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ABSTRACT

A parameterized transmittance model (PTR) for ozone and water vapor monochromatic transmittance
calculation in the solar-to-near-infrared spectrum 0.3-4 pm with a spectral resolution of 5 cm ™! was de-
veloped based on the transmittance data calculated by Moderate-resolution Transmittance model (MOD-
TRAN). Polynomial equations were derived to represent the transmittance as functions of path length and
airmass for every wavelength based on the least-squares method. Comparisons between the transmittances
calculated using PTR and MODTRAN were made, using the results of MODTRAN as a reference. Rela-
tive root-mean-square error (RMSre) was 0.823% for ozone transmittance. RMSre values were 8.84% and
3.48% for water vapor transmittance ranges of 1-1x107'® and 1-1x1073, respectively. In addition, the
Stratospheric Aerosol and Gas Experiment II (SAGEII) ozone profiles and University of Wyoming (UWYO)
water vapor profiles were applied to validate the applicability of PTR model. RMSre was 0.437% for ozone
transmittance. RMSre values were 8.89% and 2.43% for water vapor transmittance ranges of 1-1x107'8
and 1-1x107°, respectively. Furthermore, the optical depth profiles calculated using the PTR model were
compared to the results of MODTRAN. Absolute RMS errors (RMSab) for ozone optical depths were
within 0.0055 and 0.0523 for water vapor at all of the tested altitudes. Finally, the comparison between
the solar heating rate calculated from the transmittance of PTR and Line-by-Line radiative transfer model
(LBLRTM) was performed, showing a maximum deviation of 0.238 K d™' (6% of the corresponding solar
heating rate calculated using LBLRTM). In the troposphere all of the deviations were within 0.08 K d~*.
The computational speed of PTR model is nearly two orders of magnitude faster than that of MODTRAN.
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Introduction culation.

The high-resolution transmission molecu-

It is well known that the absorption of atmospheric
gases in the solar-to-near-infrared spectrum is 0.3—4
pm, where nearly 95% of the concentrated solar ra-
diation has an important role in determining the so-
lar heating rate and thus affects the Earth’s radia-
tion budget (Liou, 2002). Therefore, the absorption
of ozone and water vapor in this spectral range is
climatically important. Numerous models have been
developed for gas absorption and transmittance cal-

*Corresponding author: LIU Weiyi, v16v1@hotmail.com

lar absorption database (HITRAN) (Rothman et al.,
2005) is a database that contains all known spectral
lines of all relevant atmospheric molecules. Line-by-
line programs (effectively unlimited spectral resolu-
tion) use the HITRAN database to calculate transmit-
tances and radiances for arbitrary atmospheric struc-
tures. LBLRTM (Clough et al., 2005) is the most com-
monly used line-by-line (LBL) program in atmospheric
and environmental research. Compared to the LBL
method, the low-resolution radiance and transmit-
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tance model (LOWTRAN 7) (Kneizys et al., 1988) and
the moderate-resolution model MODTRAN 5 (Berk et
al., 2004) are two faster lower-spectral-resolution (20
em~! and 0.1 em™!, respectively) models developed
using the band model.

Although the band models have greatly improved
operational speed compared to LBL models, more ef-
ficient parameterized models are needed to deal with
the large quantity of repeated calculations of gas ab-
sorption and transmittance. A number of investiga-
tors have developed parameterized schemes for gas ab-
sorption and transmittance calculations for different
gases in different bands, including the ozone absorp-
tion and transmittance in the 9.6-pum region (Kiehl
and Solomon, 1986; Kratz and Cess, 1988; Rosenfield,
1991; Fu and Liou, 1992), the carbon dioxide (COsz)
absorption and emission in the 15-pym band (Ou and
Liou, 1983), and infrared emission and absorption by
water vapor (Zhong and Haigh, 1995; Collins et al.,
2002). Most of the previous parameterizations have
concentrated on the infrared bands. In this study, we
developed a parameterized model for the monochro-
matic transmittance calculation for both ozone and
water vapor in solar-to-near-infrared spectrum in the
range of 0.3—4 pm, which can be applied to the solar
heating rate and radiation transfer calculation in cli-
mate models. In our study, based on the database
of sufficient transmittance calculations for multiple
atmospheric conditions using MODTRAN, the least-
squares method was applied to the database to gen-
erate the parameterized formulas for ozone and water
vapor respectively in every wavelength. In section 2
the data used in our study is described. In section 3
a detailed description of our parameterized model is
presented. In section 4 an accuracy analysis on trans-
mittance and solar heating rate results of PTR based
on a comparison with MODTRAN and LBLRTM is
presented. The evaluation of computational speed is
also included. Section 5 presents the conclusion.

2. Data

In this study, the transmittance data of ozone and
water vapor calculated by MODTRAN for 6 atmo-
sphere models and 10 solar zenith angles (SZA) in
6166 wavelengths were used to derive the parame-
terized model. Six atmosphere models include Trop-
ical Atmosphere (TRO), Mid-Latitude Summer At-
mosphere (MLS), Mid-Latitude Winter Atmosphere
(MLW), Sub-Arctic Summer Atmosphere (SAS), Sub-
Arctic Winter Atmosphere (SAW) and U.S. Standard
Atmosphere (USS). Ten SZAs used in this study in-
cluded 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 75°, and
80°. Some 6166 wavelengths corresponded to all of the
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wavenumbers from 2500 to 33 330 cm™
from 0.3 to 4 pm), with a resolution of 5 cm

The monthly means of ozone profiles provided by
SAGEII (Mauldin et al., 1985) and water vapor profiles
provided by UWYO were used to examine the applica-
bility of the parameterized model. SAGEII provided
global distribution data for aerosol, ozone, water va-
por, and nitrogen dioxide over a period of 21 years.
The SAGEII water vapor profiles are not reliable be-
cause of the lack of records of water vapor content
for the lower atmosphere, which accounts for a great
proportion of the total vertical water vapor content.
Thus, only the ozone profiles were used. UWYO sup-
plied the water vapor profile in North America, Latin
America, East Asia, and Middle East daily at 0000
UTC and 1200 UTC. The vertical profiles in North
America reached 80 levels, so the profiles in North
America were used.

3. The parameterization model

In this section, details of the PTR model are pre-
sented. For a single wavelength A, monochromatic
transmittance 7, between the top of the atmosphere
and any level z in the direction 6 from the zenith is
given by

Ta(z) = exp[—mux(2)] , (1)
where

w@ =k [ o 2)

ux(z) is the gas optical depth between the top of the
atmosphere and level z, m is the airmass, k) is the ab-
sorption coefficient at wavelength A, p is the density of
absorption gas, and z., represents the height of the top
of the atmosphere (Liou, 2002). Due to the curvature
of the Earth and refraction, 6 varies along the path.
However, if the zenith angle is <80°, the variation of
0 along the path is negligible. When zenith angle is
>80°, the curvature of the Earth and refraction must
be taken into account, and airmass can be written in
the form

m = [cos 6 + 0.50572(96.07995 — §)~1-6364]=1 1 (3)

which gives reasonable results for zenith angles of
<90°, with an airmass of ~38 at the horizon (Young,
1994). In our study, the airmass for all of the SZAs
are calculated using Eq. (3). The following process of
parameterization is based on the fact that monochro-
matic transmittance 7, decreases with increasing air-
mass and decreases with increasing path length w,
which is given by Eq. (4):

w(z) = / o (4)
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In the parameterization of ozone transmittance, 12 - /’gr =
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3.2 Water vapor parameterization

For the parameterization of water vapor transmit-
tance, effective water vapor path length (Yang and
Qiu, 2002) was adopted as a substitute for water va-
por path length in the form

w(z) = / - pﬂo\/?p(z’)dz', (6)

where p and T are the pressure and temperature for
different altitudes, respectively, py is equal to 1013
hPa, Ty is equal to 273 K, and p is the water vapor
density. The calculation of the effective path length in-
volves the impact of pressure and temperature so that
they need not be taken into account in the calculation
of absorption coefficient. Differences between the ab-
sorption coefficients for different atmosphere models
become smaller, minimizing the error of parameteri-
zation.

The relationship between optical depth and SPL of
water vapor is more complicated than that of ozone.
Figure 1 shows the computed results for SPL >0.3 and
<0.3 in 1.36 pm as a representative of all of the wave-
lengths. Curve 1 in Fig. 1b is the same as the fitted
curve in Fig. la. If we fit all of the points with curve
1, the differences between MODTRAN data and fitted
curve are extra large when SPL is <0.3. Therefore, the
parameterization of water vapor was divided into two
parts.

SPL(g cm?)

Fig. 1. Water vapor optical depth data calculated using
MODTRAN as functions of SPL along with the fitted
curves for (a) SPL > 0.3 and (b) SPL <0.3.

3.2.1 For SPL >0.3

Changes were made to the optical depth to be fitted
as follows. The modified optical depth, called scaled
optical depth, is defined as

uh = uy /(1 — e 2wem) (7)

Scaled optical depth is more qualified for the pa-
rameterization than optical depth when the SPL is not
tiny. The scaled optical depth changes more smoothly
with the SPL than the original optical depth, and thus
smaller fitting errors can be obtained. However, when
SPL is small, this effect is not obvious so we only ap-
plied scaled optical depth to the “SPL > 0.3” case.
Base on the least-squares method, a fifth-degree poly-
nomial was derived to fit the scaled optical depths
given by

ur/(1—e 2™y = (1/m) Y~ ajon (wem) ™"
i=1

(wem > 0.3), (8)
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where a1(y) — as(y) are the coefficients for wavelength
A. Water vapor transmittance 7, can be obtained from

Eq. (1).
3.2.2 For SPL <0.3

The original optical depths were reused in parame-
terization. To ensure the continuity of these two curves
shown in the figures, the point with an SPL of 0.3 in
the curve for SPL >0.3 was added as an extra point
to be fitted. Base on the least-squares method, a five-
degree polynomial was derived to fit the water vapor
optical depth in the form

uh = (1/m) Y ain) (wem) ™!

i=1

(wem < 0.3). (9)

As a result of this process, the parameterized
scheme for a single wavelength A was obtained. By ap-
plying the same scheme to all of the 6166 wavelengths
in the range of 0.3—4 pm with a spectral resolution of
5 cm ™!, we derived the parameterized model for ozone
and water vapor monochromatic transmittance calcu-
lation in this spectral range.

4. Comparisons and analyses

The accuracy and applicability of PTR model were
examined by analyzing the RMSre and RMSab of
the parameterized transmittances with reference to
their true values (i.e., MODTRAN transmittance be-
ing treated as true values in this section). Relative
error E}, and absolute error F,;, are given by

Ere = |Rptr/Rtrue - 1| x 100% R
Ea, = |Rptr - Rtrue| 5

(10)
(11)

where Ry, represents the results of the parameterized
model (including transmittance, vertical optical depth,
and broadband irradiance), and Ryue represents the
results of MODTRAN. All transmittances analyzed in
this section were >1 x 107!®, and correspondingly, all
of the slant optical depths were <41.45. In the spec-
tral range of 0.3—4 pum, comparisons were conducted in
the range of 0.3-0.8 pm (including 4097 wavelengths)
for ozone and in the range of 0.568-4 pm (including
3021 wavelengths) for water vapor because the absorp-
tions of these two kinds of gases are very weak in the
wavelengths outside these two bands.

4.1 Comparison with MODTRAN for ozone
transmittance and optical depth
4.1.1 Siz MODTRAN atmosphere models cases

We compared the PTR model results with MOD-
TRAN calculated transmittance for 10 SZAs in 6 at-
mosphere models in the rangeof 0.3-0.8 um. Theover-
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Fig. 2. Comparison between the ozone transmittance
calculated using PTR model and MODTRAN. Every
point represents a fitted point.

-y

@
E +++TRO =
E x—k—kMLS =
3E Mw|
E o—e—0SAS _3"
I =
&2 B-e-8UUs _E
= E =
= E VAE
4 e A
E AT NI
Ew v v el
r— T = |
N ==== == .
0 20 40 60 80
Zenith Angle(°)
00035 | T T T T T | T T T
= (b) +—+—+TRO
0.0030 |— *—x—*MLS
- MLW
0.0025 — o—0—0SAS
= a—a—aSAW
9 0.0020 — B-8-ayus 5
g )= I T UE— e S
€ 0.0015 A
I g BT
0.00108=—2 * e
o005 = T t——+— o
e T AR T W e
0 20 40 60
Zenith Angle(°)

Fig. 3. (a) Relative errors and (b) absolute errors of pa-
rameterized ozone transmittance for 10 SZAs and for 6
atmosphere models. Different types of lines represent dif-
ferent atmosphere models.

all comparison is shown in Fig. 2. Most of the points
fall on the dashed line with a slope of one. The RMSre
between all of the fitted points and the MODTRAN
computed points was 0.823%. To achieve more quan-
titative comparisons, detailed RMSre and RMSab over
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Table 1. RMS errors of parameterized ozone transmittance of SAGEII monthly mean ozone profiles.

Ozone Profiles SZA

October 1984 July 2005
15° 45° 72° 15° 45° 72°
RMSre (%) 0.34 0.41 0.46 0.073 0.14 0.66
RMSab 1.16 x 1073 1.12 x 1074 493 x 107* 3.97 x 1074 5.76 x 1074 1.03 x 1073

Table 2. RMS errors of parameterized ozone transmittance and optical depth in MFR and AERONET channels.

Channel Transmittance Transmittance Optical depth Optical depth
(pm) RMSre (%) RMSab RMSre (%) RMSab
MFR 0.415 1.13 x 1073 1.10 x 107° 2.03 1.22 x 10™°
0.500 0.027 3.01 x 107* 0.57 6.13 x 107°
0.615 0.098 9.71 x 107* 0.71 2.43 x 1074
AERONET 0.340 0.102 9.12 x 1074 4.12 452 x 1074
0.440 4.03 x 1073 3.89 x 107° 2.75 2.12 x 1075
0.500 0.025 3.01 x 107* 0.67 6.47 x 107°
0.670 0.042 412 x 1074 0.71 8.97 x 107°

all of the wavelengths for 10 SZAs in 6 atmosphere
models are presented in Fig. 3. The RMSre increases
obviously when SZA is >70°. The increase in rela-
tive errors for large SZAs can be explained by the fact
that when the SZA is >70° the optical path rapidly
increases with increasing SZA thus the transmittance
decreases rapidly. However, the RMSab for a large
SZA is usually very small. For example, the maxi-
mum RMSre is 2.92% with a corresponding RMSab
of only 2.61 x 1073. The differences between the er-
rors for different atmosphere models (Fig. 3) can be
explained by the fact that different gas contents for
each model lead to different transmittances. Figure 4
illustrates the detailed RMSre and RMSab for 60 per-
mutations of 10 SZAs and 6 atmosphere models for all
of the wavelengths in the range of 0.3-0.8 ym. In most
wavelengths, RMSre is <1%, while this error becomes
larger when the wavelength approaches 0.3 pm. The
increase is mainly caused by the strong absorption by
ozone near 0.3 um that leads to small transmittances
in this spectral range. The same is true for the water
vapor case below. The corresponding RMSab in these
wavelengths are very small. For example, maximum
RMSre is 4.12% with a RMSab of only 1.01 x 1073,
and these errors of ozone transmittance calculation are
acceptable.

4.1.2 SAGEII ozone profiles cases

The aforementioned comparisons were for the
points directly fitted in the process of parameteriza-
tion. In this section, the accuracy of the PTR model
of the points, which were not directly included in the
process of parameterization, is taken into account. In
addition, monthly means of the SAGEII ozone pro-

files for October 1984 and July 2005 were adopted in-
stead of the six atmospheric profiles used in parame-
terization. The transmittances of these two profiles for
three SZAs (15°, 45°, and 72°) were calculated, and
comparisons between the results of these two models
were conducted. The overall RMSre was 0.374% and
RMSab was 8.59 x 1073, Detailed RMS errors over
4097 wavelengths in the range of 0.3—-0.8 pm for every
case are listed in Table 1 with all of the RMSre within
1% and RMSab within 0.0012. These comparisons in-
dicate that the ozone transmittance calculations in the
points not directly included in the process of parame-
terization are accurate as well.

4.1.3 The channels of MFR and AERONET

The Aerosol Robotic Network (AERONET) (Hol-
ben et al., 1998) program is a federation of ground-
based sun photometer measurement networks. It
started in 1993 at more than a dozen sites and has
grown rapidly to more than 100 sites worldwide. A
multifilter rotating shadowband radiometers (MFR)
(Harrison et al., 1994) is a field instrument that mea-
sures the global, direct, and diffused components of
solar irradiance at up to seven wavelengths. To show
PTR model performance in practical application, com-
parisons with MOTRAN for transmittance and optical
depth in seven commonly used wavelengths are listed
in Table 2, including three channels of MFR (415 nm,
500 nm, and 615 nm) and four channels of AERONET
(340 nm, 440 nm, 500 nm, and 670 nm). All of the
aforementioned channels were within 0.3-0.8 ym. The
RMSre (for 60 permutations of 10 SZAs and 6 atmo-
sphere models) of all channels were within 4.12% and
0.11%, and the RMSab were within 1.0 x 10~3 and
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Fig. 4. (a and b) Relative RMS errors. (¢ and d) Absolute RMS errors of parame-
terized ozone transmittance for every single wavelength in the range of 0.3-0.8 um.

4.52 x 10~* for optical depth and transmittance, re-
spectively.

4.2 Comparison with MODTRAN for water
vapor transmittance and optical depth
4.2.1 Six MODTRAN atmosphere models cases

In this section, we compared PTR model results
with MODTRAN calculated transmittances for 10
SZAs in 6 atmosphere models in the range of 0.568—
4 pm. First, an overall comparison was conducted
(Fig. 5). The RMSre between fitted points and all

MODTRAN data points was 8.84% and RMSab was
4.21 x 1073, The distance between the points and the
dashed line increased with decreasing transmittance,
indicating that RMS errors mainly came from small
transmittances (1x 107 —1x1073). Therefore, when
transmittances were constrained within the range of
0.001-1, RMSre decreased to 3.48%. The detailed
errors of transmittances for different transmittance
intervals in seven water vapor absorption bands and
six atmosphere models are listed in Table 3. Although
RMSre mainly comes from the transmittance range of

Table 3. RMS errors of parameterized water vapor transmittance for seven water vapor absorption bands and six

atmosphere models in four transmittance intervals.

Transmittance intervals error type

1x107%-1 1x107%-1x1073 1x10712-1x 1076 1x10718-1 x 10712
RMSab (1073) RMSre (%) RMSab (107°) RMSab (1078) RMSab (10~1%)
Center wavelength (pm)

0.72 0.91 0.112

0.82 1.03 0.123

0.94 4.60 1.08

1.1 4.70 1.31 2.41

1.38 6.89 5.36 5.34 6.78 6.19

1.87 6.59 4.99 6.03 8.43 10.3

2.7 9.23 6.21 6.43 7.99 6.72

Atmosphere model

TRO 4.76 4.12 7.12 12.4 12.1

MLS 2.54 1.87 3.21 6.78 6.98
MLW 5.01 3.21 7.54 6.54 6.62

SAS 2.36 1.89 3.65 3.67 8.87
SAW 1.03 6.01 9.89 4.01 6.85

uuUs 3.13 2.22 5.01 4.78 9.87

Note: The blank in table indicate that none of the calculated transmittances in the band falls in the transmittance range.
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Fig. 5. Comparison between the water vapor transmit-
tance calculated using the PTR model and MODTRAN.
Every point represents a fitted point.

1 x 107181 x 1073, the corresponding RMSab in this
range is very small. The relative errors of tropical
atmosphere were found to be greater than those of
other models (Table 3). This is due to the strong
evaporation that leads to large optical depths in this
region. Figures 6a and b illustrates the detailed er-
rors for transmittances in different wavelengths within
the range of 0.568-4 ym. At some wavelengths, RM-
Sre can reach 58%. The large RMSre has two causes.
First, wavelengths with large relative errors are usu-
ally near the center of the absorption band where the
absorption is very strong and transmittances are very
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small. Second, our original fitted variable was opti-
cal depth instead of transmittance, and a very tiny
error of optical depth fitting can lead to a large error
in the transmittance fitting, especially when optical
depth is large. Thus to further illustrate PTR model’s
accuracy, the errors of water vapor optical depths are
presented in Figs. 6c and d as well. The RMSre in
most of the wavelengths were within 5% and reached
10% in only a few wavelengths. For wavelengths with
large RMSre, the RMSab were always very small. For
example, maximum RMSre was 12.1%, with a corre-
sponding RMSab of 0.0016. So the accuracy of water
vapor transmittance fitting is acceptable.

4.2.2 UWYO water vapor profiles cases

To examine the accuracy of PTR model in the
points not fitted directly in the process of parame-
terization, water vapor profiles at 0000 UTC 11 May
2010 in Green Bay (GRB) and Blacksburg (RNK) were
adopted instead of the six atmosphere profiles used in
the parameterization. Transmittances for three SZAs
(15°, 45°, and 72°) of these two profiles were calcu-
lated using the PTR model and MODTRAN in the
range of 0.568-4 pm. Overall RMSre for water vapor
transmittance is 7.92% and RMSab is 0.0024. RM-
Sre decreased to 2.25% when the transmittance was
>1 x 1075, The detailed RMS errors over 3021 wave-
lengths in the range of 0.568-4 pm for every case are
listed in Table 4, with all of the RMSre within 11.3%
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Fig. 6. (a) Relative RMS errors and (b) absolute RMS errors of parameterized
water vapor transmittance, as well as (c) relative RMS errors and (d) abso-
lute RMS errors of parameterized water vapor optical depth for every single
wavelength in the range of 0.568-4 pm.
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Table 4. RMS errors of parameterized water vapor transmittance of UWYO profiles for different transmittance intervals.

Water vapor profile SZA

RNK GRB
15° 45° 72° 15° 45° 72°
RMSre (%) 3.26 9.03 11.23 4.85 8.12 9.87
RMSab 1.88x107% 213x107% 226x107® 1.89x107% 256 x 1072 3.01 x 1073
RMSre (%) (1o > 1 x 107%) 1.79 2.23 1.41 1.47 2.31 3.02
RMSab (7, > 1 x 1079) 1.90 x 1073 217 x107% 241 x107%  1.97x107® 261 x107% 3.21 x 1073

Table 5. RMS errors of parameterized water vapor transmittance and optical depth in MODIS and AERONET channels.

Channel Transmittance Transmittance Optical depth Optical depth
(pm) RMSre (%) RMSab RMSre (%) RMSab
AERONET 0.670 1.53 x 1072 2.71 x 107° 3.01 2.01 x 1075
0.870 2.91 x 1072 2.57 x 1075 4.35 1.67 x 107°
0.940 1.13 6.97 x 1073 3.05 8.78 x 1073
0.102 3.12 x 1072 3.12x 1074 2.97 2.32 x 1074
MODIS 0.890 — 0.920 0.60 4.12 x 1073 3.11 412 x 1073
0.931-0.941 2.34 8.78 x 1073 2.86 1.62 x 1072
0.915—0.965 1.61 7.22 x 1073 2.79 1.07 x 1072

and RMSab within 3.01 x 1073. When transmittances
were >1 x 1075, all of the RMSre were within 3.02%.

4.2.3 AERONET and MODIS channels

The performance of the PTR model in AERONET
and Moderate Resolution Imaging Spectroradiometer
(MODIS) channels inside the range 0.568-4 pm are
reported in this section. The wavelengths adopted in-
cluded three water vapor channels of MODIS (890-920
nm, 931-941 nm, and 915-965 nm) and four channels
of AERONET (670 nm, 870 nm, 940 nm, and 1020
nm). Comparisons with MODTRAN for transmit-
tances and optical depths in these wavelengths were
conducted, and the errors for these channels are listed
in Table 5. (RMS errors for each MODIS channel are
the average of all of the RMS errors over the wave-
lengths inside each channel.) For all of the channels,
the RMSre (for 60 permutations of 10 SZAs and 6 at-
mosphere models) were within 2.34% and 4.35%, and
the RMSab were within 0.01 and 0.0162, respectively,
for transmittance and optical depth.

4.3 Comparison with MODTRAN for ozone
and water vapor optical depth profiles

To examine the accuracy of the parameterized
model at different altitudes, the calculations for eight
altitudes for 6166 wavelengths under six different cases
(TRO, UUS, and SAW models with SZA of 0°or 60°)
were conducted using the PTR model and MOD-
TRAN. Ozone calculations were taken in eight layers

from 10 km to 25 km. For every case, through compar-
isons between the optical depths of these two models,
a profile of absolute errors was obtained in every wave-
length in the range of 0.3-0.8 um. For ease of com-
parison, the RMS of the error profiles over all of the
wavelengths for the six cases was calculated, and then
an average error profile over six cases was obtained
(Table 6). All RMSab were within 0.002. The wa-
ter vapor calculations were taken in eight layers from
0 to 10 km. Similarly, average RMSab profile over
six cases is listed in Table 6. All of the RMSab were
within 0.0523. Good correspondences among the pro-
files calculated by these two models can be seen from
the analysis.

4.4 Comparison with LBLRTM

The aforementioned comparisons and analyses of
the accuracy of the PTR model refer to MODTRAN.
To further examine the accuracy of the PTR model,
the results of PTR were compared with LBLRTM.
LBLRTM attributes provide spectral radiance calcu-
lations with accuracies consistent with the measure-
ments against which they are validated and with com-
putational times that greatly facilitate the applica-
tion of the line-by-line approach to current radiative
transfer applications (Clough et al., 2005). The ozone
transmittances in the range of 0.3-0.8 pm and water
vapor transmittances in the range of 0.568-4 um for
the USS atmosphere profile calculated using PTR were
compared to those of LBLRTM. The detailed residual
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Table 6. Average RMS error profiles over six cases for ozone and water vapor.

Ozone altitude Ozone RMSab

Water vapor altitude Water vapor

(km) (1073) (km) RMSab
10 1.29 0 0.0523
12 1.69 1 0.0292
14 1.77 2 0.0382
16 1.84 3 0.0311
18 1.9 4 0.0181
20 1.91 5 0.0163
22 1.83 6 0.0132
25 1.62 10 0.0071

curve for ozone (Fig. 7a) shows good agreement be-
tween these two models with a maximum absolute de-
viation of 0.0012. The residual curve for water vapor
(Fig. 7b) shows that deviations as large as 0.15 can
arise. The residual curve between MODTRAN and
LBLRTM for water vapor is provided in Fig. 7c as
well. The deviations between PTR and LBLRTM were
mainly caused by the deviations between MODTRAN
and LBLRTM. The substantial deviation occurs be-
cause the LBL model calculates in-band absorption
by explicitly determining the spectral absorption of
molecular on a fine spectral grid, while the result of
the band model is approximated by a statistical rep-
resentation of the number of lines and their strength,
location, and overlap (Berk et al., 2004).

Although obvious residuals exist between
LBLRTM and PTR, which are mainly caused by the
intrinsic band formulation of band model, the residu-

als of transmittance calculation are acceptable when
PTR is applied to solar heating rate (SHR) calcula-
tion. To test this point, the broadband SHR for the
range 0.3—4 pm were calculated based on the trans-
mittance calculated using PTR and LBLRTM, and
the SHR results were compared. SHR was defined as
the rate of temperature increase due to the solar ra-
diation absorbed by the gases (Liou, 2002). The SHR
for atmospheric layer between h; and ho is given by

oT  AF(hy,hs)
A ALY 12
ot pcpAh (12)

where AF(hq,hs) is the difference between the net
flux for hy and hg, p is air density, ¢, is specific
heat at constant pressure, and Ah is the geometric
thickness of the layer. The broadband net flux for
PTR is calculated using the discrete ordinates radia-
tive transfer model (DISORT) (Stamnes et al., 1988)
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Fig. 7. Comparison of (a) ozone transmittance and (b) water vapor trans-
mittance between PTR and LBLRTM (PTR-LBLRTM) and (c) water vapor
transmittance between MODTRAN and LBLRTM (MODTRAN-LBLRTM).
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while LBLRTM can calculate broadband net flux di-
rectly base on its precomputed transmittance. The
SHR for three SZAs (21.5°, 45°, and 68.5°) for the USS
atmosphere profile in 25 levels from 0 to 24 km with
a resolution of 1 km were calculated and the absolute
deviations between the SHR of PTR and LBLRTM as
well as LBLRTM calculated SHR are shown in Fig. 8.
The absolute deviation increased with decreasing SZA.
When SZA decreases, the solar irradiance increases,
and thus the SHR increases. The maximum devia-
tions were 0.118 K d=', 0.214 K d~ !, and 0.238 K d !
for SZAs of 68.5°, 45°, and 21.5°, respectively. The
maximum deviation was 0.238 K d=! for all cases; it
occurred at 24 km when SZA was 21.5°; only 6% of the
corresponding SHR was calculated using LBLRTM.
These two models show better agreement in the lower
atmospheric levels than in the upper levels. If we con-
fine the comparison to troposphere, the deviations for
all cases were within 0.08 K d=!. All of the compar-
isons show that when applied to the SHR calculation,
the PTR model shows good agreement with LBLRTM.

In fact, our preliminary calculations of transmit-
tance for a few wavelengths (0.72 pm, 0.82 pym, and
0.94 pm) using LBLTRM show that the relationship
between the calculated transmittance and SPL are the
same as that shown in Fig. 1. So PTR can also be
used to parameterize LBLRTM transmittances, and
thus the new fitted transmittances in better agreement
with LBLRTM results can be gained, which will be the
concern of our future work.
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4.5 Computing speed comparison

To examine the speed of the PTR model, the cal-
culations of ozone and water vapor transmittances in
6166 wavelengths for the USS atmosphere profile when
the SZA at 0° were repeated 600 times using the PTR
model and MODTRAN, respectively. The processor
used here was an Intel core 2 2.40GHz 4-core proces-
sor. The calculations of ozone transmittances take the
PTR model 0.49 seconds, and the calculations of wa-
ter vapor transmittances take 1.28 seconds, for a total
of 1.77 seconds. The calculations take MODTRAN
114 seconds in all. The computational speed of PTR
model is nearly two orders of magnitude faster than
MODTRAN.

5. Conclusions

Absorption of ozone and water vapor in the solar-
to-near-infrared band is climatically important due
to their significant effects on the solar heating rate.
Although many models such as MODTRAN and
LBLRTM have been developed for the calculation of
gas transmittance and have proven to be of great accu-
racy, an efficient parameterized model is still needed to
improve computational efficiency. In this study, base
on the transmittance data of MODTRAN, an efficient
yet accurate parameterized model PTR used in the
calculation of ozone and water vapor monochromatic
transmittance in the solar-to-near-infrared spectrum
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Fig. 8. Comparison of SHR calculated using PTR and LBLRTM for three
different SZAs: (a) 68.5°, (b) 45°, and (c) 21.5° in the range of 0-24 km.
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in the range of 0.3—4 pm with a spectral resolution of
5 cm ™! was developed using the least-squares method.
Specifically, for every wavelength, the least-squares
method was applied to find the best curve to repre-
sent the relationship between transmittance and SPL.
Thus the polynomial equations used for parameterized
transmittances calculation were derived.

Numerous comparisons were made between PTR
and MODTRAN, taking MODTRAN as a reference.
For ozone transmittance calculation, the overall RM-
Sre was 0.823% for six atmosphere model cases. The
RMSre was 0.374% when applied to the transmittance
calculation for SAGE II ozone profiles. In all of the
MFR and AERONET channels in the range of 0.3-0.8
pm, the RMSre were within 0.11%. For water vapor
calculation, the overall RMSre was 8.48% for the six
atmosphere models, while for the transmittance range
of 1x1073-1 this error was reduced to 3.48%. The
RMSre was 7.92% when the transmittance calculation
for UWYO water vapor profiles was used. In all of
the AERONET and MODIS channels in the range of
0.568-4 pm, the RMSre were within 2.34%. To evalu-
ate the accuracy of PTR in different heights, the op-
tical depth profiles were calculated using PTR were
also compared with the results of MODTRAN, and
comparisons show that RMSab for all of the heights
were within 0.002 for ozone and within 0.0523 for wa-
ter vapor. All of the comparisons showed good agree-
ment between PTR and MODTRAN. To examine the
efficiency of PTR model, the computational speeds of
the PTR model and MODTRAN were compared. The
PTR model was found to be nearly two orders of mag-
nitude faster than MODTRAN.

Because the PTR model was developed base on
MODTRAN calculations, to further evaluate the ac-
curacy of PTR, the comparison between PTR and
LBLRTM was conducted. For the ozone transmit-
tance calculation, these two models agreed very well,
with a maximum deviation of 0.0012. For the wa-
ter vapor transmittance, the deviation was as large as
0.15 and was mainly caused by the intrinsic band for-
mulation of band model. However, these deviations
are acceptable in the calculation of solar heating rate,
which can be testified by comparing the solar heating
rates calculated based on the transmittances of PTR
and LBLRTM. The solar heating rates for PTR trans-
mittances in the 0.3-4 pm band in the range of 0-24
km were in good agreement with those for LBLRTM
transmittances, with a maximum absolute deviation of
0.238 K d=! (6% of corresponding solar heating rate
calculated using LBLRTM). These two models show
better agreement in the lower atmospheric levels than
in the upper levels. In the troposphere, all of the devia-
tions were within 0.08 K d='. All of these comparisons
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indicate that the PTR model is an accurate yet effi-
cient model that can be widely used in solar heating
rate calculation in climate models.
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