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Abstract. Various studies indicate that high-resolution oxy- and errors in wavelength registration; (2) modeling errors in
gen A-band spectrum has the capability to retrieve the verthe simulation, including the error of model parameters set-
tical profiles of aerosol and cloud properties. To improveting (e.g., oxygen absorption line parameters, vertical pro-
the understanding of oxygen A-band inversions and util-files of temperature and pressure) and the lack of treatment
ity, we developed a high-resolution oxygen A-band spec-of the rotational Raman scattering. The high-resolution oxy-
trometer (HABS), and deployed it at Howard University gen A-band measurements from HABS can constrain the ac-
Beltsville site during the NASA Discover Air-Quality Field tive radar retrievals for more accurate cloud optical proper-
Campaign in July, 2011. By using a single telescope, theties (e.g., cloud optical depth, effective radius), particularly
HABS instrument measures the direct solar and the zenitHor multi-layer clouds and for mixed-phase clouds.
diffuse radiation subsequently. HABS exhibits excellent per-
formance: stable spectral response ratio, high signal-to-noise
ratio (SNR), high-spectrum resolution (0.016 nm), and high
out-of-band rejection (1P). For the spectral retrievals of 1 Introduction
HABS measurements, a simulator is developed by combin-
ing a discrete ordinates radiative transfer code (DISORT)OXxygen A-band (759-770nm) is one of the most promi-
with the High Resolution Transmission (HITRAN) database nent near-infrared features in the atmospheric spectrum. It
HITRAN2008. The simulator uses a doulleapproach to  has been studied extensively for remote sensing from satel-
reduce the computational cost. The HABS-measured spectrifeé measurements to ground-based measurements (Grechko
are consistent with the related simulated spectra. For directét al., 1973; Mitchell and O’Brien, 1987; Fischer and Grassl,
beam spectra, the discrepancies between measurements ak@91; Fischer et al., 1991; O’Brien and Mitchell, 1992;
simulations, indicated by confidence intervals (95 %) of rel- Harrison and Min, 1997; Pfeilsticker et al., 1998; Veitel et
ative difference, are-0.06, 0.05) and 40.08, 0.09) for  al., 1998; Stam et al., 1999; Min and Harrison, 1999, 2004,
solar zenith angles of 27 and Z2espectively. For zenith Portmann et al., 2001; Koelemeijer et al., 2001; Min et al.,
diffuse spectra, the related discrepancies between measur@001, 2004a; Min and Clothiaux, 2003; Kokhanovsky et al.,
ments and simulations are-0.06, 0.05) and-{0.08, 0.07) 2006a, b; Boesche et al., 2006, 2009; Li and Min, 2010,
for solar zenith angles of 27 and%Z2espectively. The main  2013). Oxygen is a well-mixed gas in the atmosphere; the
discrepancies between measurements and simulations occaressure dependence of oxygen A-band absorption line pa-
at or near the strong oxygen absorption line centers. They areameters provides a practical way for retrieving photon path
mainly due to two kinds of causes: (1) measurement errordéength distributions and vertical information of aerosols and
associated with the noise/spikes of HABS-measured specclouds (Harrison and Min, 1997; Pfeisticker et al., 1998;
tra, as a result of combined effects of weak signal, low SNR,Veitel et al., 1998; Min and Harrison, 1999, 2004; Portmann
et al., 2001; Min et al., 2004a; etc.). However, except for a
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few sensors, such as Fourier transform spectrometer (FTS) Instrument design and its performance
in the Greenhouse gases Observing SATellite (GOSAT, Kuze
et al., 2009), most of routine measurements of oxygen A- .
; 2.1 Instrument design
band spectra are from low- or moderate-resolution spectrom-
eters. As discussed in Min and Clothiaux (2003), the low- or
moderate-resolution oxygen A-band spectra only can providerhe HABS, shown in Fig. 1, was developed by the Atmo-
two independent retrieved parameters of photon path lengtlspheric Science Research Center (ASRC) of State Univer-
distribution. sity of New York at Albany. It consists of an altazimuth
In principle, high-resolution oxygen A-band spectra can tracker fore-optics, a high-resolution grating monochroma-
discriminate atmospheric scattering from surface scattertor, a high-performance charge-coupled device (CCD) as-
ing, and thus provide a better remote-sensing techniquesembly, and a temperature controlling system.
to retrieve cloud and aerosol macrophysical/microphysical A sketch of the HABS optics is shown in Fig. 2. Through
properties (Stephens and Heidinger, 2000; Heidinger and telescope with a field of view (FOV) of 2.7&nd a pair of
Stephens, 2000, 2002; Min and Harrison, 2004; Stephens dbtal reflection prisms, the elevation—azimuth sun tracker can
al., 2005). As stated in Min and Harrison (2004), with high- track the sun or point to the zenithal direction automatically.
resolution oxygen A-band measurements, four or five inde-This fore-optic enables to measure both direct beam and dif-
pendent pieces of information can be obtained, depending ofuse radiances using the same system. Since the photon path
the instrument resolution, the out-of-band (OOB) rejection,length distribution is known for direct beam radiance (e.g., a
and the Signal-to-Noise Ratio (SNR). 3 function), the direct beam measurements can be used to as-
To understand oxygen A-band inversions and utility, we sess instrument features and absorption line parameters with
developed a high-resolution oxygen A-band spectrometesimple Beer’s law. The direct beam measurements can also
(HABS) with polarization capability. It was deployed at be used to directly construct the retrieval kernels (Rodgers,
Howard University Beltsville Campus (HUBC) in Maryland 2000; Min and Clothiaux, 2003). The well-tested instrument
during the NASA Discover Air-Quality Field Campaign in functions and line parameters or the constructed retrieval ker-
July, 2011. This paper specifically reports on the develop-nels from direct beam measurements are readily used for the
ment of the HABS and its spectral performance. We evalu-retrievals from diffuse radiance measurements.
ate the spectral performance of HABS through radiation clo- The grating monochromator consists of a high line-density
sure by comparing HABS-measured spectra with simulatedyrating (1800 grooves per mm) and two long focal-length
spectra. The simulation of high-resolution oxygen A-bandmirrors with focal lengths of 32 inches and 38 inches. It
spectrum is based on our HABS simulator that combinesprovides high-resolution spectrally resolved direct-beam and
the discrete ordinates radiative transfer (DISORT) modelzenith diffuse radiance on a CCD array (102256), cov-
(Stamnes et al., 1988) with the High Resolution Transmis-ering the entire oxygen A-band from 759 to 769 nm. The
sion (HITRAN) database HITRAN2008 (Rothman et al., spectrometer is equipped with a high performance CCD cam-
2009). More importantly, all key model inputs are based era (Horiba Scientific Synapse 108256 CCD detector).
on the collocated measurements during the field campaignThe CCD area of the system is thermoelectrically cooled to
In particular, aerosol optical properties are derived from—70°C to reduce the readout noise. The CCD array works
a Multi-Filter Rotating Shadowband Radiometer (MFRSR) at two modes: (1) image mode for grating spectrometer as-
and a Raman lidar. MFRSR provides measurements of spesembling; and (2) spectrum mode for the instrument perfor-
tral solar radiation and retrieved aerosol and cloud opticalmance testing (Sect. 2.2) and solar radiation measurements
properties (Min and Harrison, 1996; Min et al., 2003, 2004b, (Sect. 2.3), in which every column of pixels are combined
¢, 2008). Raman lidar has the ability to measure the verticato one pixel and the CCD array works as a linear CCD
profiles of aerosol scattering ratio at high time resolution and(1024x 1). The whole optical system is housed in an enclo-
height resolution (Connell et al., 2009). sure to maintain temperature stability and to protect it from
This paper is organized as follows. Section 2 provides thethe weather. As a high-resolution spectrometer, the instru-
instrument design and its characteristics and performancanent is sensitive to the environment temperature, which can
Sect. 3 describes a fast and accurate HABS simulator andesult in the spectrum wavelength shifting (Platt and Stutz,
HABS measurement simulations; Sect. 4 discusses the con2008; Li and Min, 2012). Because each pixel measures dif-
parisons of HABS measurements with model simulations forferent portions of the absorption spectrum, a shifting wave-
radiation closure; Sect. 5 elaborates the potential applicationkength mapping of the spectrum will bring in errors to the
of HABS and our research plan about it in the near future;retrieval processes. In order to alleviate these errors, a tem-
Sect. 6 provides a brief summary and some concluding reperature controlling system is implemented into the instru-
marks. ment, which consists of a temperature controller, temperature
sensors, fans, heaters, and a water cooling subsystem (not
shown here). This temperature controlling system can keep
the HABS inner temperature stable within OCL It helps
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Figure 2. Optical setup of the high-resolution oxygen A-band spec-
Figure 1. The photo of the HABS taken at the Atmospheric Sci- trometer (HABS).
ence and Research Center, State University of New York at Albany
during the field observation.
Hovenier, 2005; Levy et al., 2004; Schutgens and Stammes,
2003; Oikarinen, 2001; Lacis, 1998; Mishchenko et al., 1994,
. .- . Charles and Kattawar, 1994).
to restrain the spectrum shifting and prott_act. the instrument The four polarizer modes can be used to derive the de-
components from outside temperature variations. gree of polarization (DOP) for the oxygen A-band spectra,

In the fore-_op'tlc modqle of HABS, two filters are us<_ad to through Egs. (1)~(5) (Berry et al., 1977; McMaster, 1954,
suppress radiation outside the band, and an electronic shu [961):

ter is used to control the time of exposure. A filter wheel in

the fore-optic enables six modes: open mode, diffuser mode; _ 7 (oo - 2 2

and four polarizer modes with different orientations (i.e., 0, =1 (O )+ ! (900) =BT |Ey| - @)
45, 90, and 139, as shown in Fig. 2. The diffuser mode

is used for direct-beam measurements, to reduce the signad =7 (0°) — 1 (90°) =< |E|?— |Ey|2 > 2
and fill up the slit of the spectrograph. Due to the small

FOV (2.77) of the instrument, if no cloud (or only very thin

clouds) exists in the sun-sensor direction, the diffuse phol/ = I (45°) —1(135) = Re < ExE, > ®3)
ton is ignorable compared to the sun direct beam. The open

mode and four polarizer modes are used for zenith diffuse
measurements. In the open mode, the incident light can pas‘é =0=1Im<EE,> )
through the filter wheel directly without any optical compo-
nents. The polarizer modes enable to measure the degree plop— (02 + U2 + Vz)l/Z/I, (5)
polarization in the atmosphere, which enhances retrieval ca-

pability of oxygen A-band spectroscopy. As the grating andwhere we choose a Cartesian coordinate system, £) to
mirrors have polarization-dependent reflectivity properties,indicate the light propagatiort, and E, are the electric
neglect of such an instrument’s polarization sensitivity canfield components in thg andy directions, perpendicular to
lead to errors of several tens of percent in the values of rathe direction of light propagation 1 (0°), I (45°), I (90°),
diance measured at wavelengths where the instrument’s pand / (135) are HABS-measured polarized radiances un-
larization sensitivity is highest (Natraj et al., 2007; Stam andder different polarization modes, Q, U andV are the four
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Figure 4. Slit function of high-resolution oxygen A-band spectrom-
eter (HABS): the insert indicate a FWHM resolution of 1.55 detec-
Stokes parameters (Van de Hulst, 1957), in which V compo-or pixels.
nent is 0 based on current instrument measurements (Eqg. 4);
and DOP is the derived degree of polarization. The mea-
surement of polarization of oxygen A-band spectra improvess about 10°, similar to the Ar lamp measurement. Simi-
the retrieval ability for aerosols and ice clouds (Hansen andar to the spectral response ratios, the slit function changed
Travis, 1974; Bréon and Colzy, 2000; Deuzé, et al., 2000 very little during the long-term experiments. The slit func-

2001; Chowdhary et al., 2001, 2005; etc.). tion is vital important for the simulation of instrument mea-
surements (see Sect. 3).
2.2 Instrument performance The SNR is determined by both read-out and photon elec-

tron shot noise, the latter being Poisson distributed. When

As stated previously, before the incident light arrives at thethe signal is weak, such as the signal near a strong absorp-
entrance slit of grating spectrometer, it passes through a pation line center, the read-out noise (and Poisson noise of
of prisms, two bandpass filters, and one of the filter wheeldark signal) dominates. Due to the low temperature (about
channels. This modulates the spectral shape of the incident70°C) of the CCD module, the standard deviation (SD) of
light, which can be presented by a *“filter function”. To ob- readout noise for CCD pixels is less than 5 counts, and their
tain the response of the overall filter function, we use themean value is about 3 counts. Figure 5 shows one case of the
Gamma Scientific's Model 5000 FEL 1000-Watt lamp source SNR that measured at solar zenith angle (SZA) ¢f 3tlis
to provide the reference spectrum. The spectral response r@&stimated based on 24 consecutive measurements, in which
tios of HABS-measured spectrum and the reference spectrureach exposure is 0.25s. This method assumes the reference
at different channels of filter wheel are shown in Fig. 3. In source (solar direct beam) is constant during this short period
this study, these response functions are measured many timgs 10 s). By comparing the mean measurement value and the
during long-term in-lab experiments and field observations,standard deviation of measurement noise, the SNR can be
and they changed very little, suggesting very stable perforobtained. The minimum SNR is 78 and 111 in R (left) and
mance of the HABS. The spectral response ratios are cruP (right) branches (Spiering et al., 2010), respectively. The
cial for the recovery of modulated measured spectral shapesignal strength depends on solar zenith angle and sky condi-
which impacts the accuracy of the spectral intensity and nortions, so does the SNR. To obtain the best SNR, the exposure
malization directly. time is automatically adjusted based on the strength of inci-

As discussed in Min and Harrison (2004), the slit func- dent solar radiation. It is implemented by taking two mea-
tion is crucial for evaluation of spectrometer performances.surements consequently: (1) the first measurement, which
The slit function of the HABS was once obtained using an only takes very short exposure time to estimate the strength
Ar lamp (763.511 nm) and used for wavelength registrationof incident solar radiation; (2) the second measurement, mea-
study (Li and Min, 2012). However, some contamination of sured with the optimal exposure time estimated from the am-
other weak emission lines of the Ar lamp may contribute to plitude of the first measurement. Furthermore, to remove the
the stray light of the slit function. In this study, we used a detector offset caused by dark current, every time before the
laser diode DFB-763 (763.0 nm) to measure the slit function.solar radiation measurement, we will measure the dark cur-
As shown in Fig. 4, the full width at half maximum (FWHM) rent firstly. Subtracting the dark current from the original
is about 1.55 pixels or 0.016 nm (about 0.26¢nat oxygen  measured solar spectrum, we obtain the exact signal of mea-
A-band), which is narrower than the Ar lamp measured onesured solar spectrum.
(i.e., 1.85 pixels or 0.019 nm or 0.30 c#). The OOB rejec-
tion (at about 5 nm distance from the slit function maximum)
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In this spectrometer the FWHM of the slit function is
0.016 nm, thus measurements of sharply structured absorp-
tion features are very sensitive to small spectral shifts. ForFigure 6. HABS-measured oxygen A-band spectra for the direct
HABS, the impact of wavelength shift has been extensivelysolar beam at SZA=72(a) and diffuse zenith spectr) under
discussed by Li and Min (2012). Even if a very small wave- clear skies for SZA = 22for different cloud optical depths.
length shift (e.g., 0.001 nm) occurs, the distribution of oxy-
gen absorption optical depth contributing to the absorption
line center will change significantly. To reduce the error in- === . .
duced by the wavelength shift, Li and Min (2012) devel- dlstrlbunon of aerosol and cloud optical propern_es. .
oped a self-calibrating wavelength registration method. This Figure 7 shows one case of J.[he measured'hlgh—resolutlon
method can accurately register each measured spectrum indfXY9en A-band spectra of zenith dlﬁu§e radiation for four
vidually and fast, with a wavelength registration error that is polarizations. It was measured at 13:08UTC on 26 July,

s ; ; 2011. In this case, no cloud exists; SZA is°5@nd the
within 0.0001 nm. In this study, we used this method to make ) ! ! .
wavelength registration. MFRSR-derived AOD (at 760 nm) is about 0.04 (Fig. 8b).

Obviously, the spectra measured under polarization modes
are smaller than under the open mode and vary signifi-
cantly with polarizer orientations. The derived DOP spec-

) _ trum, shown in Fig. 7b, exhibits polarization characteris-
We deployed the HABS at HUBC during the NASA Dis- ics associated with oxygen absorption lines. As shown in
cover Air-Quality Field Campaign in July, 2011. During gqs. (1)-(5), DOP is derived through subtractions among
this field campaign, many instruments (e.9., MFRSR, Ra-oyr spectra. The residuals are extremely sensitive to the
man lidar, sonde balloon, etc.) worked together to observeignal-to-noise ratio (SNR) of spectrometer. Weak signals
the air-quality, aerosol and cloud properties. Figure 6a show$,ng jow SNRs at the strong absorption line centers could
HABS-measured oxygen A-band direct beam spectra and thgsgjt in some noise in the DOP spectrum. Additionally,
related zenith diffuse spectra (at open mode) under cleargjight shifts of wavelength associated with different spectra
day situations. Figure 6b shows two HABS-measured 0xy-coyq also result in spikes in the DOP spectrum. Again, those
gen A-band zenith diffuse spectra (at open mode) for thickgpikes are at or near the strong absorption line centers, as a
clouds and cirrus clouds, respectively. It is clear that the pri-resyit of the combined effect of weak signals, low SNRs, and
mary absorption lines in P branch are resolved. It is Worthyslight wavelength shifts. The HABS polarization measure-

to mention that in Fig. 6 and other figures in the following ments will be evaluated, analyzed, and discussed in detail in
sections, the spectra are represented as normalized rad'a”%?forthcoming paper.

which can better indicate the absorption characteristicgin O

A-band. The normalized radiance is calculated by dividing2.4  Simulation of high-resolution oxygen

the original measured/simulated radiance with the spectrum A-band spectra

baseline. The latter is derived by the measured/simulated

radiance at the shoulders of the @-band (without oxy-  Analyzing the high-resolution spectra measurements and ap-
gen absorption), for example, at about 759.4 and 768.8 nmplying them to the retrievals of cloud and aerosol proper-
which have the best SNR and are insensitive to spectrunties require forward radiative transfer calculations to sim-
shifting. They are only impacted by the column integratedulate the observed spectra. In the model simulation, the

764
Wavelength (nm)

atmospheric optical depth, and less sensitive to the vertical

2.3 HABS measurements
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< 10* 20110726 13:08 (UTC), SZA=56° also very time-consuming. To reduce the computational cost
e oo | ' ; ' for operational retrievals, Duan et al. (2005) developed a fast
ok L/ =) ‘ - radiative transfer model by using a doulalelistribution ap-
. — | proach. Based on this fast radiative transfer model, we devel-
g o -1 (135%) ’ IR PR oped a HABS simulator to simulate the HABS measurement.
= 4L w, b [~ ooy i
* - l RN Eine v 2.5 Calculation of oxygen absorption optical
=) ' g 1 depth profiles
i L 1 I L
5 76 LR — 165 L As stated previously, the oxygen absorption coefficients are
i , , , , determined by the atmosphere pressure and temperature.
[b] [==20110726 13:08 WTC)] Chou and Kouvaris (1986) proposed that the absorption co-
Al il efficients k) at wavenumbery) can be defined as a function
§ a5k ) of air pressureg) and temperaturef{) as shown in Eq. (6).
<
3% ] In(k(v, p, T)) = ao(v, p) +a1(v, p) x (T — Tmean
§25— — +az(v, p) x (T — Tmear)zv (6)
2. e &5 en o i whereag, a1, a2 and Tmeanare previously calculated param-

7é4
Wavelength (nm) eters by fitting three pairs of givep(T). In a similar way,
the oxygen absorption optical depth) (can be also defined

Figure 7. HABS-measured oxygen A-band spectra for the zenith functi dT f ¢ heric | h
diffuse radiation(a) and the related derived degree of polarization f"‘s a function op an Oor any atmospheric layer as shown

(DOP) spectrunfb) at 13:08 UTC on 26 July 2011. The radiance is " EQ- (7)-
indicated by the analog to digital converter (ADC) counts.
y gtodyg (ADC) IN(t (v, p. T)) = ao(v. p) +az(v, p) x (T — Tmean

+az(v, p) x (T — Tmean? @)

background atmospheric information (e.g., temperature, aij, this study, all parameters of Eq. (7), thatds, a1, a» and
pressure, aerosol, etc.) are from observation, and the hig

: mean are derived by the results of three or more given atmo-
resolution solar reference spectrum at the top of the atmoépheric profiles. In the LBLRTM model, there are six typi-

sphere (TOA) is provide by Chance and Kurucz (2010), .5 geographic-seasonal model atmospheres: tropical model,
which can be downloaded from the website of Harvard- g |aitude summer model, mid-latitude winter model, sub-
Smithsonian Center for Astrophy3|d$n(o://kurucz.hqrvard. arctic summer model, subarctic winter model, and United
edu/sun.html For the measured spectra, each pixel cON-giates Standard (1976) model. Based on these six model at-
Falns §pectral response of multiple absorptpn lines, ConVOIV'mospheres, six sets of oxygen absorption optical depth pro-
ing with the slit function. Therefore, to simulate HABS- 5 are calculated in the line-by-line domain. Using three
measured spectrum, we need to make radiative transfer caly yhem (e.g., tropical model, subarctic winter model, and
culations in a line-by-line domain. To complete these calcu-hiteq States Standard model), we derive the three parame-
lations, vertical profiles of oxygen absorption optical depth ¢ (i.e.40, a1, ap) in Eq. (7) for every wavenumber. These

are required also in a line-by-line domain. In this study, qerjed parameters are stored in a parameter database in the
the oxygen absorption profiles are originally calculated by|j,q 1 jine domain. The oxygen absorption optical depth
the line-by-line radiative transfer model (LBLRTM 12.1) 1 sfies for all the six model atmospheres have been recalcu-
(Clough et al., 2005) based on the HITRAN database Hl-|540q through Eq. (7) with derived parameters and compared
TRAN2008. However, calculating oxygen absorption optical i, the original LBLRTM calculations. The comparison in-

depth profiles with LBLRTM is very time-consuming (More gjicates that the accuracy of the fast parameterization scheme
than 5 h for the entire oxygen A-band by a fast PC). Becauseg | ithin 1 % (not shown here) and the computing time is
the atmospheric structure is always changing with time, fre-.oq.,ced to 0.2 %

quent recalculation of the oxygen absorption optical depth

profiles is required. To reduce the computational cost, it is2.6 Double# distribution approach

necessary to develop a fast method to recalculate the oxygen

absorption optical depth profiles accurately. Based on the calculated oxygen absorption optical depth
Based on the given background atmospheric information profiles and other observed or derived atmospheric proper-

the solar reference spectrum at TOA, and the recalculateties (e.g., surface albedo, solar zenith angle, etc.), we use

oxygen absorption optical depth profiles, we can make radiathe DISORT model to calculate radiative transfer in the

tive transfer calculations in a line-by-line domain. However, atmosphere. Although the LBLRTM model can be used

running a radiative transfer model in a line-by-line domain is to simulate the high-spectral-resolution radiance, it is very

Atmos. Meas. Tech., 7, 17111722 2014 www.atmos-meas-tech.net/7/1711/2014/


http://kurucz.harvard.edu/sun.html
http://kurucz.harvard.edu/sun.html

Q. Min et al.: A HABS and its radiation closure 1717

20110726 (MFRSR) 20110726 (MFRSR) 25 ————— 5 25— ———— -
1 04 —o-15:43(UTC),20110726] —o-15:43(UTC)20110726
— Global —AOD 415nm n
08 Dime (a] Bt [b] 20

0.3 AOD850Nm

‘o

o
o
o

o
=
Optical depth
o o
= n
N z
& o=
3 ~
o
¥
\
Altitude: (km)
Altitude (km)
Altitude (km)

o
Y}
=)

Transmittance (415 nm)

20 22 24 10 12

16 18 16 18 20 22 24 5

Hour (GMT) Hour (GMT) Ib]
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time-consuming. A fast and accurate forward radiative trans-

fer model is crucial to reduce the computational cost for

operational retrievals. Min and Harrison (2004) outlined a3 comparison of HABS measurements with

k distribution approach for simulating the oxygen A-band  model simulations

spectrum under clear-sky conditions. In their approach, the

radiation from absorption and scattering processes of clouthg shown in Fig. 8a, MFRSR measurements indicate that
and aerosol is spljt into the _single- and muI_tipIe—scattering% July 2011 was a clear day for radiation closure study of
components: the first scattering component is computed acyaABS. The vertical profiles of air pressure and temperature
curately, and multiple scattering (second order and higheryy, that day were provided by the collocated sonde balloon
radiance is calculated approximately. Duan et al. (2005) eXyeasurements (shown in Fig. 9a and b). In the model sim-
tended _and modified_this technique to _all-sky cond_itio_ns ONylation, to be consistent with the oxygen absorption opti-
the basis of the equivalent theorem with a doubleistri- ¢4 depth profiles, the balloon sonde measured profiles are
bution approach to account for the uncorrelated nature Oiayered into 34 atmospheric layers, with an increment of
overlapped absorption lines. In this douldlepproach, there 4, pressure of 30 mbar. The aerosol optical depth profile
are two integrated absorption optical depths: (1) the total abishown in Fig. 9¢) is estimated from Raman lidar-measured
sorption optical depthk(, and (2) absorption optical depth 4erosol-scattering ratio profile, for which the total extinction
from the top of the atmosphere to the scattering layg).( s normalized by the MFRSR-measured aerosol optical depth
They are used together to account for the vertical distribution(shOWn in Fig. 8b).
of gaseous absorption in multiple-scattering media. In this' 1pe comparisons of measured and simulated direct-beam
study, we use the DISORT code coupled with the double- gpectra at the oxygen A-band under different solar zenith an-
distribution approach to simulate the oxygen A-band specy|es (SzA) are shown in Fig. 10. In this study, we use relative
trum. difference to quantify the comparison, which is indicated by
- the ratio of the absolute difference to the observation value.
2.7 HABS fitting model The maximum relative difference between them often oc-

To simulate the HABS measurements, the model calculate¢{"s at or near strong absorption line centers, which is very
sensitive to wavelength shift and has low SNR (Fig. 7b). At

high-resolution spectrum needs to be convolved with the in- _ . .
strument slit function. As stated previously, the measurecsMall SZA (e.g., SZA =27, the confidence interval (95 %)

HABS slit function shows high-performance spectral ability. gfzfl_at?i\;e di:ergrl:lcs Is+£0.06, 0.05). At kl)arge SZAI‘ eg.
However, its spectral resolution is much lower than the re- =12), the at or near strong absorption line cen-

quired spectral resolution of the forward model. To match t€rs decreases significantly. The confidence interval of rela-
the model calculated spectra, we interpolate the measuregive_ difference is %.0'08’ Q.09). Figure 1.1 shows the com-
HABS slit function to the model resolution. At the slit func- P2'SONS of normalized d|_rect-beam rac_ilance of the oxygen
tion maximum, the choice of interpolating function has sub- A-bdandd_spectra vefz_rsus air ImassH In th'ShStUdy’f thehnorma}l-
stantial impacts on the shape of the slit function (Li and Min, Ized radiances z.it lve wavelengths are chosen for t. € analy-
2012). In this study, we used the same method as Li and’S (shown in Fig. 11b). In general, the absolute difference
Min (2012), which has been proven to have the ability to of normalized radiance between observation and simulation
make an accurate fitting calculation: the shapes and wave’> smal!. The HABS. dlrect—bea}m mea;urements and moglel
simulations are basically consistent with each other for dif-

length positions of the absorption lines in simulated spectraf _ M hile. f . | h .
and observed spectra are well consistent with each other. _erent air masses. vieanwhiié, forany given wave ength posi-
tion, the logarithmic values of normalized radiance decreases

guasi-linearly with air mass. The slight non-linear part could
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be caused by several reasons: (1) strong oxygen absorptior g ;42 EERrReSTe o |
(2) temporal variation of atmospheric profiles (e.g., temper- | [b]

ature profile, pressure profile, and aerosol profile); and (3)
measurement errors associated with the wavelength registra 10-33 . ; " ; g ]
tion and elevation—azimuth sun tracker accuracy. 1 2 3 e S 6 7
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Figure 12 shows the comparisons of measured and sim-
ulated zenith diffuse spectra at the oxygen A-band for dif-Figure 11. Comparisons of normalized radiance of HABS-
ferent SZAs. The measured zenith diffuse spectra used fomeasured and model simulated direct-beam spectra at oxygen A-
comparison are combined by the measurements from 4 poband versus air mass.
larizer channels (e.gl,(0°) 4+ 1 (90°) or I (45°) + 1(135)).
The combined measured spectra have the ability to remove
or constrain the impacts of the instrument polarization per-high-resolution @ A-band spectrum for cross validating the
formance. The difference of normalized radiance betweermeasurement accuracy; (2) to further evaluate and improve
observation and simulation is also quite small. The relativethe instrument slit function and performance; (3) to perfect
difference of diffuse spectra between observation and simuthe oxygen absorption line parameters; (4) to improve the ra-
lation is similar to that of direct-beam spectra. With SZA of diative transfer model and accuracy of input parameters; and
27 and 72, the confidence intervals of relative differences (5) to consider other issues, such as Raman scattering effect.
are (-0.06, 0.05) and-€0.08, 0.07), respectively. In partic-
ular, in the wavelength range around the strong oxygen ab-
sorption line centers (e.g., range of 763 to 765 nm), we found4  Discussion and applications of HABS
that the simulated value at the absorption line centers tends
to be slightly smaller than observation. This could be causedrhis HABS provides accurate high-resolution radiance and
by two factors: (1) the error of instrument slit function mea- polarization spectra of both direct beam and zenith diffuse
surement and oxygen absorption line parameters; and (2) Ravith large dynamic range at oxygen A-band, as shown in
man scattering effects (Sioris and Evans, 2000). For the highFigs. 6 and 7. The concept underlying all oxygen A-band
resolution diffuse-radiation spectrum, Raman scattering ocretrievals is the principle of equivalence (Irvine, 1964, 1966;
curs in 3 to 5% of the Rayleigh scattering events. It slightly van de Hulst, 1980). As a hidden property of standard radi-
fills in Oz A-band, especially at the {absorption line cen- ation transfer theory and controlled by spatial distributions
ters. However, the Raman scattering effect is not treated irof scattering and absorption, photon path length distributions
the current version of HABS simulator, and it will be ana- can be retrieved through an inverse Laplace transform based
lyzed in detail in our further studies. In general, the HABS on the equivalence theorem. Because the scattering proper-
observation and the related model simulation of zenith dif-ties of cloud and aerosol vary slowly and predictably with
fuse radiance at the oxygen A-band are basically consistenvavelength and the oxygen A-band is located at a central
with each other. wavelength of solar shortwave spectrum, the photon path

The relative difference between measurements and moddéngth distribution retrieved from oxygen A-band spectrome-
simulation, to some extent, always exists for both direct beamntry is reasonably representative of the entire solar shortwave.
and zenith diffuse radiance. To reduce the difference betweeiven the performance of HABS, about four independent
observation and simulation for radiation closure, further pieces of information of photon path length distribution can
studies are needed: (1) to have independent measurementsiuéd retrieved from the measured spectra (Min and Harrison,
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o 04 constraints to ensure the accuracy of heating profiles. There-
g fal fo2 iv] fore, we will further exploit the HABS applications through
5 °"WWWWWW“‘+“‘ the joint statistic approach (photon path length and optical
30_2 o) fo2 N s properties deriveq from rgdiance/ir_radiance at non-absorbing
T e e T 0 M e I wavelengths), which provides a unique means to detect the 3-
1o 04 D structures of clouds and aerosols and to validate broadband
w e foz 1] heating profiles and GCM overlap schemes in both instan-
iR M OJWMNWM+WW taneous cases and statistical ensembles (Min and Harrison,
" | | 292 1999; Min et al., 2001; Min and Clothiaux, 2003).
I B S T 0 The current remote-sensing techniques are unable to de-

tect all relevant information to derive cloud microphysical
Figure 12. Comparisons of measured and simulated diffuse zenithand optical properties. All retrievals from those measure-
sky spectra at oxygen A-band for solar zenith angles 6f(@and  ments with limited information have to make some assump-
b) and 72’ (c andd). tions. Those assumptions may introduce some uncertainties.

An important challenge is to reduce ambiguity and uncer-

tainty by minimizing and/or constraining those assumptions
2004). The photon path length distributions, the fundamen-n retrievals. It is advantageous to combine HABS with other
tal application of HABS measurements, provide the verticalsensors, in particular, with active lidar and radar systems to
information of scattering and absorption in the atmosphere. enhance the information content. For example, cloud radar

Detailed knowledge of the vertical distribution of cloud signal is capable of penetrating clouds and revealing multi-

macrophysical/microphysical properties is important to cal-ple layers aloft. However, the observed radar reflectivity is a
culate the Broadband Heating Rate Profile, a fundamentalunction of the sixth moment of the hydrometeor particle-size
driver in climate system (Stephens, 1978; Li and Min, 2010).distribution. It requires an assumption of particle-size distri-
However, our current remote-sensing methods for retrievingbution to retrieve cloud water content (the third moment of
cloud properties are still uncertain, particularly under 3-D the hydrometeor particle-size distribution) for practical ap-
cloud conditions. Li and Min (2010) illustrated that the vari- plications from radar reflectivity. As the pressure dependence
ance and mean of photon path length from the modest resolwsf oxygen A-band absorption line parameters provides verti-
tion oxygen A-band spectral measurements of rotating shadeal resolving power and photon path length information in-
owband spectrometer (RSS) is sensitive to detect possibléerred from oxygen A-band spectra is a function of the sec-
“missed” upper layer clouds by a collocated high-sensitivity ond moment of particle-size distribution, HABS-measured
millimeter wavelength cloud radar (MMCR), that is, at least oxygen A-band spectra can be used to better constrain the
27 % of single-layer clouds detected by MMCR radar could assumed patrticle-size distribution of radar retrievals, partic-
be multi-layer clouds or influenced by 3-D effects. Although ularly for multi-layer clouds and for mixed-phase clouds (Li
“missed” cloud layer does not occur all the time, statisticaland Min, 2013). Since HABS provides at least four addi-
information of “missed” cloud layer is extremely valuable tional pieces of independent information on cloud—aerosol
for calculating a broadband heating rate profile. Furthermoreproperties, we would expect to get more accurate cloud and
at present validation of broadband heating rate profile andaerosol microphysical/optical profiles than the current ex-
various cloud overlap schemes in GCMs is limited to com-isted retrievals. With the polarization capability of HABS,
parison with the observed cloud cover and radiation fluxescombining of HABS observations with lidar measurements
at the top of the atmosphere and at the surface. The reprgrovides better retrievals of vertical profiles of aerosols and
sentativeness of various statistics of cloud geometry has nahin clouds, particularly thin ice clouds.
yet been tested against observations, particularly the heat- HABS has another important application to provide the
ing profiles associated with vertical distribution of clouds. “ground true” for the space-based @-band observation.
The closures of radiation fluxes at the top of the atmospher®ue to photon multiple scattering and absorption inside
and at the surface do not ensure the accuracy of the heatloud and aerosol layers, the transmittance and reflectance
ing profile. The lack of rigorous validation makes it diffi- across @ A-band spectrum have different sensitivity with re-
cult to assess the relative merits of different cloud overlapspect to cloud—aerosol optical property and vertical distribu-
treatments and broadband heating rate profile products. Phdion and to surface albedo. Therefore, the transmittedO
ton path length distributions inferred from HABS measure- band spectrum observed by HABS is complement of the re-
ments provide the links between cloud microphysics and 34lected @ A-band spectrum by space-based sensors, in terms
D cloud geometry measured from 3-D scanning radars anaf radiation transfer in the atmosphere. The observed radi-
lidars to understand the 3-D radiative transfer in the atmo-ances from surface HABS not only provide the basis for eval-
sphere and its impacts on remote sensing. Higher moments afation and validation of spaced-based ®band observa-
photon path length distribution derived from high-resolution tion, but also enable one to understand the radiation transfer
oxygen A-band spectrometer of HABS will provide vertical and closure in the atmosphere through the combination of
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