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Abstract

The Earth Polychromatic Imaging Camera (EPIC) on the Deep Space Climate Observatory
(DSCOVR) routinely captures reflected radiation from the whole sunlit side of the Earth in the near
backward direction to monitor the changing planet. The instrument had routinely operated until June
27,2019, when the spacecraft was placed in an extended safe hold due to degradation of an inertial
navigation unit. DSCOVR returned to full operations on March 2, 2020. Since then, the range of
scattering angles between the incident sunlight and sensor direction has been larger than before and
the largest scattering angle reaches ~178°, only 2° from perfect backscattering, proving a unique
opportunity to study the top-of-atmosphere (TOA) reflectance under such extreme conditions. In the
paper, we compare EPIC global spectral reflectances in 2021 to 2016. We found that there are four
occasions when the scattering angle reaches about 178° and associated with them enhanced global
daily average spectral reflectances in 2021. The scattering angle related reflectance enhancements are
not found in 2016 data when the maximum scattering angle is about 174.5°. CERES data do not
show such occasions in global daily reflected shortwave flux. As a result, those enhanced reflectance
occasions are primarily due to the change in scattering angle. The enhancement due to changes in
scattering angle depends strongly on wavelength, primarily because of wavelength dependence of
cloud scattering phase function. Radiative transfer calculations show that the change in scattering
angles has the largest impact on reflectance in the red and NIR channels at 680 nm and 780 nm and
the smallest influence on reflectance in the UV channel at 388 nm, consistent with EPIC
observations. The change of global average cloud amount also plays an important role in the
reflectance enhancement. The influence of the cloud effect depends on whether the change is in
phase or not with the change of scattering angle.

1 Introduction

The launch of the Deep Space Climate Observatory (DSCOVR) in February 2015 to the orbit around
Sun-Earth Lagrange-1 (L1) point started a new perspective of Earth observations from space. At a
distance of about 1.5 million kilometers from the Earth, the Earth Polychromatic Imaging Camera
(EPIC) routinely takes the image of the whole sunlit side of the Earth in the near backscattering
direction in ten narrow bands from ultraviolet (UV) to visible (VIS) and near-infrared (NIR) every 65
and 110 minutes in Northern Hemisphere summer and winter, respectively.

The instrument had routinely operated until June 27, 2019, when the spacecraft was placed in an
extended safe hold due to degradation of an inertial navigation unit. DSCOVR returned to full
operations on March 2, 2020. Since then, the range of the scattering angle between the incident
sunlight and sensor direction is larger than it was before and the largest scattering reaches ~178°,
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Effect of SEV angle on EPIC observations

only 2° from the perfect backscattering direction. Figure 1 shows a sketch of the Sun, Earth, and
vehicle (satellite) position when the scattering angle reached its upper bound, or the Sun-Earth-
Vehicle (SEV) angle (supplement to the scattering angle: SEV+scattering angle = 180°) reached its
lower bound for 2016 and 2021. The minimum SEV angle is ~5.5° and ~2° for 2016 and 2021,
respectively. In 2021, the closest distance of the DSCOVR satellite to the Sun-Earth line is ~0.5x103
km, only ~2/5 of the closest distance of ~1.4x10° km for 2016. In this paper, we use SEV and
scattering angle alternately to describe the same phenomenon.

$uE 2021 SEV=2°
0.5x1195km Vi e
L, 1.5x108 km
1.4x10°%km — SEV=5.5°
$u 2016

Figure 1. Sketch of the Sun, Earth, and DSCOVR satellite vehicle position when the SEV reaches a minimum for the
years of 2016 and 2021.

In studying the impact of near-backward scattering on EPIC top-of-atmosphere (TOA) reflectance,
Marshak et al. (2021) and Penttila et al. (2021) show a strong increase in the TOA reflectance
towards the backscattering direction. They found that the reflectance increase occurred for both
cloudy and clear sky over ocean and land areas (except cloudless areas over ocean); the largest
enhancements arise in the NIR from vegetation. Su et al. (2021) accounted for the change of the
scattering angle in deriving shortwave (SW) fluxes using EPIC observed radiances. Herman et al.
(2022) analyzed EPIC UV reflectance at 388 nm and compared it with the reflectance at 380 nm from
the low Earth polar orbiting nadir mapper in the Ozone Mapping and Profiler Suite (OMPS-NM);
they suggested that the increase observed by EPIC is mostly due to an increase in cloud cover and not
due to enhanced backscatter.
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Figure 2. (A) Time series of daily average global reflectance with gray bars for the standard deviations for 2016 and
(B) for 2021. The annual mean and standard deviation of daily reflectance are indicated in parentheses of the legends.
Note that the ranges of all vertical axes are the same.

We compared daily global average reflectance in five EPIC non-absorbing channels in year 2021 and
2016. We found that the spectral reflectances in 2021 differ dramatically from 2016 (Fig. 2). There
are five distinctive spikes in spectral reflectance in 2021, and the magnitude of those spikes is
wavelength dependent. Those enhanced spectral reflectances are not found in 2016. This study
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Solar Eclipse from EPIC Observations

focuses on understanding the physical mechanism for the enhanced spectral reflectance based on
analyzing EPIC observations and radiative transfer calculations. The data used is described in section
2. The method of analysis is described in section 3. The results are presented in section 4 followed by
a summary discussion in section 5.

2 Data

In this paper, we will analyze EPIC reflectance. EPIC is a spectroradiometer onboard the DSCOVR
satellite. It provides 10 narrowband spectral images of the entire sunlit face of Earth using a
2048x2048 pixel CCD (Charge Couple Device) detector. As the satellite orbits around the L; point,
EPIC observes reflected solar radiation from the Earth in near backscatter directions. The distance
between the DSCOVR satellite and the Earth changes with time as a result of the Lissajous orbit. The
rate of change in the distance is about 2000-2500 km day; it is about 0.15% of its nominal distance
of 1.5 x 10% km (Herman et al., 2018, Marshak et al., 2018).

The EPIC’s 10 narrowband channels cover the spectral range from UV to NIR: there are four UV
channels at 317, 325, 340 and 388 nm; three visible non-absorbing channels at 443 nm (blue), 551
nm (green), and 680 nm (red); two oxygen absorbing channels at 688 nm (B-band) and 764 nm (A-
band); and one NIR channel at 780 nm. The three ozone absorbing channels (317, 325, 340 nm) are
used for ozone, SO», and aerosol retrieval, the UV channel at 388 nm, three visible channels, and one
NIR channel together with the oxygen bands are used for aerosol and cloud study (e.g., Ahn et al.,
2021; Kramarova et al., 2021; Carn et al., 2018; Yang and Liu, 2019; Yang et al., 2019; Lyapustin et
al., 2021). Two oxygen-absorbing bands are used to determine cloud and aerosol height (e.g., Xu et
al., 2017, 2019; Yang et al., 2019). The red (680 nm) and NIR (780 nm) channels are also used for
obtaining leaf area index (LAI) and sunlit leaf area index (SLAI) as well as the normalized difference
vegetation index (NDVI) (Yang et al., 2017). In particular, the red channel in oxygen-B band (688
nm) paired with the NIR channel can enhance NDVI for monitoring vegetation (Marshak and
Knyazikhin, 2017). The visible non-absorbing channels are used to convert narrowband to broadband
radiances for estimating broadband shortwave (SW) fluxes (Su et al., 2018). Those non-absorbing
channels are also used to estimate photosynthetically available radiation (PAR) at the ice-free ocean
surface (Frouin et al., 2018, 2022). Marshak et al. (2017) studied terrestrial glint from deep space
originated from scattering of oriented ice crystals. The EPIC cloud products are used to investigate
the daytime variability of cloud fraction and cloud height (Delgado-Bonal et al., 2020, 2021).

3 Analysis Methods

We will analyze EPIC-observed global average reflectance. The EPIC pixel level reflectance is
defined as

Ry = 22 (1)

Foa

where [, is the EPIC measured radiance and Fj ; is the TOA spectral solar irradiance at wavelength

L. In practice, one needs to multiply the EPIC L1B data given in counts per second (count s!) by the
calibration coefficient to get the reflectance R,. The calibration coefficients for EPIC channels are
described by Herman et al (2018) and Geogdzhayev and Marshak (2018) and can be found at
https://asdc.larc.nasa.gov/documents/dscovi/DSCOVR_EPIC_Calibration Factors_V03.pdf.

Song et al. (2018) introduced a scattering function, P;(Qg, ), which characterizes the angular
distribution of the radiation scattered by a planet: T~ P;(Q,, Q) is the fraction of the total solar
energy at wavelength A scattered towards the sensor. For a sphere, it depends on the directions of
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Effect of SEV angle on EPIC observations

incidence, £, (e.g., the direction of the Sun relative to the Earth) and scattering, Q (e.g., the direction
of a DSCOVR spacecraft relative to the Earth), and is given by

1
PA(QO' ﬂ) = ; f4n’ BRFA(r) QO' ﬂ) I‘QO ' in(ﬂ ’ ﬂn))((ﬂn; QO' ‘QO)dQn (2)

where Q,, is the outward normal at a point r on the sphere (i.e., Q,, = Q,(r) and r = r(Q,,)), BRF,,
the bidirectional reflectance function, is related to the reflectance Ry as BRF; (1, Qg, Q)|Qq - Q,,| =
R; (1), x is an indicator function of sunlit points, which takes the value 1 if (4 - Q,)(Q2-Q,) <0
(i.e., sensor sees a sunlit sphere element) and 0 otherwise. The integration is for the entire sphere.
The scalar products (Qq - Q,,) and (Q - Q,,) give cosines of the solar zenith angle (SZA) and satellite
view zenith angle (VZA), respectively. In backscattering direction, Py (g, —Qg) is the geometric
albedo (Lester et al., 1979), a major variable in exoplanet studies (Jiang et al., 2018). The EPIC
observations, therefore, allow us to estimate geometric albedo.

For EPIC images, the scattering function (Eq. 2) is estimated by the global daytime average spectral
reflectance of the planet Earth defined as

N
Yi=1 R

Ri(Qo, @) = ==,

3)

where R; ; is the reflectance for i’ pixel (the discrete element in the integral of Eq. (2)) and N is the
total number of pixels in an EPIC image. It is important to note that the global daytime average
spectral reflectance depends on Qg and Q (cos(SEV) = Q, - Q). Pixels with a solar zenith angle
(SZA) that exceed 76° are excluded from our analyses to avoid ambiguities resulting from the
oblique illumination. The near-hourly disk average reflectance for each EPIC image is further used to
calculate the daily mean of the global daytime spectral reflectance and associated standard deviation
for the five non-absorbing channels.

Clouds are highly reflective to shortwave radiation. With the global average cloud fraction over 60%
(King et al., 2013), the reflection from clouds dominates in the global average reflected solar
radiation. Wen et al. (2019) showed that the EPIC global average reflectance is highly correlated with
the cloud amount. In this study, we use cloud mask in EPIC level 2 cloud products (Yang et al.,
2019) to estimate cloud fraction for understanding the variation of reflectance. In the cloud product, a
pixel is classified as clear with high confidence, clear with low confidence, cloudy with low
confidence, or cloud with high confidence. Cloud fraction calculated using cloud mask with low and
high confidence gives a global average cloud fraction of ~65%, consistent with cloud fraction from
GEO-LEO composite data sets (Yang et al., 2019). This criterion was used to study daytime
variability of cloud fraction from EPIC observations (Delgado-Bonal et al., 2020). The same criterion
is applied for cloud masking in this study.

To compare with the EPIC daily averaged global reflectance, the daily global average SW flux is
calculated from area weighted average of the 1° daily CERES SW data as

Y FiAA;
Fo = B0 )

where F; and AA; are the SW flux and area at grid i, respectively.

We further calculate single scattering properties of water clouds based on Mie theory and perform
radiative transfer calculation using Discrete-Ordinate-Method Radiative Transfer (DISORT) code
(Stamnes et al., 1988).

4 Results
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Solar Eclipse from EPIC Observations

4.1 Observations

First, we examine the daily global average reflectance and associated standard deviation of the
spectral reflectance (Fig. 2) for 2016 and 2021, a normal and abnormal year of SEV variations,
respectively. In both years, the daily average reflectance for the UV channel is largest with the
smallest daily variability compared to longer wavelengths; the daily average reflectance decreases
with wavelength from 388 nm to 680 nm with a slight increase from 680 nm to 780 nm; the standard
deviation increases with wavelength, and the reflectance at the NIR channel has the largest daily
variability among the five wavelength bands.

However, the variations of spectral reflectance in 2021 are dramatically different from those in 2016.
There are four distinctive spectral reflectance spikes in 2021 observations, while there is one
reflectance spike around May 19 (day 140) in 2016. The spikes in EPIC reflectance in 2021 do not
appear in the CERES observed daily average TOA SW flux (Fig. 3). Rather, the SW flux shows
consistent year-to-year variations; it decreases from ~105 W/m? on January 1 to ~95 W/m? around
April 10 (day 100) with a small increase to ~98 W/m? around May 20 (day 140 of year) and a
decrease to ~90 W/m? on around August 18 (day 230), followed by a large increase to ~108 W/m?
towards the end of the year. Similar year-to-year variation of SW flux is the result of the stable Earth-
Atmosphere system. And EPIC spectral reflectances observed in 2016 resemble the CERES SW flux
closely (Fig. 2 and Fig. 3).

CERES SW Flux
120 5 T T A ]

Figure 3. Global average TOA
reflected SW flux.
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We use 2016 EPIC data to examine the relationship between spectral reflectance and global average
CERES SW flux and cloud fraction from EPIC cloud products (Fig. 4). The spectral reflectances in
388, 443, and 551 nm are strongly correlated with the SW flux (the correlation coefficients are
greater than 0.9). The spectral reflectance at 680 nm is slightly less correlated with the SW flux (the
correlation coefficient is 0.89). The correlation coefficient and slope of the best linear fit line
decrease with wavelength. The correlation coefficient for the NIR reflectance and SW flux is about
0.66, still significantly large. Since year-to-year variation of the SW flux is small and the EPIC
spectral reflectance is highly correlated with the SW flux, the spectral reflectance would resemble the
CERES SW flux in 2021 as well. Thus, it is unlikely that spikes in EPIC reflectance observed in
2021 are due to changes in cloud amount or surface properties. And one possible reason to cause
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those reflectance enhancements is the change of SEV angle when EPIC returned to full operation in
March 2020 after the DSCOVR spacecraft was put in safe mode (Marshak et al., 2021).
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In Fig. 5 we examine the variation of SEV and scattering angle with time in the years 2016 and 2021.
Since the SEV and scattering angles are supplementary, the SEV angle is a measure of closeness of
the direction of the EPIC observed Earth reflected sunlight to the direction of perfect backscattering.
In 2016, the lower bound of the SEV angle is ~5.5°, and the closest distance of the spacecraft to the
Sun-Earth line is about 1.4x10° km. In 2021, however, the lower limit of the SEV angle is ~2°, the
EPIC observed sunlight is extremely close to perfect backscattering, and the closest distance of the
spacecraft to the Sun-Earth line is about 0.5x10° km. Comparing spectral reflectance with the
variations of the SEV angle, we found the four spikes of spectral reflectance in 2021 coincide with
the minimum of the SEV angles, though there is about a seven-day lag of the last reflectance spike
compared to the minimum of the SEV angle. Thus, the reflectance spikes occur when the DSCOVR
satellite approaches the closest distance to the Sun-Earth line or the smallest SEV angle of ~2°. We
call those spikes the reflectance enhancements related to the smallest SEV angle.
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Figure 5. Time series of SEV and
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The scattering angle variation behaves like a sinusoidal function with a peak-to-peak variation of ~5°
and ~10° in 2016 and 2021, respectively, and there are about four such sinusoidal periods in both
years (Fig. 5). However, the associated reflectance spike in 2021 differs from one to another. To
quantify the reflectance enhancement, we define four time periods associated with four reflectance
spikes. Each period starts with a maximum SEV angle (or minimum scattering angle), reaching a
local minimum of SEV angle (or maximum scattering angle), ended by maximum SEV angle (or
minimum scattering angle) as shown in Table I. For example, the first minimum of SEV angle occurs
around 7 March 2021 (or day 66) in the first time period between the first and second maximum of
SEV on January 24 (day 26) and April 18 (day 108). Since the SEV angle does not reach the
maximum (or the scattering angle does not reach the minimum) at the end of the year 2021, we
define the fourth time period as the time period between the last maximum and minimum of the SEV
angle.

Table I: The start(t1), peak (tmax), and end (t2) day of four periods of scattering angle variation with calendar date in

Rarentheses in this studz.

t; (Max SEV Angle) tmax (Min SEV Angle) t> (Max SEV Angle)
Period 1 | 026 (January 24, 2021) 066 (March 7, 2021) 108 (April 18, 2021)
Period 2 | 108 (April 18, 2021) 153 (June 2, 2021) 205 (July 24, 2021)

Period 3 | 205 (July 24, 2021) 245 (September 2, 2021) | 287 (October 14, 2021)
Period 4 | 287 (October 14, 2021) 333 (November 29, 2021)

Here, we define the peak reflectance enhancement as the difference between the reflectance at the
time (t,,4,) When the scattering angle is maximum (SEV is minimum) and the reference reflectance
estimated by linear interpolation of the reflectances at the beginning (t,) and at the end (t,) of each
period to the time (t,,,,,) (see Table I) when the SEV reaches its minimum as

AR/l = EA (tmax) - E]L,ref (Sa)

where reference reflectance R, 7 1s

= R3(t5)—R;(t1)
Rl,ref = % (tmax - tl) (Sb)
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For the last period, the reflectance enhancement is simply defined as the difference between the
reflectance at the time (t,,,4,) when the SEV is minimum and the reflectance on the first day (¢t;) of
the period as reference, i.e.,

AR/l = E/l(tmax) - E]L(tl)- (SC)

The reflectance enhancements for the four time periods are presented in Fig. 6. For the same
scattering angle peak (minimum SEV), the reflectance enhancement increases with wavelength. The
enhancements are the smallest for the first enhancement peak and largest for the fourth one. The
enhancements of the second and third peaks are comparable. For the first peak, the enhancement is
~1% for the UV channel at 388 nm and ~5% for the NIR channel at 780 nm. For the second and third
peaks, the enhancement is ~5% to ~15% depending on wavelength. For the last peak, the
enhancement ranges from ~14% to ~25% as wavelength increases from 388 nm to 780 nm.

To understand the change of reflectance enhancement from one peak to another, we examine the first
and second peaks in some detail. Figure 7 shows the scatter plot of spectral reflectance as a function
of the scattering angle for the first and second periods. The best line fit and correlation coefficient are
indicated for each scenario. For the first period, scattered points are evidently separated into two
branches by the best linear fit lines for the 388, 443, and 551 nm channels. The separation is less
clear for the red and NIR channels. The spectral reflectance is positively correlated with the
scattering angle for all five wavelengths, and the correlation coefficient increases from 0.23 for the
UV channel to 0.53 for the NIR one. For the second period, the spectral reflectance is more
correlated with the scattering angle compared to the first period. The correlation coefficient increases
from 0.76 for the UV channel to 0.95 for the NIR channel.
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Figure 6. (a) Absolute global spectral reflectance enhancement for the four occasions; (b) similar to (a) but for percent
reflectance enhancement relative to the reference reflectance.
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Figure 7. Spectral reflectance as a function of the scattering angle for period one and two. The color for each point
indicates the day number relative to the first day of an event. The best line fit and correlation coefficient are indicated
for each scenario.
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In the first period, the upper and the lower branches in the scatter plots of the first three channels
(Fig. 7al,bl,c1) are associated with the ascending and descending phase of the scattering angle
variation (Fig. 5 and Table I). However, the spectral reflectance of the first three channels is
negatively correlated with the scattering angle in the upper branches and positively correlated with
the scattering angle in the lower branches (Fig. 7al,bl,cl). This suggests that variation of scattering
angle alone does not explain the observed spectral reflectance variation during a cycle of scattering
angle change.
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Global Average Cloud Fraction

Clouds are bright in all five non-absorbing channels. Variations in cloud amount can contribute
significantly to EPIC observed reflectance variations. To examine the relationship between spectral
reflectance and cloud amount, we used 2016 data in Fig. 8. The daily average spectral reflectances
are well correlated with global cloud fraction. The sensitivity of the reflectance to the global average

cloud fraction (the slope in the best linear fit line) as well as the correlation coefficient are the largest
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for the UV channel and decrease with wavelength. This is because the ocean is dark for all five
wavelengths concerned, and land is dark in UV wavelength and bright in NIR, and the global average
surface albedo in visible increases with wavelength. Note that some surface types have different
wavelength dependencies. For example, green vegetation is brighter in green than red; snow albedo
decreases with wavelength in visible and NIR wavelengths (Wiscombe and Warren, 1980). Thus,
variation of cloud fraction can be used to explain, in part, the changes in spectral reflectance.

0.8[ T T T

Figure 9. Changes of cloud fraction with time in 2021.

Cloud Fraction

0sf ]

0.4 b L L L
0 100 200 300
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The cloud mask in EPIC level 2 cloud product is used to estimate global average cloud fraction. To
reduce noise, a five-day moving average is applied to obtain variation of global average cloud
fraction with time for examining the effect of cloud on reflectance variation (Fig. 9). In the first
period (day 26 to 108 in 2021), cloud fraction decreases with time to reduced global reflectance in
this period. In the ascending phase of scattering angle in this period, the increase of spectral
reflectance due to the increase of scattering angle (or scattering angle effect) competes with the
decrease of spectral reflectance due to the decrease in cloud fraction (or cloud fraction effect). In this
case, the cloud fraction effect dominates, resulting in a small decrease in spectral reflectance as
shown in the upper branches for 388, 443, and 551 nm in Fig. 7. In the descending phase of
scattering angle variation, both decrease in cloud fraction and scattering angle work together to result
in a consistent decrease in spectral reflectance for all five channels.

In the first period, unlike first three channels, the reflectance for 680 nm and 780 nm decreases in the
first 13 days of the ascending phase, followed by an increase towards the peak of scattering angle,
suggesting the scattering angle effect dominates, as will be discussed in the next section.

For the second enhancement peak, the increase of scattering angle from April 8 (day 108) to June 2
(day 153) is in phase with variation of cloud amount, resulting in an increase in the spectral
reflectance in all five channels; the decrease of the scattering angle from June 2 (day 153) to July 24
(day 205) is also in phase with variation of decreasing in cloud amount, resulting in a decrease in the
spectral reflectance in all five channels. Since the scattering angle and cloud fraction vary in phase in
both ascending and descending phases of scattering angle variation, the enhancement in this period is
larger than the first period.

Now, it is evident that both variations of SEV angle and cloud amount are the two major mechanisms
to cause EPIC observed global reflectance enhancement. As the SEV angle approaches to an
extremely small value, EPIC observed Earth reflected radiation is in a near backscattering direction,
resulting in the spikes in spectral reflectance coinciding with the scattering angle peaks. Change in
cloud amount modifies the magnitude of spectral reflectance enhancement. The effect of cloud
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variation on reflectance enhancement may lead to an increase or decrease of global reflectance
depending on whether the change in cloud fraction is in phase or out of phase with scattering angle
variation.

Wavelength dependence is an important feature of the enhancement. In the next section, we will use
radiative transfer simulations to show that the spectral dependence of the reflectance enhancement is
due to strong wavelength dependence of cloud phase function in the near backscattering angles.

4.2 Radiative Transfer Simulations

As shown by Marshak et al. (2021), the dependence of the TOA reflectance on the scattering angle
resembles that of a cloud phase function. In this section, we first examine cloud scattering phase
functions for the five EPIC wavelengths concerned. Then, we perform radiative transfer calculations
to understand scattering angle induced reflectance enhancement. Here, we focus on water clouds. We
assume that the cloud droplet follows Gamma distribution with an effective variance of 0.13 (Hansen
and Travis, 1974; Nakajima and King, 1990). Mie calculations show that the extinction weakly
depends on wavelength for effective radius above 5 pm and the single scattering albedo is close to 1.
However, the scattering phase function in backward directions depends strongly on wavelength and
effective radius. Figure 10 shows the scattering phase function for the typical cloud effective radius
of 10 um and two extreme conditions of effective radius of 5 um and 30 pum. For all three effective
radii, the phase function increases with the scattering angle reaching a local maximum, then
decreases to a local minimum near perfect backscattering angle, followed by an increase to the
backscattering of 180° except for the cloud effective radius of 30 um for wavelengths at 388, 443,
and 551 nm.

0.8 T T 0.8
(b) — Zi5nm Re=10um | (© —mm Re=
— 551 nm | — 551 nm
— 680 nm | — 680 nm
0.6 — 780 nm I 0.6 — 780 nm
c c : c
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Scattering Angle [degrees] Scattering Angle [degrees] Scattering Angle [degrees]
Figure 10. Scattering phase functions for the five EPIC wavelengths for the effective radius of 5, 10, and 30 pm.

For 30 um, from 170° to 175°, there is little change in the phase functions; from 175° to 178° there is
a small change in phase functions with insignificant wavelength dependence compared to the other
two cloud effective radius situations. Because the scattering phase function resembles reflectance, as
discussed in the following, and neither phase function for effective radius of 5 um nor 30 um
resembles the EPIC observed spectral reflectance enhancement (e.g., phase function decreases with
wavelength for effective radius of 5 pm for scattering angle near 178°, small wavelength dependence
of phase function for effective radius of 30 um), these two extreme scenarios do not explain the EPIC
observations.
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For 10 um, a typical cloud effective radius, the phase function increases with scattering angle up to
~178° for all five wavelengths. For a given scattering angle between 170° and 178°, the phase
function monotonically increases with wavelength, a feature consistent with the wavelength
dependence of the enhancement (see Fig. 6). In fact, the phase function for 780 nm reaches the local
maximum at ~178° as the scattering angle increases. At 178°, the maximum EPIC scattering angle,
the phase function decreases from 0.46 for 780 nm to 0.27 for 388 nm, about a 40% decrease. Thus,
this realistic scenario resembles reflectance enhancement implied by EPIC observations. In fact, the
wavelength dependence of the water cloud scattering phase near the backscattering directions is the
origin of the glory, one of the spectacular natural optical phenomena. In a case study, Mayer et al.
(2004) used the reflected sunlight in the glory directions to retrieve water cloud droplet size
distributions.

We simulate TOA reflectance for understanding the wavelength dependence of scattering angle
induced reflectance enhancement. To simulate TOA reflectance for a given solar zenith angle and
scattering angle, one needs to know the satellite viewing zenith angle and relative azimuth angle to
the direction of incident sunlight. One can show that the scattering angle (w) is determined by

cos(w) = —cos(6,) cos(0) + sin(b,) sin(B)cos (m — (@y — ¥)) (6a)

where 0, 8, @,, @ is solar zenith angle, satellite viewing zenith angle, solar azimuth angle, satellite
azimuth angle, respectively. Let Ap = m — (¢, — ¢) (i.e., the relative azimuth angle of the direction
of reflected radiance to the direction of incident sunlight), we get

cos(w) = —cos(6,) cos(0) + sin(6,) sin(8)cos (Ap) (6b)

To simulate TOA reflectance for given w and 6, one needs to know 6 and A¢g. To solve Eq. (6b) for
6 and A, we consider

f(8, Ap) = cos(w) + cos(8,) cos(8) — sin(H,) sin(6) cos(Ap) = 0. (6¢)

One can show that, for given w and 6y, f(8, A = const) is a concave function of 8. Thus, Eq. (6¢)
can be solved numerically. By varying A¢g, one can find real roots 8 such that f(6, Ap) = 0. A set of
solutions (8, Ag) together with solar zenith angle are used as input to DISORT radiative transfer
code with 32 streams to compute TOA reflectances, assuming that water cloud layer is plane-parallel
located in 1-2 km over ocean with Rayleigh scattering included. Averaging over 6 and A¢g, one
obtains reflectance as a function of solar zenith angle and scattering angle. Another way is to use 6y,
0 and A¢g from EPIC data to calculate average reflectance. We found that the reflectance based on
the two methods resemble each other. Note that the accuracy of DISORT calculated reflectance,
particularly in near backscattering directions, depends strongly on number of discrete streams used in
the model, solar zenith angle, and cloud optical depth (e.g., Molina Garcia et al., 2018).

Figure 11 presents TOA reflectance as a function of scattering angle for the five EPIC wavelengths
for different cloud optical depth and solar zenith angle for calculated 6 and A (Fig. 11(a),(b)) and
EPIC data based 8 and A¢g (Fig. 11(c),(d)). It is evident that spectral reflectance resembles the
corresponding scattering phase function, particularly Fig. 11(a) and (b) that cover a range of
scattering angles up to 180°. Fig. 11(a) and (b) show that the spectral reflectance increases with
scattering angle, reaching a local maximum, then decreasing to a local minimum followed by an
increase towards the perfect backscattering of ~180°. For 780 nm, the local maximum is near 178°.
As wavelength decreases, the value of the local maximum decreases and shifts to larger scattering
angles. The TOA reflectances based on 8 and Ag from EPIC data (Fig. 11(c),(d)) resemble those in
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Fig. 11(a),(b) for scattering angles up to 178°. In the following, we only show the results using
calculated 6 and Ag.
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Figure 11. Spectral reflectance (R;) as a function of scattering angle for different cloud optical depth and solar zenith
angle.

Here, we examine reflectance change (or enhancement) relative to scattering angle of 170° in Fig. 12.
It is important to note that, for a given solar zenith angle, the enhancement of spectral reflectance
purely due to the change in scattering angle does not depend on cloud optical depth. This is because
the shape of the reflectance curve is primarily determined by single scattering and closely resembles
the cloud phase function. As cloud optical depth increases, diffuse radiation from multiple scattering
contributions becomes more isotropic to increase the TOA reflectance, resulting in similar features in
scattering angle dependence. Here we focus on reflectance change for scattering angle up to 178°,
the maximum scattering angle in EPIC observations. For a given scattering angle, the enhancement
increases with wavelength for a given solar zenith angle except for the scattering angle of 178°, for
which the enhancement is about the same for the red and NIR channels. Here we examine the
enhancement for the scattering angle of 178°. For a solar zenith angle of 30°, the enhancement for the
NIR channel is about 0.07, about three times as large as the enhancement for the UV channel. For a
solar zenith angle of 60°, the enhancement for the NIR channel is about 0.12, about six times as large
as the enhancement for the UV channel.
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Figure 12. Spectral reflectance changes relative to scattering angle of 170° as a function of scattering angle for
different cloud optical depth and solar zenith angle.

Fig. 13 shows the percent changes of the TOA reflectance relative to the scattering angle of 170°.
Like absolute reflectance change, the percent reflectance change increases with wavelength except
for the scattering angle of 178°, for which the percent enhancement is about the same for the red and
NIR channels. Unlike absolute reflectance change, the percent change of the TOA reflectance change
decreases with cloud optical depth.

Here, we examine the enhancement for a scattering angle of 178°. For the solar zenith angle of 30°,
as cloud optical depth increases from 5 to 10 and 50, the enhancement for the NIR channel at 780 nm
decreases from 22% to 14% and 8%, while the enhancement for the UV channel at 388 nm decreases
from 6% to 5% and 3%. The percent enhancement for the NIR channel is about three times as large
as that for the UV channel. For the solar zenith angle of 60°, there is less dependence on cloud
optical depth compared to the solar zenith angle of 30°; as cloud optical depth increases from 5 to 10
and 50, the enhancement for the NIR channel at 780 nm decreases from 20% to 17% and 13%, while
the enhancement for the UV channel at 388 nm is about ~3% for cloud optical depth of 5 and
decreases slightly as cloud optical depth increases. The percent enhancement for the NIR channel is
about 4-6 times as large as that for the UV channel.
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Figure 13. Percent changes of spectral reflectance relative to scattering angle of 170° as a function of scattering angle

for different cloud optical depth and solar zenith angle.
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In reality, the change in spectral reflectance is a result of a change in scattering angle and cloud
amount. For the first scenario of reflectance enhancement (Fig. 7), the increase of reflectance in 680
and 780 nm from day 15 to 40 is mainly due to a much larger scattering angle effect compared to
shorter wavelengths when the scattering angle approaches 178° and the scattering angle effect
dominates. Similarly, we can explain the wavelength dependence of enhanced spectral reflectance by
considering the change of cloud fraction and wavelength dependence of scattering angle induced
enhancement.

5 Summary

We have analyzed EPIC observed global average reflectance in 2021, the year when the scattering
angle reaches the extreme value of 178° or SEV angle of 2°. There are four spikes in spectral
reflectance in 2021. Those spikes were not in 2016 EPIC observations nor in the CERES SW flux.
Rather, they coincide with the peaks of scattering angle near 178°. The reflectance enhancement
depends strongly on wavelength and is influenced by the change in global average cloud amount. The
enhancement is mainly due to low level clouds. We also found that the strong wavelength
dependence of the enhancement is primarily due to wavelength dependence of cloud scattering phase
function. Radiative transfer calculations show that the change in scattering angles has the largest
impact on TOA reflectance in the red and NIR channels at 680 nm and 780 nm and the smallest
influence on reflectance in the UV channel at 388 nm, a similar feature in the EPIC observed global
reflectance enhancement. The change in cloud amount in a cycle of scattering angle variation also
plays an important role in increasing or decreasing the enhancement depending on whether the
change in cloud fraction is in phase or out of phase with scattering angle variation.

6 Data Availability
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