% Multispectral 10%
CIBR 35.36 32.98 9.50 13.19
APDA 8.18 21.11 1.85 3.17
APDA (optimal) 8.71 20.32 2.37 3.43

APDA (iterative) 7.92

20.32 1.85 3.17
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Reflectance in Channel m

nels have only a minor impact-on the error. The influence
of the channel selection and variations in visibility are
shown in the section after next.

CHANNEL SELECTION

Both reference and measurement channels (see second
section) are evaluated using the channel selection proce-
dure proposed by Schlipfer et al. (1995; 1996a). This
methodology is the base to the APDA technique, con-
sidering the whole spectral range of one or more absorp-
tion features and picking the best channels based on the
atmospheric state of a specific scene. The approach helps
to avoid the use of erroneous channels while keeping the
maximal amount of information on the investigated
matter.

Selection of Reference Channels

The signal of a reference channel should not be influ-
enced by any atmospheric species and the effective sig-
nal to uncertainty ratio must be as large as possible.
Thus, the channel selection indicator for the reference
channels is defined as the product of an atmospheric
transmittance factor M, and a radiance uncertainty fac-

Figure 3. Relative error of the APDA and the CIBR
technique due to sensor noise propagation in relation to
the ground reflectance. The six channel ratios combine
two measurement channels and four reference channels.
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water.

tor M. Introducing the expressions for the two factors
yields the equation for the selection of reference chan-

nels (Schlipfer et al., 1995; 1996a):
Mré’f:Mir{ms Muuisu:[Two TO] l:ll_[li]> (11)

where

2

AL_\/(Lrtel‘)2+(Lscal)2+(MLgn(l) : (12)
P

The following parameters are simulated for each AVIRIS
channel using the MODTRANS radiative transfer code:
the apparent water vapor transmittance T,,, the apparent
total atmospheric transmittance Ty of all the other ab-
sorbing atmospheric species, the radiance at the sensor
level L, and the total ground reflected radiance L, AL
is the effective total radiance uncertainty observed at the
sensor as described in Eq. (12). It depends on three major
parameters: first the total noise equivalent radiance L, of
the sensor channel, then the radiance error due to spectral
calibration uncertainty L, (both L,,, and L, are derived
from the sensor specifications). Third, the influence of the
relative ground reflectance radiance variation (Ap/p) on
the ground reflected radiance L,,, in a channel is consid-
ered., This third factor is derived from the mean standard
deviation of each image channel radiance. In addition, the
wavelength distance of the reference channels from their
corresponding measurement channels has to be consid-
ered. It has to be minimized to reduce errors due to spec-
trally nonlinear background reflectance characteristics.

Selection of Measurement Channels

Measurement channels are searched within the absorp-
tion band because they should be sensitive to variations
of the water vapor (described by the sensitivity measure
M,,). Furthermore, the difference between the signal of
water vapor and the noise must be clearly discernible in
these channels (significance, M,;,) and other absorbing at-
mospheric species must not disturb the signal (cross sensi-
tivity, Mey). The product of these three parameters leads
to a common wavelength dependent selection equation for



measurement channels (Schlipfer et al., 1995; 1996a):
M, meas M sens M, sign M, cross

[me Tu 1n<Tw>]|<£°L‘A£

The crucial factor of Eq. (13) is the sensitivity measure
M,,.,=const-dT,,/dPW=—¢ T,, In(T,,), presuming Beer—
Lambert’s law (T,,=e™* ™). It describes the relative
change of the transmittance, based on a water vapor varia-
tion at a fixed average water vapor content PW. The nor-

- malizations constant (const) is taken such that max(M,,,,)=
1. M,,,, is maximal for T,,=1/e. Lower transmittances tend
to saturate, whereas at higher transmittance the signal of
water vapor is too low. The encountered transmittance per
image channel is dependent on the specific atmospheric
conditions. Therefore, the selected measurement channels
differ between situations with differing column water va-
por contents. The measure (M) is dependent on the
significance of the absorbed radiance (Lo,—L) in the wa-
ter vapor band compared to the etfective total radiance
uncertainty AL [see Eq. (12)]. L, is the radiance at the
sensor level if no water vapor would be present. M, be-
comes negative, when the total radiance uncertainty is
greater than the observed absorption signal. Finally, the
cross sensitivity measure M., is taken directly from the
total atmosphen'c transmittance at a water vapor amount
of zero (T,).

Channel Selection Results for AVIRIS Data

The channel selection procedure was applied to MOD-
TRAN-simulated data corresponding to AVIRIS images
from 1991 over Central Switzerland and from 1995 over
Camarillo (California). Ranked sets of channels to be
used in the APDA technique were defined. A selection
threshold was introduced on the measures M, and M.,
to sclect a reduced set of five measurement and six ref-
erence channels, excluding the worst channels from fur-
ther consideration. A first analysis showed that the best-
suited water vapor absorption feature for nadir viewing
sensors under intermediate atmospheric conditions (=2-3
em of precipitable water vapor) is the 940 nm band.
Hence, only channels between about 850 nm and 1070
nm were further considered (see Table 4). At lower wa-
ter vapor contents (below 1 cm), a stronger band with
sufficient absorption may be considered, whereas at high
contents the channels in the band slopes are favored.

Table 4. Selected AVIRIS Channels for 1991 and 1995 Data Sets
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A crucial factor for the measurement channel selec-
tion is the average total water vapor transmittance, which
has to be estimated from total columnar water vapor
content for each scene. It was integrated from radio-
sonde profiles, taken at the overflight time. For opera-
tional use however, it can also be taken from standard
atmospheric profiles. A plot of the single factors, follow-
ing the Egs. (13) and (11), for 1995 and 1991 AVIRIS
channels is shown in Figure 4. Table 4 lists the selected
channels for the two datasets.

IMPLEMENTATION OF THE APDA TECHNIQUE

The differential absorption technique only yields ratio
values (corresponding to a quasi gas transmittance), which
need to be transformed to total water vapor amounts.
Frouin et al. (1990) and Carrére et al. (1993) used an
exponential approach to relate the differential absorption
ratio R to the corresponding water vapor amount (PW).
For the present study this correlation was extended to
an equation with three empirical regression parameters
a, B, and y:

T PW)=Rppa =~ 07407, (14)
solved for the water vapor amount,
L\
PV By =~ 2 ) 15)
a

This equation fits the MODTRAN derived APDA results
for the expected variation of the atmosphere in water va-
por and aerosols and therefore is valid only for the inves-
tigated range of water vapor. It allows one to decrease
the computing time for the look-up table inversion from
nearly 1 h to less than 1 min, the potentially induced
errors being less than 1%. The regression parameters are
retrieved only once at the beginning of the calculation as
best fit to all simulated atmospheric situations. The val-
ues for a range from 0.12 to 0.18, for B from 0.65 to
0.80, and for y from —0.05 to 0.4, depending on the ab-
solute water vapor amount, the range of the water vapor
amounts, the aerosol contents, and the assumptions on
background reflectance characteristics.

The following iterative procedure is used to compute
the water vapor image (compare Fig. 5 for a flow chart
of the overall APDA procedure):

1. Use a radiative transfer code to compute a
look-up table (LUT) containing the total

Channels:

AVIRIS 1991 AVIRIS 1995

Measurement
Reference
(near the selected meas. channels)

57, 59-62 (910, 930-959 nm)
59-54 (862-881 nm)
66-70 (987-1036 nm)

61-64 (932-961 nm)
54-56 (865-884 nm)
68—70 (999-1018 nm)




amounts using the function in Eq. (14) and
store the fitting parameters a, f§, and 7.

4. Assume a starting water vapor content (PW)) for
all image pixels and subtract the height-
dependent path radiance term from the image.

5. Calculate the APDA ratio following Eq. (6) and
transform the ratio values to water vapor
contents (PW,), using Eq. (15).

6. Substitute the values of Ly, in Eq. (6) with the
new water-vapor-dependent values, derived
from the LUT.

7. Calculate the image ratio Rypps a second time
and transform the ratio values to the final water
vapor contents PWi(x.y).

Steps 5 and 6 could be repeated, but our computations
have shown that these two iterations converge sufficiently.

IMAGE BASED OPTIMIZATION OF THE
APDA TECHNIQUE

Error Analysis for Varying Channel Combinations
and Aerosol Contents

In the following, the term “method” is used for a APDA
ratio based on one specific channel combination set; 270
methods were investigated for the 1991 data and 108
methods for 1995 based on the preselected channels. A
spatial test image subset is interactively defined as an ad-
jacent region of the image, where ground reflectance vari-
ations are high and terrain influence is low (e.g., flat ag-
ricultural fields). A good method for the measurement of
a particular gas must show little sensitivity to noise, back-
ground, and aerosol variations. An indicator for the noise
and background effect is found based on the standard de-
viation a(PW,,;,) of the water vapor retrieval results within
the subset. It is assumed that the effective water vapor
variation o(PW,,,s) and the uncertainty signal a(PWa, )
overlay each other independently. Therefore, the standard
deviation of the water vapor content over the subset and
for each considered method is taken as indicator value,
which should be minimal, as shown in Eq. (16):

where  G(PW,) =NoAPW, ) + 0" (PWar ) -
(16)

o(PW,u)—MIN,

The effects of the measurement channel position for
1991 and 1995 data are shown in Figure 6. In both data
sets the measurement channels around 930 nm tend to an
underestimation of about 10%, which probably is related
to the position of these bands in the steeply falling water
vapor transmittance at this wavelength. At larger wave-
lengths (channels 62 and 64), a higher water vapor content
is estimated. This pattern can come either from the in-
creased liquid leaf water absorption at this wavelength or
from an unknown spectral channel position shitt.

The PW estimates over the subsets of both datasets
for different reference channel combinations (at constant
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measurement channels) are found to be within unsignifi-
cant =2%. An increasing number of reference channels
has an only marginal influence on the retrieval results.
Therefore, only methods with up to four reference chan-
nels have to be considered. The APDA (60,61;54,67)
method (notation: APDA (m;1;)) was finally selected for
application to the images of 1991 and the ADPA (61,62;
54,55,68,69) for 1995 data. The relative standard devia-
tion [o(PW,,)2100/mean(PW,,,); “image noise”] over the
image subset was at 2.5% in 1991 and at 2% in 1995
[down to 6(PW,,;)=0.04 cm]. This difference of the im-
age subset standard deviation is dependent on the signifi-
cantly improved SNR values of the AVIRIS data in 1995.

The influence of aerosols is determined using MOD-
TRAN3 simulations with constant water vapor amount
but changing aerosol amounts (by varying the visibility
stepwise from 10 km to 40 km at ground level). The
standard deviation of the corresponding derived water
vapor amounts [6(PW,,)—MIN] is taken as a second in-
dicator for the method selection. The resulting RMS er-
ror is nearly twice as large for methods with measure-
ment channels in the slope of the band (*+3-6%) than
for those in the center (£1.5-3%) (see Fig. 6). For both
selected methods the estimated RMS errors due to the
simulated aerosol variation was below 0.09 cm (PW),
which is a relative error of 2-3%.

Statistical Retrieval of the Atmospheric Path
Radiance Term

The atmospheric path radiance term L, in the APDA
equation (6) is dependent on the aerosol and water vapor
distribution as a function of terrain elevation. Initially,
the aerosol content is defined using a standard model at
estimated visibility. An adjusted atmospheric path radi-
ance Ly, term is found empirically to be

, L imar™ Lt

M g, . __Hatm,i,max ‘atn,m,min

Lan,i_Llllm.i l+ag N hele gi M
=i me,i Jnin

>

(17)
where a is an empirical adjustment parameter and LY.
is the basic first assumption for the amount of atmo-
spheric path radiance, as derived from MODTRAN for
channel i. The weighing factor g; describes how strongly
the state of the atmosphere influences the atmospheric
path radiance term in each channel. It is found from the
ratio between a maximum and a minimum atmospheric
path radiance: The value LY e is taken at dry atmo-
sphere with high aerosol concentrations (lowest altitude
in the LUT), in direct contrast to L), .. (highest alti-
tude and humid atmosphere). The weighting factor g is
normalized by the maximal weighting factor g, of all
channels within the LUT.

The channel independent parameter a is only valid
for one specific method applied to the investigated image
scene. It is derived by minimizing the standard deviation
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35

Precipitable Water (PW, [cm])

Means of columnar water vapor
with standard deviation error bar:

,,,,,,

———— Image subset '91

= MODTRANS3, aerosol var. '95
— Image subset '95

Transmittance, Reflectance

— — Leaf reflectance
(high leaf water content)

Total atmospheric

1 + t + t t +
910 920 930 940 950 960

Wavelength [nm]

transmittance

Figure 6. Qualification results for APDA techniques with one measurement channel for 1991 and 1995

data and for simulated atmospheric conditions. The obvious underestimation in the channels 59 (1991) and 61
(1995), respectively, and their higher variation due to aerosol loading may origin from the steep total
transmittance slope. The leaf water reflectance on the other hand may influence channels 62 and

64, respectively.

a(PW,,;) over the image subset (as described in the pre-
vious subsection) while adjusting the path radiance term
with Eq. (17). The obtained values for @ in the investi-
gated scenes were —0.10 and —0.18, respectively. This in-
dicates, that the initial assumptions on atmospheric path
radiance were correct within an error range of about 20%.

APPLICATION OF THE APDA TECHNIQUE
TO AVIRIS DATA

The methodology described in the previous sections was
applied to two AVIRIS scenes (Schlipfer et al. 1996b):

1. Site: Central Switzerland, “Risch” Date: 5 July
1991 (AVIRIS 070591 run 6, scene 1).

2. Site: Santa Monica, “Camarillo” Date: 26 May
1995 (AVIRIS 052695 run 8, scene 3).

Central Switzerland

The selected differential absorption method for 1991 was
applied to the AVIRISOI scene of Central Switzerland
(Meyer, 1994). The SNR of the 1991 data was only one
fifth compared to the most recent AVIRIS data. How-
ever, this data set is valuable for atmospheric imaging
spectroscopy because of the extensive simultaneous in
situ measurements of atmospheric trace gases. Various
soundings in and near the test region were combined to
obtain the actual profile for the date of over flight.

The AVIRIS scan was georectified at high accuracy
by Meyer (1994). The fully height-dependent APDA
technique could therefore be applied to this mountain-
ous scene. The water vapor retrieval results of the APDA
(60,61;54,67) method are shown in Figure 7. The mean

column water vapor along the shore of the lake as mea-
sured from the image is about 2.85 c¢m. The integration
of the in situ water vapor profiles yields a total column
of 2.97 cm over the lake level (414 m a.s.l.). This small
difference of about 5% between radiosonde data and the
AVIRIS-retrieved column water vapor is within the error
of radiosonde data in general (about =10% for column
water vapor) and also within the error range of the re-
trieval procedure described above. An even better agree-
ment is found when comparing the retrieval difference
between the highest and the lowest terrain pixels to the
corresponding integrated radiosonde profile.

The meteorological interpretation of the water vapor
distribution in rugged terrain using the calculated images
is difficult because the influence of the terrain overrides
real horizontal changes in water vapor concentrations. To
reduce this terrain effect, the procedure described in
Schlipfer et al. (1997) is used. The resulting terrain ad-
justed water vapor retrieval for LIRR and APDA calcula-
tion is shown in Figure 7. In the uncorrected image, ob-
vious underestimations over the relatively dark forests
can be observed. If the atmospheric precorrection is ap-
plied, a significant improvement is achieved. Most of the
errors caused by variations of the background reflectance
disappear, leading to a better estimate of relative water
vapor concentrations. In the not adjusted distribution im-
ages the influence of the terrain overrides such back-
ground effects.

Scene over Camarillo, California

The application of the APDA technique on the 1995 data
showed the unexpected effects of edge enhancement
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absolute water vapor contents (PW, [cm])
19 20 241 22 23 24 25 26 27 28 29
S | 01 2 3
0.2 01 0 +0.1 +0.2 km
relative water vapor contents (APW, [cm])

Figure 7. Processing of 1991 AVIRIS data, Central Switzerland, using channels 54, 60, 61, and 67. Upper Images:
Near-infrared channel 54 (left) and DEM used for the geocoding of the image (right). Middle images: Absolute

water-vapor retrieval with CIBR (left) and APDA technique (right). Lower images: Relative water vapor distribution
(APW) resulting from CIBR (left) and APDA (right).
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channel 55 il ..~ LIRR
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Figure 8. Processing of 1995 AVIRIS data, Camarillo, using channels 54, 55, 61, 62, 68, and 69. Upper left: raw
channel 54, upper right: unregistered LIRR resp. ADPA processing (no plxe] sh1f'tmg applied). Lower left:
LIRR (=CIBR) processing (after pixel shift registration), Lower right: APDA processing.



along the borders of the agricultural fields (see Fig. 8
upper right images). Since cast shadows in irrigation
channels and from plants would not show this phenome-
non in a systematic way, a sensor inherent effect is sup-
posed. According to Chrien (personal communication,
1996), the new AVIRIS focal plane is equipped with
slower slew rate amplifiers which cause bright areas
bounded by dark areas to appear somewhat delayed. The
delay increases with the magnitude of changing signal.
Since the reference channels have more than twice the
signal of the measurement channels, their delay was sig-
nificantly higher. To correct for this effect, we intro-
duced a spatial shift between single channels. A proce-
dure to detect subpixel shifts (Varosi, 1988-1995) was
applied for the channels used in the water vapor retrieval
algorithm. This analysis, which maximizes the correlation
between the single channels, showed that the reference
channels (54, 55, 56, 68, 69, and 70) were shifted in scan
direction by about 0.15 pixels with respect to the mea-
surement channels (60, 61, 62, and 63). In flight direc-
tion nearly no shift was detected. All relevant channels
were then registered by the calculated subpixel shifts, us-
ing bilinear interpolation. The corrected water vapor im-
ages (lower images in Fig. 8) were significantly improved
compared to the unregistered images.

Furthermore, Figure 8 shows the effects of the at-
mospheric precorrection: When performing the tradi-
tional differential absorption technique, high impacts of
the background characteristics are reported, with under-
estimations over dark surfaces (lower left image). After
the atmospheric precorrection, most of this impact disap-
pears (lower right image). The resulting water vapor dis-
tribution is much less biased by the land use features
than the previous water vapor calculation (the smoother
appearance is not a filtering effect but is only due to the
applied correction!). The range of water vapor is within
about 1.7-2.0 em, and even fine variations over the plane
between 1.8 cm and 1.9 em can be observed in the shift
corrected APDA image. A radiosonde profile from the
date of data acquisition reports an amount of 2.05 cm
above sea level. The difference of 5-10% is within ra-
diosounding accuracy and can also origin from water va-
por variations during daytime. In the final image there
are some remaining small ground reflectance caused ef-
fects, which show that there is still an opportunity to im-
prove the water vapor retrieval,

CONCLUSIONS AND OUTLOOK

An efficient technique to determine the amount of colum-
nar water vapor has been derived from a modified radia-
tive transfer equation. We simulated the behavior of the
original CIBR and the APDA over dark, bright, and spec-
trally variable backgrounds. Additionally, a large number
of spectra from minerals, man-made surfaces, and vegeta-
tion canopies was used. The relative water vapor error lies
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within +5% for most of these ground reflectance spectra.
Ranked sets of channels were selected quantitatively
prior to the application of the APDA technique to a spe-
cific scene. The sophisticated channel selection proce-
dure allows to define ideal channel positions and combi-
nation for any hypothetical or real scene.

We showed that the new atmospheric precorrected
differential absorption (APDA) technique allows the accu-
rate measurement of spatial water vapor distributions even
over flat areas with strong background reflectance varia-
tions. Note that we have not yet investigated completely
how the APDA technique depends on aerosol stratifica-
tion, sensor calibration errors, and radiative transfer code
uncertainties. Nevertheless, the accuracy is sufficient for
current applications, since these additional sources are
estimated to cause similar small relative errors. The pre-
sented techniques may also be useful to retrieve other
gases with absorption features in the visible or near-infra-
red part of the spectrum, such as O, or O;.

The basic APDA technique is fully automized and
performs in less than 1 min for an AVIRIS scene (if the
look-up table is already created). Further automatization
could be achieved by using a set of MODTRAN standard
look-up tables together with predefined channel combi-
nations. Second, an average aerosol loading could be es-
timated with the described procedure, by using the
DEM and statistical information of the image to define
a suited image subset automatically. The distribution of
the water vapor with terrain height for 1991 data was very
similar to the profile measured by radiosondes. Hence, the
resulting APDA-images can be used to derive water vapor
profiles from the boundary layer along terrain slopes. Note
that accurate geocoding of the images on top of digital
elevation models is necessary for such processing,

A challenge remains to retrieve the water vapor over
dark surfaces such as water or shadowed areas, since the
path radiance is there the only quantity containing infor-
mation about the atmosphere. This complementary mea-
surement of water vapor will only be possible with further
improvements of the methodology. Such techniques may
differ from differential absorption and nonlinear curve fit-
ting techniques. The most promising approaches are the
improvement of the atmospheric precorrection by consid-
ering adjacency effects and using the full amount of radi-
ance at the sensor level for the retrieval technique.
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