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Column Water Vapor from Diffuse Irradiance
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Abstract

A possibility of measuring water vapor column from diffuseirradiance, and thus the extension of optica
retrievals to cloudy days, was investigated. The data from the Rotating Shadowband Spectroradiometer
(RSS) during its winter deployment at the North Sope of Alaska (NSA) steisused. Theinitid andyss
covers 20 days in March 1999 that include clear, partly cloudy, and overcast days. During these days,
water vapor column according to the NSA ste's Microwave Radiometer (MWR) varied between 1 and
5 mm. Thediffuseirradiancesin the 820 and 940-nm water vapor absorption bands are compared with
water vapor column obtained from the MWR. While these irradiances do not correlate well with the
water vapor column, we found that by using the diffuse transmittance in the 760-nm oxygen absorption
band to obtain an effective air mass, we could derive a method that grestly increases the corrdation.
The end result is a corration of 0.97 and 0.95 between MWR and diffuse RSS retrievas usng 820 and
940-nm transmittances, respectively. This encouraging result is based on empiricd dataanalysis only.

It implies that the diffuse irradiance may contain sufficient information to retrieve water vgpor column.
However, we must analyze broader data sets to ensure that the resulting high correation in these datais
not predicated on the limited climatological conditions experienced in March 1999 a the NSA dite.

Introduction

The Intensve Operational Period (10P) was conducted during the late winter/early spring of 1999 at the
NSA Atmospheric Radiation Measurement (ARM) Program site near Barrow, Alaska, to compare
various techniques to retrieve water vapor column in dry conditions. The RSS, deployed by the
Atmospheric Sciences Research Center, was the only sun photometer taking part in this experiment. In
addition to the 23.8 GHzMWR, Nationd Oceanic and Atmospheric Adminigiration (NOAA)
Environmenta Technology Laboratory and Nationd Aeronautics and Space Adminigtration (NASA)
Goddard Space Flight Center deployed two radiometers covering the 183-GHz band. The results of
retrievdswith MWRs can be found in Racette et a. (2000) and Westwater et a. (2000). The compari-
son between the optica and microwave methods was limited to 11 days of clear and semi-clear westher
when solar direct beam measurements and retrievas could be performed. Figure 1, reproduced from
Kiedron et d. (in print), shows a good agreement between optica and microwave measurements.
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Figure 1. Comparison of water vapor retrievals with microwave radiometers and with direct beam RSS
data on clear and semi-clear days.

The RSS provides continuous direct irradiance spectra over 512 pixels covering the waveengths 350 -
1080 nm (see Harrison et d. 1999). This alows usto derive better estimates of transmittance at water
absorption bands than with the filter spectroradiometers. A basdine is defined by theirradiance at
neighboring wavelengths. Then agood estimate of irradiance at the absorption band, asif there were no
water, is caculated. After the basdine isremoved from theirradiance, the transmittance at the water
absorption band is greatly desensitized to aerosols and radiometric cdibration uncertainties. This
method alows oneto retrieve water vagpor column even when the sunis partidly obscured, or in the
presence of fog, when only afraction of direct beam can reach the instrument. But beyond some degree
of direct beam extinction, the low sgna-to-noise ratio makes retrievals impossible.

In addition to the direct horizontd irradiance, the RSS dso measures the diffuse irradiance. The latter is
provided even during overcast conditions or for very large solar zenith angles and has rdlaively high
sgna-to-noiseratio. In this paper, we explore the possbility of using the diffuse irradiance to retrieve
the water vgpor column.

Methodology

Wetry to find afunction of diffuse irradiance that predicts the water vapor column retrieved by the
MWR. More precisely, we concentrate on only two spectral elements of the diffuseirradiance: one at
the water absorption band near 940 nm or 820 nm and the second at the oxygen absorption band near
760 nm. Mathematicaly speaking, we try to show that two spectral elements from diffuse irradiance
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produce aresult that correlates with water vapor column from the MWR measurement.  In other words,
we cregte an estimator F of water vapor column w:

w = F(lgit (1), 1t (760), X) (1)

wherel =940 nmor| =820-nmand X isthe vector of parameters that are derived through the process
tha minimizesresduasr =w - Wywr.

To diminate sengtivity to aerosols and radiometric cdibration errors, transmittances, instead of
irradiances, at water and oxygen absorption bands are used. Theirradiance is divided by the
extraterrestrial and the basdine is removed. In Figure 2 we show diffuse irradiance divided by the
extraterrestrid irradiance. The anchor points for each band’ s basdline are indicated. The value of the

basdline a absorption wavelength | isinterpolated using values a anchor points| 1 and | , with the
formula
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Figure 2. Example of diffuse irradiance. The anchor points used to define baselines for each
absorption band are marked.
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Then the transmittance a absorption wavelength is given by

Tais (1) =1gis (1) /B()

Theincluson of irradiance at the oxygen absorption band has the following rationde. The oxygen
profile and itstota column areinvariant. Thus, the absorption at oxygen band is dependent on geometry
only and independent of variable aimospheric condituents and parameters. By incorporating the diffuse
irradiance a 760 nm we hope to compensate for the effects of varying pathlength with different
amospheric conditions as well as with the varying sun postion. For the same reason, high-resolution
messurements at 760-nm band have been used and proposed to estimate the optica photon pathlength
(Veitd et d. 1998; Pfeilsticker et d. 1998; Min and Harrison 1999). The estimator F will have no
explicit dependence on time or on the solar zenith angle.

For the solar direct beam, the air massisrelated to the transmittance a 760 nm through a curve of
growth:

m =g(Ty; (760))
Once the function g() is established, we define the effective diffuse ar mass as
m* = g(Tq;, (760))

Next, we try to find the functiond relationship between the diffuse transmittance and the product of the
water vgpor column and the effective diffuse air mass

W w R = h(Tgie (1))
wherel =820 nmor | =940 nm. The function h() isfound in the least square sense by minimizing the
root mean sgquare (rms) difference between the two sides of Eq. (6). The h() can be looked at asacurve
of growth reating equivaent diffuse water column wywrMm* to diffuse transmittance. For this reason,
wetry to fit afunction that can have a physicd interpretation as a curve of growth.

Findly, from Egs. (5) and (6) one can define the estimator of water vapor column as follows

_ h(Tg: (1))
g(Tair (940))

The qudity of the estimator (7) is measured with the corrdation coefficient and the rms error between w
and WMWR-
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Curve of Growth Model

We used Maoskalenko' s (1969) modd of the curve of growth for both functions g() and h(); however, we
must emphasize that the selection of the mode function is not essentia to our task. In fact, to establish
correlation between diffuse transmittance and water vapor column, functions g() and h() were originaly
expressed with polynomias. Now, by usng a curve of growth with parameters that may have a physica
interpretation, we hope to facilitate tying our results with future mode caculations.

Moskalenko’' s modd relates transmittance to the air mass X = m or X = wywrm* asfollows:

INT =- kxx"® ©)
where f(X) varies between 1 and 1/2. We chose f(x) in the following form

_ X
f(x)=1- a—+ ©

with two positive parametersaand b. Alwaysf(0) =1 and f(- ) = 1-a However, we did not limit ato
assure the physicd condition f(- ) > 0.5. To obtain values of x = g(T) or x = h(T), Eq. (8) was solved
numericaly with respect to x.

Results

The 20-day data set totals over 12,000 diffuse and direct irradiance spectra. Among the data six days
were clear. We added data from two clear daysin April to generate the curve of growth g() from the
direct transmittance a 760 nm. In Figure 3 the air mass according to Kasten (1965) is plotted against
the logarithm of transmittance. The resduas show severd systematic tendencies of which one remains
unexplained. We do not know why data from four days cluster above the best-fit curve and from the
remaining four days below the curve. The sudden step changein residuds for low air massesis due to
non-linearity in the RSS s NMOS array after exposure changes. The increase of resdudsfor large ar
masses is due to the lower Sgnal-to-noiseratio for large solar zenith angles. The morning and afternoon
branches for each day coincide, implying that RSS stime keeping is accurate. In summary, the
resduds are dill within £2 percent for smal and medium air masses and +4 percent for large ar
masses. The curves of growth h() for diffuse trangmittances at 820 nm and 940 nm are derived in
Fgure 4. Itisevident that the outliers are not random. This suggests a need for an additiona parame-
terization. Nevertheless, for each data point, we calcul ate two estimates of water vapor column with
Eq. (7). Thereaultsare presented in two correlation plotsin Figure 5 and in Figure 6 as afunction time.
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Figure 3. Empirical derivation of curve of growth at 760 nm.

Discussion

The correlation of 0.97 and 0.95 between MWR and diffuse RSS retrievals usng 820-nm and 940-nm
transmittances, repectively, can be consdered very high. We speculate that the retrievals with 820 nrm
are dightly better because of the fact that the 820-nm photons travel amore smilar path to the 760-nm
photons than the 940-nm photons.

Theretrieva errors have a random component with zero mean and a systematic component:

*W="-WgRnD * * Wsysr

The random error is particularly large on clear daysjd = 77, 78, 87, and 88 (see Figure 6). Thisis
because the shadowbanding cycle of RSSis performed with one fixed exposure that is determined at the
beginning of the cycle by the signa of unblocked measurement that must be kept below the detector
saturation point. 1n consegquence, the blocked sgnd that determines the diffuse irradiance is measured

at too low an exposure during clear-sky days. Thiserror can be reduced by averaging data points or by
implementing a change in RSS firmware to perform the blocked measurement at maximal exposure.

(10)
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Figure 4. Derivation of effective diffuse curves of growth at 820 nm and 940 nm.

In this paper, we are chiefly concerned with the systemétic errors as their magnitude determines the
viability of our gpproach. Theresultsindicate that during this |OP the retrievals of water vapor column
from diffuse irradiance with rms error better than 0.24 mm are possible usng asingle empirica mode
for clear, semi-clear, and cloudy days. However, an objection can be raised that conditions during the
IOP are not sufficiently representative of al possible climatologica conditions. For ingtance, the
surface dbedo in March 1999 remained pretty constant due to snow coverage. One can imagine that
parameters of the h() may be different in summer when the dbedo changes. Also, we did not andyze
the prevailing type of cloud coverage during the overcast days. In particular, we do not know whether
sngle-layer or multi-layer cloud conditions prevailed. The distinction between the two types of clouds
is very important as photon pathlength changes dramatically between the two cloud conditions.
Furthermore, in cases when the extra photon pathlength is accrued above the top of the water vapor
profile, the expected reduction at 760-nm transmittance will not be congruent with the transmittance at
water bands. Therefore, the compensation that function g() in Eq. (7) is supposed to accomplish might
be insufficient. These objectionsthat are of a quditative nature are important for designing a better
scheme of retrieval; however, one must bear in mind that the success or failure of the retrieval method
from the diffuse irradiance will be determined by the quantitative andysis, i.e., by the estimate of the
systemétic error - Wsysr.
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Figure 5. Correlation plots between RSS and MWR retrieved water vapor column.
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Figure 6. Water vapor column as function of time for 20 concatenated days.
The method presented is the Smplest one among the ones that could take advantage of some information

in the transmittance at the oxygen band. Oneis not limited to a method with the same parameters for
both clear and overcast days. For instance, one may add an additiona parameter of direct-diffuseratio
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1 T4ir (781)

r= (11)
COS(SZA) Tdif (781)

at a non-absorbing wavelength of 781-nm to distinguish between degree of overcast.

In Figure 7, dong with theratio r, ahisogram of r valuesis plotted. The histogram suggestsadivison

of datainto four subgroups according to the values of r. One can improve the water vapor retrieva by
generaing a separate h() function for each range of r. Thisis an additiona parameterization of h().

While the improvement occurs, it is not large because the mgjority of al the outliers are within the same
group (0<r<4). These are the points from the overcast days and points from the clear days at very large
solar zenith angles. So, one could imagine adding explicit information on the solar zenith angle into the
mode to distinguish between the two types of low r points.
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Figure 7. Direct-to-diffuse ratio at 781 nm and histogram of its values.

We can imagine further improvements by adding memory into the model. The presented model does
retrievals ingantaneoudly regardless of the preceding or succeeding results. The atmospheric and
climatological changes occur in afinitetime. For ingdtance, changes of the surface albedo are gradud

and they can be detected with more sophidticated tools such as the wavel ength- dependent diffuse-to-
direct ratio. The transmittance at 760 nm may contain some information about the type of the cloud
coverage. For these reasons, we believe that retrievals from the diffuse irradiance of water vapor as well
as other condtituents such as ozone are promising and must be further investigeted. Findly, we want to
emphasize that al the possble improvements suggested in the previous two paragraphs would not utilize
information beyond what the RSSis dready providing.
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