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Abstract

An analytic transfer model for Earth Polychromatic Imaging Camera (EPIC) observation
was proposed to retrieve the cloud top pressure (CTP) with considering in-cloud photon
penetration. In this model, an analytic equation was developed to represent the reflection at top
of atmosphere (TOA) from above cloud, in-cloud and below-cloud. The coefficients of this
analytic equation can be derived from a series of EPIC simulations under different atmospheric
conditions using a non-linear regression algorithm. With estimated cloud pressure thickness, the
CTP can be retrieved from EPIC observation data by solving the analytic equation. To simulate
the EPIC measurements, a program package using the double-k approach was developed, which
can calculate high-accuracy results with a one-hundred-fold time reduction. During the retrieval
processes, two kinds of retrieval results, i.e., baseline CTP and retrieved CTP, are provided. The
baseline CTP is derived without considering in-cloud photon penetration, and the retrieved CTP
is derived by solving the analytic equation, taking into consideration the in-cloud and below-
cloud interactions. The retrieved CTP for the oxygen A and B bands are smaller than their
related baseline CTP. At the same time, both baseline CTP and retrieved CTP at the oxygen B-
band are obviously larger than those at the oxygen A-band. Compared to the difference of
baseline CTP between the B-band and A-band, the difference of retrieved CTP between these
two bands is generally reduced.

1. Introduction

The Deep-Space Climate Observatory (DSCOVR) satellite is an observation platform
orbiting within the first Sun-Earth Lagrange point (L1), 1.5 million km from the Earth, carrying a
suite of instruments oriented both Earthward and sunward. One of the Earthward instruments is
the Earth Polychromatic Imaging Camera (EPIC) sensor. The EPIC continuously monitors the
entire sunlit Earth for backscatter from sunrise to sunset with 10 narrowband filters: 317, 325,
340, 388, 443, 552, 680, 688, 764 and 779 nm (Marshak et al., 2018). Of the 10 narrow-band
channels, there are two oxygen absorption and reference pairs, 764nm versus 779.5nm and
680nm versus 687.75nm, for oxygen A and B bands. The cloud top pressure (CTP) or cloud top
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height (CTH) is an important cloud property for climate and weather studies. Based on
differential oxygen absorption, both EPIC oxygen A-band and B-band pairs can be used to
retrieve CTP. It is worth noting that although CTP and CTH reference the same characteristic of
clouds, the conversion between the two depends on their atmospheric profiles.

Although the theory of using oxygen absorption bands to retrieve CTP was proposed
decades ago, it is still very challenging to do the retrieval accurately due to the complicated in-
cloud penetration effect (Yang et al., 2019, 2013; Davis et al., 2018a, 2018b; Schuessler et al.,
2013; Kuze and Chance, 1994; O'brien and Mitchell, 1992; Fischer and Grassl, 1991; and etc.).
Many approaches are designed to retrieve clouds’ effective top pressures without considering
their in-cloud photon penetration, and therefore derive effective top pressures higher than CTP.
Currently, the Atmospheric Science Data Center (ASDC) at National Aeronautics and Space
Administration (NASA) Langley Research Center archives both calibrated EPIC reflectance ratio
data and processed Level 2 cloud retrieval products, including cloud cover, cloud optical depth,
cloud effective top pressure at oxygen A and B bands (Yang et al., 2019).

In this paper, to address the issue of in-cloud penetration, we proposed an analytic method
to retrieve the CTP by using DSCOVR EPIC oxygen A- and B-band observation The structure
of this paper is as follows: section 2 describes the absorption optical depth spectrum at oxygen A
and B bands with their related DSCOVR EPIC filters, section 3 states the theory of CTP retrieval
based on EPIC oxygen A-band and B-band observation, section 4 describes the retrieval
algorithms in detail with case studies and examples of global observation data retrieval, and
section 5 states the conclusions of this study.

2. DSCOVR EPIC oxygen A and B bands filters

EPIC filters at 764 nm and 779 nm cover the oxygen A-band absorption and reference
band, respectively (Figure 1a). In this wavelength range, the O3 absorption is very weak (O3
optical depth < 0.003) and there are no other gas absorptions. The background aerosol and
Rayleigh scattering optical depth vary smoothly within the A-band range; the differences
between in-band and reference band are negligible. EPIC filters at 688 nm and 680 nm cover the
oxygen B-band absorption and reference band, respectively (Figure 1b). Compared to the oxygen
A-band, O3 absorption is slightly stronger in the oxygen B-band range, with an O3 optical depth
around 0.01. Any water vapor absorption in the B-band range is negligible. In the standard
atmospheric model, from the oxygen B-band reference band to the absorption band, the O3
absorption and Rayleigh scattering optical depth decreased by approximately 0.0002 and 0.002,
respectively. This may have some impacts on the CTP retrieval from the oxygen B-band (more
discussion in the later sections).
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78  Figure 1: High resolution calculated absorption optical depth spectrum at oxygen A-band (a)
79  and B-band (b) with DSCOVR EPIC oxygen A and B bands in-band and reference filters.

80 In general, if we use the pair of oxygen A and B absorption and reference bands together,
81  the impact of other absorption lines, background Rayleigh scattering, and aerosol optical depth
82  are very limited. At the same time, as a well-mixed major atmospheric component, the vertical
83  distribution of oxygen in the atmosphere is very stable under varying atmospheric conditions.

84  Thus, we can use the ratio of reflected radiance (or reflectance) at the top of atmosphere (TOA)
85  of oxygen absorption and reference bands to study the photon path length distribution and derive
86  the cloud information. Also, the ratios of absorption/reference are less impacted by the

87  instrument calibration and other measurement error.

88

89 3. Theory of CTP retrieval based on EPIC oxygen A- and B- band observation

90

91 In our study, we tried two methods to retrieve the CTP based on EPIC oxygen A-band and

92  B-band measurements: (1) Build a lookup table (LUT) for various atmospheric conditions and do
93 the retrieval by searching the LUT; (2) Develop an analytic transfer model for EPIC observations
94  and calculate the related coefficients based on a series of simulated values, then use this analytic
95  transfer model to retrieve the CTP. In this paper, we mainly focus on the second method.

96 3.1 Method 1: LUT based approach



https://doi.org/10.5194/amt-2019-373 Atmospheric
Preprint. Discussion started: 4 February 2020 Measurement
(© Author(s) 2020. CC BY 4.0 License. Techniques

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

117

118
119
120
121
122
123
124
125
126
127
128

129

130
131
132
133

134
135
136
137

Discussions

One commonly used method of retrieval for satellite observation is through the building
and usage of LUTs. For DSCOVR EPIC observations, we can build a LUT by simulating the
EPIC measurements under various atmospheric conditions, such as different surface albedo,
solar zenith and viewing angles, cloud optical depth, CTP and cloud pressure thickness. During
the retrieval process, the EPIC measurements (e.g., reflectance at oxygen A and B bands) with
related solar zenith and viewing angles can be obtained from the EPIC level 1B data; cloud
optical depth information (retrieved from other EPIC channels) can be obtained from EPIC level
2 data. At the same time, we can get surface albedo from Global Ozone Monitoring Experiment
2 (GOME-2) Surface Lambertian-equivalent reflectivity (LER) data (Tilstra et al., 2017). At this
point the CTP and cloud pressure thickness are the only unknown variables. Cloud pressure
thickness can be estimated with cloud optical thickness using statistical rules. A multi-variable
LUT searching method can then be used to interpolate and obtain the CTP. It is worth noting that
certain variables will have a non-linear effect on EPIC observations, however, these variations
occur smoothly. With a relatively high-resolution simulated table, we can use a localized linear
interpolation method to estimate the proper values. Multiple interpolations are needed for this
method to decrease the number of LUT dimensions, which will cost more time than the analytic
transfer model method. The retrieval error of this method is determined by the resolution of the
LUT. In physics, the retrieval accuracy is impacted by two main uncertainty sources: (1) the
limited ability of EPIC in identifying cloud thermodynamic phase, which will affect the accuracy
of cloud optical thickness retrieval, and 2) the uncertainty in estimating Cloud pressure.

3.2 Method 2: Analytic transfer model

For a long time, various efforts have been devoted to the study of radiative transfer in the
atmosphere, including scattering, absorption, emission, and etc. (Chandrasekhar, 1960; Irvine
1964; Ivanov and Gutshabash 1974; van de Hulst 1980, 2012; Ishimaru,1999; Thomas and
Stamnes, 2002; Davis and Marshak, 2002; Kokhanovsky et al., 2003; Marshak and Davis, 2005;
Pandey et al., 2012; and etc.). In this study, we are trying to develop an analytic radiative
transfer equation to analyze the radiative transfer at oxygen A and B bands. Through solving the
analytic equation, we can retrieve the CTP information directly. The theory of CTP retrieval is
similar for EPIC oxygen A-band and B-band observation. Here we use oxygen A-band as an
example to study the radiative transfer model. For oxygen A-band, photon path length
distribution is capable of describing vital information related to a variety of cloud and
atmospheric characteristics.

L, (1, @3 o, 00) = Io(, 9 110, 90) Jy, P(L 1, @5 o, po)e™vHdl (1)

Where, p(1) is photon path length distribution, x, is the gaseous absorption coefficient, u =
cos(0), uy = cos(8,), (6, 9;0,, @,) are zenith and azimuth angles for solar and sensor view
respectively, I, and I, are incident solar radiation and sensor measured solar radiation,
respectively.

When clouds exist, the incident solar radiation is reflected to outer space in three primary
ways. First, incident solar radiation is reflected by cloud top layer directly as a result of single
scattering. Second, the incident solar radiation will penetrate into the cloud and be reflected back
to TOA through cloud top via multiple scattering. Third, the incident solar radiation will pass
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through the cloud and arrive at the surface, after that it is reflected back into the cloud and finally
scattered back to TOA through the cloud top. Due to the position of the EPIC instrument and the
long distance between EPIC and Earth, we can consider that solar zenith angle and sensor view
angle are nearly reverse. At oxygen A-band, the reflected solar radiation will be reduced due to
oxygen absorption depending on photon path length distributions. Absorption is negligible in
oxygen A-band’s reference band. For solar radiation at oxygen A-band and its reference band,
they are also attenuated by airmass and aerosol that located above or below cloud through
Rayleigh scattering and aerosol extinction. However, their attenuations from Rayleigh scattering
and aerosol extinction are close to each other. Thus, we can use the ratio of EPIC measured
reflectance at oxygen A-band and its reference band to derive the photon path length distribution,
and then retrieve cloud information such as CTP.

To simplify the analytic transfer model for EPIC observation, we made a series of
assumptions, e.g., isotropic component, a plane-parallel assumption with quasi-Lambertian
reflecting surfaces, and etc. In this model, p and p,, are the same as in Equation 1, ¢ is the

relative azimuth angle between solar and satellite sensors; Ag,,¢ is the surface albedo; tggp  105°¢,

and 732"/ ““are oxygen A-band absorption optical depth from TOA to cloud top layer, cloud

bottom layer, and surface, respectively; Ar4bove=Cld - Adn=Cld and A¢Bglow=Cld gre layerd
oxygen A-band absorption optical depth above cloud, in cloud, and below-cloud, respectively;
functions f mean their contribution to the ratio of measured reflectance at oxygen A-band (R,)
and refrence band (Ry). The detailed analysis of EPIC analytic transfer model is shown as
follows:

(1) Above Cloud: the reflected solar radiation is determined by the oxygen absorption optical
depth above the cloud and air mass directly.

F(Aeg37e™ M, oy v p) = fALG3 ) f (a1 11, 0)
— tggp (l + i) (2)

(2) Within Cloud: the reflected solar radiation is not only determined by oxygen absorption

optical depth above cloud and in-cloud, but also by penetration related factors, e.g., cloud optical

depth. Due to photon penetration, oxygen parameter t(T,Z”influences the enhanced path length

absorption:
AtOZ ! tOZS t02 (3)

Equivalence theorem (Irvine,1964; Ivanov and Gutshabash,1974; van de Hulst 1980) is used to
separate absorption from scattering:

T - T .
FC, A3 10 ) = £CEE, A5 100

= f(toD) (g 16 @) + f(ALS MDY (g, 1 9) (4)
F(£59P) iis determined by two absorption dependences: strong (~ _|£597 ) and weak (~ £57 ).
f(t3) = ay oy +bi(to7” ©)

5
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Based on asymptotic approximation (Kokhanovsky et al., 2003; Pandey et al., 2012), the
reflection of a cloud without considering below cloud interaction is given by Equation 6:

R(t, 1,10, T) = RG (b1 14y) — TK(K (1)
= Re(t, fi(w 11y)) — Tfo(iy) (6)

Here, RS is the reflectance of a semi-infinite cloud, K(w) is the escape function of x, T is global
transmittance of a cloud. T can be estimated by Equation 7, with the cloud optical thickness 7.4,
the asymmetry parameter g , and « = 1.07 a numerical constant.

1
T 0.757q(1-g)+a )
f1 and f;, functions have a quadratic form as follows:
fici =a; T+ bi(,u+ 1”0) + ciT(,u+ ,uo) + dippsy, i = 2,3 (8)

Combining Equations 4, 5 and 8, we can get the equation 9:

f(to3” LGS 1y 1.9) = <a1 Jios' + bm(tgip)) (a2 T+ ba (it pg) + e T(ut o) + dosassy)

+ Ay o (a3 T+ by(u+ /10) +eaT(u+ /10) + d3,uﬂ0) ©

(3) Below Cloud: The equivalence theorem used for below cloud is similar to within cloud
(Kokhanovsky et al., 2003; Pandey et al., 2012).

elow—Cld _ Surface Asurf
f(Atgz » Hgo b (P) =T Loz 1+(€4*T+f4)*ASurf

* (@g T+ba(u+ ) + ca T(u+ p1y) + dappty) (10)

Combining Equations 2, 9 and 10, we can get the total EPIC analytic transfer equation as
follows:

R _ —
—log (ﬁ) =f(Athbove=Cl, y, @) + f(&7F, ALY, 1y 1, @) + F(ALEW =14, 1w, 0)  (11)

In this total analytic equation, there are 16 coefficients (a,, by, a,, ... dg4, €4, f2), Which can
be calculated through nonlinear regression algorithm according to a series of simulated values
for different atmospheric conditions. Based on Equation 11, we can finally obtain a quadratic

2
equation, A ’t;‘;” +B /tffg’ + C = 0, where the parameters A, B and C (not shown here) can be

derived from Equation 11 directly. When these parameters (i.e., A, B and C) are obtained from
EPIC observation data and other data source, we can easily solve the quadratic equation to
retrieve cloud top O2 absorption depth, and then CTP.

4. Detailed retrieval algorithm

As previously stated, in method 2, the analytic EPIC equation (i.e., Equation 11) is key for
the CTP retrieval. To derive the coefficients of Equation 11, a series of model simulations for
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various atmospheric conditions are needed. Thus, developing a radiative transfer model to
simulate the EPIC measurements at A- and B-bands and their reference bands is the first thing
we need to complete.

4.1 Oxygen A- and B-band absorption coefficients calculation

To simulate the EPIC measurements, one of the most important steps is calculating
oxygen absorption coefficients at oxygen A-band and B-band. In this step, the latest HITRAN
database (Gordon et al., 2017) is used to provide the absorption parameters, and the LBLRTM
package (Clough et al., 2005) is used to calculate oxygen absorption coefficients layer by layer.
In our algorithm, the whole Earth atmosphere is divided by 63 layers.

Since oxygen absorption coefficients are pressure (or pressure-squared) and temperature
dependent, and the lines are well fitted as Lorentzian in the lower atmosphere, the relationship
can be written as follows:

ki = i —ai (12)

T (v-v;)%+a?

1
v (To\z T 1 1
@ =all (2)7, 5i = S(T) Lexp [1439E G-~ D] (13)
Where S; is the line intensity, v; and a; are the line center wave number and half width,
respectively; p, and T, are standard atmospheric pressure and temperature, respectively.

An unfortunate result of this is that cloud levels at a given pressure-weighted oxygen
absorption depth can have drastically different heights depending on the atmospheric profile in
use. We have used the LBLRTM package to calculate oxygen parameters for each
pressure/temperature profile; a time-consuming process. Our goal has been to find a simple and
fast conversion function from pressure to altitude for different atmospheric profiles. Using a
polynomial fitting function, fitting coefficients can be determined for oxygen absorption and
applied to any given atmosphere [Min et al., 2014; Chou and Kouvaris,1986].

Ay = [ao(W, P) + a;(v, P) X (Typy — Try) + ap (v, P) X (Typy — Trp)?] X po, (14)

Where A,y is optical depths for layer L, spectral point v, and atmosphere model M; py, is

. molecules —23\. .
molecular column density (—sz X 107%%); T, ,, is the average temperature for layer L for a

given atmosphere; and T is average temperature over all atmospheres (M1to M6) for layer L.

4.2 Fast radiative transfer model for simulating high-resolution oxygen A- and B-bands

We cannot simply calculate narrowband mean optical depth and then calculate the radiation
for various atmospheric conditions when simulating EPIC narrowband measurements. The
correct way is described as follows: firstly, simulate the solar radiation spectrum S(k(1)) under
specific atmospheric conditions, then integrate the spectrum with EPIC narrowband
filter R(k(A)) to obtain simulated narrowband measurements (Equation 15).

R(A) = [ S(k(M))R(k(A))dA # R(k(2)) (15)

With the high spectrum resolution oxygen absorption coefficient data, we can simulate the
high resolution upward diffuse oxygen A-band or B-band spectrum through DISORT code
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243  (Stamnes et al., 1988) for any given atmospheric condition, which has various surface albedo,
244  SZA, cloud optical depth, cloud top height (pressure), and cloud geometric (pressure) thickness.
245  However, due to the high spectrum resolution, it is very time-consuming when performing line
246 by line (LBL) calculations. Thus, developing a fast radiative transfer model for simulating high
247  resolution oxygen A-band and B-band spectrum is necessary.

248 In this project, the double-k approach is used to develop a fast radiative transfer model for
249  oxygen A-band and B-band respectively. [Min and Harrison 2004; Duan et al, 2005] proposed
250 a fast radiative transfer model. In their approach, the radiation from absorption and scattering
251 processes of cloud and aerosol are split into the single- and multiple-scattering components: The
252 single scattering component is computed line-by-line (LBL), while multiple scattering (second
253 order and higher) radiance is approximated.

254 [=1%Q)+ I™(4)

255 ~ ISS[Z"(p, t), PM, 2] + I™[Z"(p, t), P", A]

256 ~ IS[Z"(p, t), P", 2] + I"™[Z' (p, 1), P, ]

257 ~ I55[Z(p,t), PM, Al + I™S{F[Z'(p, t), PL, k(A)]} (16)

258  Equation 16 is from Equation 1 in Duan et al. (2005): ss and ms mean single and multiple scattering,
259  respectively. Z is the optical properties of the atmosphere as a function of pressure p and
260  temperature t, with P being the phase function of that layer. H and | represent higher and lower
261 number of layers and streams, respectively. F is the transform function between wave number
262 space and k space, defined from a finite set of k(4;).

263 The application of Double-k approach in oxygen A-band has been presented in detail in
264  Duan et al. 2005. Here we take oxygen B-band as an example. The detailed fast radiative transfer
265  model for simulating high-resolution oxygen B-band is as follows: The first order scattering
266  radiance is calculated accurately by using a higher number of layers and streams for all required
267  wavenumber grid points. The multiple-scattering component is extrapolated and/or interpolated
268  from a finite set of calculations in the space of two integrated gaseous absorption optical depths
269  to the wavenumber grids: a double-k approach. The double-k approach substantially reduces the
270  error due to the uncorrelated nature of overlapping absorption lines. More importantly, these
271 finite multiple-scattering radiances at specific k values are computed with a reduced number of
272 layers and/or streams in the forward radiative transfer model. To simulate an oxygen B-band
273 spectrum with high accuracy, 33 k values and 99 calculations of radiative transfer are chosen in
274  our program. This results in around a hundred-fold time reduction with respect to the standard
275  forward radiative transfer calculation.
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Figure 2. [a] High resolution reflectance at EPIC O2 B-Band simulated by fast radiative model
(double-k) and benchmark (LBL); Difference between simulated reflectance by double-k and
LBL for a clear sky case [b] and a cirrus cloud case with COD=2 [c]. Here SZA and view angle
=359 surface albedo = 0.02.

As shown in Figure 2, under clear sky and thin cloud situations, the simulated high
resolution upward diffuse oxygen B-band spectra from LBL calculation and double-k approach
are compared. The spectrum difference between LBL calculation and double-k approach is very
small and hard to tell directly (Figure 2a). Under both situations, most of the relative difference
between these two methods are under 0.5%. The obvious relative difference (>1%) occurs only
in the wavelength range with high absorption optical depth, which has little contribution to the
integrated solar radiation. Therefore, for the simulated narrowband measurements at EPIC
oxygen B-band, the relative difference between LBL and double-k approach is much smaller
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289 than that of the high resolution spectrum, which is less than 0.1% for both clear day and cloud
290 situations (shown in Table 1). For optically thick cloud situations, the accuracy of the double-k
291  approach is similar to that of thin cloud situations.
292  Table 1. Comparison of simulated narrowband measurement at EPIC B-Band channel
Case Line by line Double-k Difference
Clear day 0.026963 0.026985 +0.08%
Thin Cloud 0.084046 0.084033 -0.02%
293
294 4.3 Simulation of oxygen A- and B-bands for different atmospheric conditions
295 Using the EPIC measurement simulation package, we made a series of simulations with
296 different settings for surface albedo, solar zenith angle, cloud optical depth, cloud top height
297  (pressure), and cloud geometric (pressure) thickness (or cloud bottom height). The results of
298  these simulations consist of a data table, which can be used not only to calculate the coefficients
299  for the analytic equation, but also to study the sensibility of every variant.
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301  Figure 3. Ratio of simulated reflectance measurements for EPIC B-band to B-band reference
302  with different surface albedo, cloud optical depth, solar zenith angle, cloud top height and cloud
303  bottom height.
304 According to the previous theory study, the ratio of reflectance radiance (i.e., absorption
305 to the reference) at TOA is determined by the photon path length distribution at oxygen A/B
306 bands: the larger the mean photon path length, the stronger the absorption, and the smaller the
307 reflectance ratio. To make the figures easy to view and understand, we use cloud top and bottom
308  geometric height to represent cloud top pressure and thickness information in Figure 3. As
309 shown in Figure 3a, the ratio of upward diffuse at oxygen B-band and its reference band is
310  sensitive to the cloud top height (pressure). The higher the cloud top height, the larger the ratio.
311 At the same time, this ratio is affected by the cloud bottom height (or cloud geometric thickness)
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when the other cloud parameters are fixed, the lower the cloud bottom (or the larger the cloud
geometric thickness), the smaller the ratio. It is consistent with the theory analysis: (1) the higher
the cloud top height, the shorter the mean photon path length, and the weaker the absorption; (2)
when the cloud optical depth is given, larger cloud geometric thickness means smaller cloud
density, then the sunlight can penetrate deeper into the cloud, which results in a longer mean
photon path length. In Figure 3b, for clouds with given cloud top height, cloud optical depth and
geometric thickness, the ratio decreases with the solar and view angles. This is easy to
understand: the larger the solar and view angles, the longer the mean photon pathlength, and the
stronger the absorption. In Figure 3c, for clouds with given cloud top height and geometric
thickness, when the cloud optical depth is small (e.g., COD <5), the reflectance ratio increases
with cloud optical depth. However, when cloud optical depth is larger than 16, the effect of cloud
optical depth is small. This is because the larger the cloud optical depth, the shallower the
sunlight penetration, and the shorter the mean photon pathlength. In Figure 3d, for clouds with
given cloud optical depth, CTP, and geometric thickness, the ratio decreases with surface albedo.
The smaller the cloud optical depth, the stronger the impact of the surface albedo. This is
because the heavy cloud prevents the incident sunlight from passing through it to reach the
surface, and also prevents the reflected light from going back to the TOA.

For oxygen A-band, the ratio of upward diffuse at absorption and reference bands shows
similar characteristics as oxygen B-band. Compared to oxygen B-band, under the same
atmospheric conditions, the oxygen absorption at A-band is stronger, and the ratio of A-band to
its reference band has smaller values.

4.4 Case studies of cloud top pressure retrieval

In our retrieval algorithm, we have two kinds of retrieval results: baseline CTP and retrieved
CTP. The baseline CTP is used as a reference for the retrieved CTP. It is similar to the effective
CTPin Yang et al., (2013), which does not consider cloud penetration. The retrieved CTP is
calculated by the analytic equation, which considers the in-cloud and below-cloud interaction.

During the baseline CTP calculation, the impact of penetration in-cloud is ignorable, and the
incident light reached cloud top is assumed reflected back directly. As shown in Equation 15, the
baseline absorption optical depth 7,4, is derived from the ratio of upward diffuse at absorption
bands and their reference bands directly. According to the model calculated oxygen A and B
bands absorption optical depth profile at the specific solar zenith angle, the baseline CTP can be
derived directly.

Thase = 108 (~ £22) /(o + ) (15)

Ryef c0s(0sza) cos(Oyiew)

As shown in Figure 4, the baseline CTP value at A-band is slightly higher than the effective
CTP from NASA ASDC L2 data. But the baseline CTP value at B-band is substantially higher
than the effective CTP from NASA ASDC L2 data. The difference may be mainly from the
calculation of oxygen A and B bands absorption coefficients or the absorption optical depth
profile.
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Figure 4. The comparison of effective CTP (reference from NASA ASDC data) and baseline
values from our retrieval algorithm for EPIC A and B bands.

Based on the simulated reflectance ratio under different atmospheric conditions, we can
calculate the coefficients for the analytic radiative transfer equations by using a nonlinear fitting
algorithm. The coefficients for different SZA’s are calculated individually to reduce the fitting
error. Based on the calculated coefficients, we can retrieve the CTP with DISCOVR EPIC
observation data at oxygen A and B bands.

During the CTP retrieval, with the exception of the previously mentioned analytic
equation coefficients, we can get the surface albedo data from GOME, obtain reflectance data,
solar zenith and view angles, cloud optical depth, etc. from the NASA ASDC data file. Another
very important step in the retrieval processing is the acquisition of cloud pressure thickness data,
which has a substantial impact on the retrieval results. We currently use a statistical approach
(i.e., cloud pressure thickness (mb) = 2.5* cloud optical depth +26) to estimate the cloud
pressure thickness based on cloud optical depth. As shown in Figure 5a and 5b, the retrieved
CTP when considering cloud penetration is smaller than baseline CTP. For this case, the mean
difference between baseline CTP and retrieved CTP for oxygen A-band and B-bands are around
57 mb and 85 mb, respectively, which is consistent with theoretical expectations. For clouds with
a given CTP, the mean photon path length will increase substantially when considering cloud
penetration and interaction. A decrease in retrieved CTP will result in order to match the
measurement ratio of absorption to reference. Compared to the O2 A-band, both baseline CTP
and retrieved CTP for the O2 B-band are larger (Figure 5¢ and 5d). This is because the
absorption of solar radiation in the O2 B-band is weaker than that of the O2 A-band, and the
incident light at oxygen B-band can penetrate deeper into the cloud, allowing more light to pass
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376  through. The difference in retrieved CTP between B band and A band (approx. 101 mb) is
377  generally reduced in comparison to baseline B band and A band (approx. 129 mb). This
378 indicates, as expected, more photon penetration correction for B-band than A-band.
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380  Figure 5. (a and b) The comparison of retrieved CTP and baseline values for EPIC A and B
381  bands; (c and d) the comparison of retrieved CTP and baseline values between EPIC A- and B-
382  bands.

383 We also used the LUT based method to do the retrieval for the same observation data,
384  because both methods share the same EPIC simulation package and the same simulated data
385 table, the results of which are similar.

386
387 4.5 Retrieval of global observation

388 We applied our retrieval algorithm on the global DISCOVR EPIC measurement data at
389  oxygen A and B bands. During the retrieval, only pixels with total cloud covering (i.e., cloud
390 mask index of 4), surface albedo < 0.25, and cloud optical depth >= 3 are considered. To make
391 the picture easy to visualize, we set all invalid values to 1013; same as the background sea level
392 pressure.

393 Figure 6a shows the synthesized RGB picture of EPIC measurements at GMT time 00:17:51
394  onJuly 25, 2016. At this point in time the sun light covers most of the Pacific Ocean. In this

395  figure, the white pixels represent cloud cover. Figure 6d shows the global cloud optical depth
396 (NASA ASDC L2 data), which highlights areas consistent with the RGB image. Figure 6b and
397  6¢ show the baseline and retrieved CTP at A-band, respectively, which also highlights areas

398  (white to brown) consistent with the RGB image. Figure 6e and 6f show the baseline and

399 retrieved CTP in B-band respectively, which are similar to, but greater than the A-band. Because
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400  we use the cloud optical depth to estimate the cloud pressure thickness in our retrieval, part of
401  the retrieval error is from the cloud optical depth and the equation for cloud pressure thickness
402  estimation.

A-band Cloud TOP Pressure (baseline)  A-band Retrieved Cloud TOP Pressure

200 400 600 800 1000 200 400 600 800 1000
mb mb

B-band Cloud TOP Pressure (baseline) B-band Retrieved Cloud TOP Pressure

403 ddtau mb mb
404

405  Figure 6. (a) RGB image from DSCOVR EPIC measurement at GMT time 00:17:51 on July 25,
406  2016; (b) and (c) Baseline and retrieved CTP derived from EPIC A-band measurement. (d)

407  Cloud optical depth (liquid assumption) from EPIC L2 products; (e) and (f) Baseline and

408  retrieved CTP derived from EPIC B-band measurement.

409
410 5 Conclusion

411 The in-cloud photon penetration has significant impacts on the CTP retrieval when using
412 DSCOVR EPIC oxygen A- and B- band measurements. To address this issue, we proposed two
413  methods, (1) the LUT based method and (2) the analytic transfer model method for CTP retrieval
414  with consideration of in-cloud photon penetration. In the analytic transfer model method, we

415  build an analytic equation that represents the reflection at TOA from above cloud, in-cloud, and
416  below-cloud, respectively. The coefficients of this analytic equation can be derived from a series
417  of EPIC simulations under different atmospheric conditions using a non-linear regression

418  algorithm. With EPIC observation data, the related solar zenith and sensor view angle, surface
419  albedo data, cloud optical depth, and estimated cloud pressure thickness, we can retrieve the CTP
420 by solving the analytic equation.
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421 We developed a package for the DSCOVR EPIC measurement simulation. The high

422 resolution radiation spectrum must be simulated first and then integrated with the EPIC filter

423  function in order to accurately simulate EPIC measurements. Because this process is highly time-
424  consuming, a polynomial fitting function is used when calculating the oxygen absorption

425  coefficients under different atmospheric conditions. At the same time, the double-k approach is
426  applied to do the high-resolution spectrum simulation to further reduce time-costs, which can

427  obtain high accuracy results with hundred-fold time reduction. The results of the EPIC

428  simulation measurements are consistent with theoretical analysis.

429 Based on the EPIC simulation measurements, we derived a series of coefficients from
430  various solar zenith angles for the analytic EPIC equations. Using these coefficients, we

431 performed CTP retrieval for real EPIC observation data. We have two kinds of retrieval results:
432 baseline CTP and retrieved CTP. The baseline CTP is similar to the effective CTP in Yuekui et
433 al., (2012), which does not consider cloud penetration. The retrieved CTP is derived by solving
434  the analytic equation, with consideration of the in-cloud and below-cloud interactions. Compared
435  to the effective CTP provided by NASA ASDC L2 data, the baseline CTP value at A-band is
436  slightly higher, but the baseline CTP value at B-band is substantially higher. The retrieved CTP
437  for both oxygen A- and B- bands is smaller than the related baseline CTP. At the same time,
438  compared to the oxygen A-band, both baseline CTP and retrieved CTP at oxygen B-band is
439  obviously larger.
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