


Lamont, Oklahoma (36° 36" N, 97° 29’ W; 316 m
above sea level). Dry to highly humid conditions,
with CWV ranging from 1 to 5 cm, were experienced
over the three-week period. As one of the steps in
the CWYV retrievals the aerosol component must be
subtracted from the total transmittance in the
0.94-pm band. A comparison of aerosol optical
depth (AOD) among the same four radiometers was
presented previously.1?

Following the philosophy of the AOD comparison
just mentioned, we first made no attempt to equal our
procedures used to derive CWV from the four radi-
ometers. We found that three methods had been
used in conjunction with three radiative transfer
models. In a second round we used the same radi-
ative transfer model (with its underlying spectros-
copy corrected according to Giver et al.12) for all
instruments. In this paper we show the results from
both rounds.

2. Instrumentation

The NASA Ames Research Center deployed its six-
channel Ames Airborne Tracking Sunphotometer
(AATS-6) at the SGP central facility of the ARM for
this IOP. The instrument was operated on the
ground. The AATS-6, described by Matsumoto et
al.,’® uses an active Sun sensor to keep the instru-
ment pointed at the solar disk. The central wave-
lengths and FWHM for the filters are listed in Table
1. The Si detectors are held at a constant tempera-
ture of 45 += 0.6 °C. The field of view FOV of the
AATS-6 is 4.5°. A measurement sequence consists
of an average of nine scans over all six channels (and
housekeeping data) taken within 3 s. This sequence
was repeated at 12-s intervals.

At the ARM SGP central facility a Cimel Sun—sky
photometer measures AOD and CWV. This instru-
ment is also part of AERONET, a worldwide network
of Cimel sunphotometers.’® The Cimel CE-318 in-
strument points to the Sun based on an ephemeris
calculation and then fine tunes the pointing with an
active Sun-sensor adjustment. Samples consist of
triplets of measurements in which each of the second
and the third members of the triplets begins 30 s later
than the previous one and consists of eight filter mea-
surements completed within 8 s; the triplets are re-
peated at every quarter air mass from two to seven
air masses and every 15 mins; when there are fewer
than two air masses. The central wavelength and
the FWHM for each filter are listed in Table 1. The
FOV is 1.2°. The temperature of the instrument is
monitored but not controlled.

A multifilter rotating shadow-band radiometer2°
(MFRSR) has a hemispherical FOV. A band is po-
sitioned to move alternately completely out of the
FOV and then to block the Sun according to a calcu-
lation of solar hour angle, permitting a measurement
of the total downward and diffuse-downward irradi-
ance. The difference between the two measure-
ments is the direct solar component normal to the
receiver and the direct normal component is calcu-
lated by dividing by the cosine of the solar-zenith

Table 1. Central Wavelengths (\) and Bandwidths (AN, FWHM) of
Filtered Instruments

AATS-6 Cimel MFRSR
N(mm) AN (nm) N (nm) AN (nm) \ (nm) AN (nm)
340 2
380.1 5.0 380 4
413.9 10
450.7 5.1 440 10
525.3 5.0 500 10 499.3 10
608.5 10
670 10 665.1 10
863.9 5.3 870 10 859.9 10
9414 5.8 940 10 938.0 10
1020.7 5.0 1020 10

angle and correcting for the angular response of the
quasi-Lambertian detector. Sampling occurs at 20-s
intervals. The central wavelength and the FWHM
for each filter are given in Table 1. The temperature
is held at 40 = 2 °C.

The rotating shadow-band spectroradiometer2!
(RSS) has a Lambertian receiver and a shadowing
sequence similar to those of the MFRSR; however,
the detector is a 512-element photodiode array that
receives its light input from the focus of a prism
spectrograph. Sampling is performed once each
minute. The spectral resolution from 350 to 1050
nm diminishes from 0.3 to 8 nm because of the prism
dispersive element. The temperature is held at 40 =
2 °C.

In what follows, we refer to all four instruments as
solar radiometers.

3. Methodology

In the derivation of atmospheric transmittance, we
distinguish between atmospheric window channels
and gaseous-absorption channels. The window
channels are located outside molecular absorption
bands such as O, and H,O and are normally used for
determining AOD.

A. Aerosol Optical Depth

For atmospheric window channels the instrument
output voltage V(\), obtained when the directly trans-
mitted solar irradiance is observed over a small band-
pass A\ centered at wavelength \, can be described by
the Beer—Lambert—-Bouguer attenuation law:

V(N) = Vo(\d ™ exp[—mT(N)], (1)

where V,(\) is the instrument calibration constant, d
is the Earth—Sun distance (in astronomical units) at
the time of observation, T(\) is the spectral optical
depth, and m is the relative optical air mass, a func-
tion of the solar zenith angle.22 Taking the loga-
rithm of Eq. (1) leads to

In V(\) = In[V,(\)d %] — m7(\). (2)

If a series of measurements is taken over a range of
air masses m during which the optical depth T(\)
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remains constant, V,(\) can be determined from the
ordinate intercept of a least-squares fit when the left-
hand side of Eq. (2) is plotted versus m. This pro-
cedure is commonly known as the Langley-plot
calibration.

In Eq. (1) several attenuators contribute to T(\):

T(\) = 7p(N) + T3(N) + T(N) + T,(N), 3)

where the subscripts R, 3, 2, and a refer to Rayleigh
scattering by air molecules, absorption owing to O4
and NO,, and attenuation caused by aerosol parti-
cles, respectively.

A refined Langley technique,23-25 which uses an
individual air-mass expressions for each attenuator
in Eq. (3), was used for the AATS-6 but not for the
other three instruments. We calibrated the window
channels of the AATS-6 by averaging the results of
six successful morning Langley plots performed at
the Mauna Loa Observatory (MLO) in Hawaii (19°
32" N, 155° 34" W; 3397 m above sea level) approxi-
mately two weeks before the IOP. Because of its
high altitude, which results in nighttime downslope
winds, and its large distance from significant pollu-
tion sources, the MLO is a prime site for performing
morning Langley plots.

Calibration of Cimel #27 (the instrument deployed
at the SGP during the IOP) is based on a transfer of
the calibration from Cimel #37, the reference instru-
ment. The intercalibrations were performed at God-
dard Space Flight Center in Maryland on 30 August
1997 and 3 November 1997 at midday for a period of
1-2 h. The reference instrument itself was cali-
brated by the Langley technique at the MLO in May
and September 1997.

Calibration of the MFRSR and the RSS was based
on a robust estimate from the 20 nearest successful
Langley plots at the SGP. One of those 20 nearest
successful Langley plots was obtained with data from
the morning of 29 September 1997. A Langley plot
performed with the AATS-6 during the same morning
yielded calibration constants that agreed to within
0.5% with the MLO results obtained two weeks be-
fore the IOP. This result suggests that during this
particular morning the atmosphere over the SGP was
sufficiently stable to yield unbiased Langley-plot re-
sults to be used in the robust estimate of the calibra-
tion constants for the MFRSR and the RSS.

Once the calibration constants V,,(\) of the window
channels are known, the AOD 1,(\) can be deter-
mined from Eqs. (2) and (3). The AOD’s obtained
from each instrument were derived independently of
one another. Although the methods to remove Ray-
leigh, O3, and NO,, optical depths coincide in some
instances, there was no attempt to make a uniform
reduction to AOD from the total optical depth. Nev-
ertheless, AOD’s (\ = 380—1020 nm) obtained during
the IOP by the Cimel, MFRSR, and RSS instruments
agreed with AATS-6 values to within 0.025 (rms).
The AOD’s in atmospheric windows adjacent to the
0.94-pm band agreed to within 0.015 (rms).?
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B. Columnar Water Vapor

The Beer—Lambert-Bouguer law, which is monochro-
matic in nature, can be applied over small band-
passes A\ with negligible error as long as the spectral
variation of transmittance inside the bandpass is
small. In regions of strong spectral variation of mo-
lecular absorption, such as the near-infrared water-
vapor absorption bands, Eq. (1) can be expressed as26

V(N) = Vo(Nd ? exp{—m[1z(\) + 7,(\)
+ (M BTL(N). (4)

(Note that there is no absorption that is due to NO,, in
the water-vapor absorption channels used here.)
T, (\) is the band- and source-weighted water-vapor
transmittance:

f E,N)S(N)exp[ —mT,(N\)]dA
T,(\) == NG
.[ E,(N)S(\)dA

where 1,(\) is the strongly varying water-vapor ab-
sorption optical depth, E,(\) is the exoatmospheric
solar irradiance, and S(\) is the instrument response.
It should be noted that, even if Ey(\) and S(\) were
effectively constant over A\, the strong spectral vari-
ation of 7,,(\) would be sufficient to require the band-
weighted transmittance 7',(\) in Eq. (4). Also, Eq.
(4) does not follow the Beer-Lambert—Bouguer law,
as T, (\) generally cannot be modeled by an exponen-
tial with a negative argument of air mass times a
constant band-weighted optical depth. Hence, for
channels in strong absorption bands, V,(\) can no
longer be found by use of the traditional or the refined
Langley method. In this section we discuss three
approaches to determining V,(\) and T,,(\) to re-
trieve CWV from measurements in the 0.94-pm
water-vapor absorption band.

1. Method A: Modified Langley-Plot Technique

If T, (\) can be modeled by an exponential with a
negative argument proportional to some power of the
slant-path absorber amount, such as

T,(\) = exp[—a(mu)’], (6)

where u is the columnar water vapor and a and b are
constants, then V;(\) can be determined by use of a
modified Langley-plot technique: Substituting Eq.
(6) into Eq. (4), rearranging the terms, and taking the
logarithm lead to

In V(N) + m[7,(N) + 7r(\) + 75(N)]
= In[V,(\)d 2] — a(mu)®. (7)

We now construct modified Langley plots by plotting
the left-hand side of Eq. (7) versus m®. Therefore
the instantaneous values of the AOD 7,(\) in the
water-vapor absorption channel must be known.
These are estimated from the solar radiometer’s win-



dow wavelengths by use of a quadratic fit on a log—log
scale of 7,(\) versus A. This requires that the V(\)
values of the window channels be determined before
modified Langley plots are constructed. Itisevident
that for the construction of modified Langley plots the
columnar water-vapor amount should remain con-
stant, at least for the 1.5-2-h period of Langley data
acquisition.

T, (\) is typically computed according to Eq. (5)
with a radiative transfer model over a range of slant-
path water-vapor amounts. Constants ¢ and b in

Eq. (6) are then found by a curve-fitting
procedure.327-29  Combining Eqs. (4) and (6) yields a
CWYV of
— i l 1 M — [ ()\) + ()\)
u=—1_|h—, N m[Tg T
1/b
+ 73()\)]” . (8)

For the research reported in this paper we used
method A to obtain CWV for the AATS-6 and the
Cimel instruments. For the Cimel instrument the
standard AERONET algorithm was used: we used
the same typical filter function [S(\) in Eq. (5)] for all
the instruments in the network in conjunction with
LOWTRAN 7 computations3© to determine one set of a
and b. The 940-nm channel of reference instrument
Cimel #37 was calibrated by the modified Langley
technique at the MLO in May and September 1997.
For both calibration periods the V(\) values of four
morning modified Langley plots were averaged.
The relative standard deviations in V,(\) were ~2%.

For the AATS-6 we used the MoDpTRAN 3.5 V1.1 pro-
gram3° to determine one set of a and b values for the
MLO and several sets (covering different ranges of
m,u) for SGP conditions. For S(\) in Fig. (5) we
used the filter function of the 941.4-nm channel as
measured by the manufacturer (Barr Associates, Inc.,
Westford, Mass.) in February 1994. We determined
the V,(\) value of that channel by averaging the re-
sults of five morning modified Langley plots (stan-
dard deviation, 1.2%) performed at the MLO two
weeks before the IOP.

2. Method B: Differential Lamp-Solar Spectrum
Technique

The differential lamp—solar spectrum method has
been described in detail by Michalsky et al.31 Only a
brief summary is given here. Method B avoids the
need to calibrate by the modified Langley method.
Instead, it requires values of the instrument output
V.(\) when a calibration lamp is viewed, and the
lamp irradiance E;(\) and the extraterrestrial solar
spectrum E (\), both convolved with filter function
S(\). To retrieve CWV we consider the ratio of the

radiometer output voltages measured in channels in
(\;,) and adjacent to (\,,;) the 0.94-pm band:

V()\in) _ EO()\in)EL()\out)VL()\in)
V()\out) EOO\out)EL()\in)VL()\out)
X exp{_m[TR()\in) + Ta()\in)

- TR()\out) - Ta()\out)]}- 9)

Solving for T, (\), we can relate this calculated
value to the radiative transfer model calculation of
T,,(\) to derive CWV. It is important to note that in
Eq. (9) most measurements and calculated values
appear as relative values, which we can determine
more accurately than absolute values.2432

We applied method B to the IOP data obtained
from the MFRSR and RSS instruments. For the
MFRSR we used the 860- and 938-nm channels as
Nout @nd \;,, respectively. S(\) of all the MFRSR
channels was measured in August 1996 and again in
March 1998. The 938-nm channel shifted toward
red by 0.8 nm, but no wavelength shift was observed
for the other channels. For the research reported in
this paper we used the August 1996 measurements of
S(N\). For the RSS we used A ,, = 871 nm (pixel
number 440) and \;,, = 943 nm (pixel number 458).
The S(\) of each pixel was established by use of la-
sers.?l Because method B does not depend on mod-
ified Langley plots, no parameterization of T',(\) is
necessary, and 7',,(\) can be converted into CWV from
a look-up table. For both instruments we used mop-
TRAN 3.7 v1.0 to create such a look-up table of T,,(\)
versus mu.

T,(\)

3. Method C: Empirical Technique

In method C the signal in the 938-nm MFRSR chan-
nel is calibrated for the retrieval of water vapor by
estimation of the adjusted signal, V,,(\) (the signal
that would be measured if water vapor were the only
attenuator) with the MFRSR while the CWYV is si-
multaneously observed with another instrument
nearby. The other instrument is a microwave radi-
ometer (MWR), the cloud and radiation test bed
MWR (ARM CART), which measures at f = 31.4 and
23.8 GHz, which operates continuously at the SGP.33
An empirical curve can then be formed that shows the
relationship between V,(\) and mu. An equation
fitted to this curve provides an algebraic expression
that relates V,(\) and mu such that if V,(\), the
adjusted measurement, is known, then u can be
found.

Using the definition of adjusted signal V,,(\) and
Eq. (4), we have

V.(N) = V(N exp{m[1z(\) + 7,(\) + 13(M)]}

= Vo(N)d °T,(N). (10)

where V(M) is the measured voltage.
by the four-parameter model:

V() is fitted

V,(\d? = V(N exp[ —a(mu)®#m]. 1D
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Fig. 1. Time series of columnar water vapor from different in-
struments and methods. Top, initial comparison for which no
attempts have been made to standardize our procedure to one
radiative transfer model. Bottom: All method A and method B
retrievals use the same radiative transfer model (LBLRTM 5.10).

The four parameters are V,(\), a, b, and B, where
V(M) is the calibration constant for the 938-nm chan-
nel and a, b, and B describe T, (\).

This form of T',,(\) is similar to the less-complicated
transmission function in Eq. (6). We tried the sim-
pler form, but it worked only over a small range of mu
that is typical of dry conditions during the winter.
To extend the applicability of the transmission func-
tion over a wider range of mu, encompassing the
entire variation in vapor over the course of a year, we
were forced to add a path dependence term, —Bmu, to
the exponent b, where B is a small correction term.
With this addition the range of validity of Eq. (11) is
~28 cm = mu = 0 cm. We used data from 15 days
of clear-sky conditions, spanning a period from 16
January to 28 August 1997, to determine V,(\) and to
develop the empirical transmission function de-
scribed above. These data consisted of 21,278 20-s
samples, and the parameter values were found to be
a = 0.5411, b = 0.5802, and B = 0.003284, with u in
units of precipitable centimeters.
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Fig. 2. Same as Fig. 1, but only two hours are shown to show
small-scale variations better.

In method C the need to calibrate with the modified
Langley method and the use of a radiative transfer
model are both avoided. However, we have to keep
in mind that, because the parameters in Eq. (11) are
determined by comparison with the MWR, method C
cannot yield an independent measurement of CWV.

4. Results

In the first round, as with the AOD intercompari-
son,'” we made no attempt to standardize our proce-
dures to the use of the same radiative transfer model
and its underlying water-vapor spectroscopy (re-
quired for methods A and B). In the second round
we used the line-by-line radiative transfer model LBL-
RTM 5.10 (Ref. 34) for all method A and method B
retrievals. As with the AOD intercomparison,” we
compared all the CWV retrievals with the AATS-6
results. Because of the different sampling strate-
gies and days of operation, we obtained as few as 466
to as many as ~19,000 samples in the comparisons.
The results were analyzed in terms of time series
(Figs. 1 and 2) and scatterplots (Figs. 3 and 4). Sta-




















