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Abstract: The cloud adjacency effect on surface reflectance retrievals for the region of the Russian
Federation with coordinates 51-54° N, 103-109° E including the southern part of Lake Baikal for the
period of 1-23 July 2021 is assessed in this paper. The method is based on the computer program for
statistical simulation of radiative transfer in the atmosphere with the stochastic cloud field including
a deterministic gap of a given radius. The results of this program are then used in the interpolation
formula. Masks of cloudless pixels, for which the cloud adjacency effect (CAE) changes the ground
surface reflectance by more than 0.005, are constructed. The analysis of the resulting CAE radii
shows that the average radius is 13.7 km for MODIS band 8, 11.2 km for band 3, 8.4 km for band 4,
7.2 km for band 1, and 7 km for band 2. For the considered MODIS images and bands, the pixels
with strong CAE make up from 2.8 to 100% of the total number of cloudless pixels. The correlation
coefficients between the initial data and the CAE radius suggest that the cloud optical depth, cloud
cover index, and ground surface reflectance exert the major influence on the considered images. A
simplified approximation equation for the CAE radius as a function of the cloud optical depth, cloud
cover index, and surface reflectance is derived. The analysis of the approximation shows that for
the considered images, the CAE radius decreases nearly linearly with wavelength for low reflective
surfaces. However, for high reflective surfaces, its wavelength dependence is nonlinear.

Keywords: satellite images; atmospheric correction; ground surface reflectance; broken cloudiness;
cloud adjacency effect; Monte Carlo method

1. Introduction

The consideration of the adjacency effect is important for solving the problem of
atmospheric correction of satellite images in the visible and near-IR ranges. Ignoring the
adjacency effect, it is impossible to obtain reliable satellite information on the ground
surface reflectance for a wide range of optical-geometric conditions. The attempts to take
the adjacency effect into account are undertaken for a long time. Several approaches are
now developed for clear-sky situations [1-7]. However, for cloudy sections of satellite
images, there are no ways for correct consideration of the side illumination from nearby
clouds or the cloud adjacency effect (CAE) on the accuracy of retrieval of ground surface
reflectance in the general case. Below we briefly consider the earlier approaches to the
solution of this problem.

One of the limited model situations, when half of the ground surface is covered by a
continuous cloud field and the sky above the other half is clear, is considered in work [8].
It is shown that the CAE in some situations extends to distances as long as 25 km. However,
this limited case is by no means always observed, because cloud fields are often broken.

The adjacency effect from a single cloud shaped as a parallelepiped on reflectance
retrievals is considered in work [9]. Itis shown that for Landsat B1 band at nadir observation
in a situation that the aerosol optical depth 7 of a cloudless atmosphere is 0.2 and the cloud
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optical depth is 20, the CAE enhances the retrieved reflectance by 0.015 on the sunward side
near a cloud and reduces it by a value up to 0.03 in the cloud shadow. Away from a cloud,
the CAE decreases and reaches an asymptotic value of 0.005 at a distance of 2-3 km. For
Landsat B7 band, at the aerosol optical depth of a cloudless atmosphere equal to 0 and the
cloud optical depth of 20, the CAE increases the reflectance by 0.004 on the sunward side
near a cloud and decreases the reflectance by 0.048 in the cloud shadow. At a distance of
3 km, the cloud adjacency effect on reflectance retrievals in this situation can be neglected.
However, considering a single cloud, we overlook the horizontal transfer between clouds,
which can change the effect of clouds on the accuracy of reflectance retrievals. In addition,
for non-nadir observation, the CAE may be even larger than that estimated in [9].

The adjacency effect from a single cloud on the image of a water surface is considered
in work [10], where it is proposed to retrieve the surface reflectance with allowance for the
cloud shadow. This approach also cannot be considered as versatile, because it ignores the
possible presence of several clouds in an image.

A deterministic approach to the cloud effect consideration is proposed in [11]. An
inhomogeneous model of the medium is constructed based on the arrangement and size of
clouds in the cloud field and the optical-geometric conditions. The Monte Carlo simulation
of radiation transfer is performed for this model, and the dependence of the retrieved
reflectance on the distance to the cloud field is calculated. For the first of the scenes
considered, it was obtained that at a distance R = 4 km from the cloud field the cloudiness
increases the retrieved reflectance by Ar,, ¢ ~ 0.01 at A = 0.47 um and by Ary,,, ¢ ~ 0.003 at
A =0.66 pm. For the second scene at a distance R = 8 km, Arg,,.r ~ 0.006 at A = 0.47 um and
Atgyrp ~ 0.004 for A = 0.66 um. However, this approach is poorly suited for real-time use in
solving specific problems. In addition, the results, due to their particular character, cannot
fully correspond to all possible situations.

Statistical analysis of images was performed in [12]. The analyzed data were used to
obtain average reflectance values and their increments Ar,, s as functions of the distance
to clouds for five MODIS bands. The cloud effect on reflectance extends, on average, to
15 km. The cloud effect near sunlit and shadowy sides of clouds is significantly different
up to R =4 km, but then the increments Ar;,, s begin to behave similarly. This approach
has the following shortcomings: (1) a wide spread of results caused by the wide variability
of optical-geometric conditions, (2) the results are obtained only for the water surface
and their extrapolation to land is hard due to the high horizontal inhomogeneity of the
land surface.

A homogeneous field of model stochastic clouds in the form of randomly arranged
parallelepipeds of the same size and the non-reflecting ground surface are considered in the
work [13]. The cloud effect averaged over the cloud field on reflection retrievals is estimated.
It is stated that in the case of a non-reflecting surface, the result weakly depends on the
cloud size, but strongly depends on the cloud cover index J,;. The realization-averaged
effect of cloudiness on images of cloudless sections in the given field is estimated as a
function of the optical depth and the cloud cover index. It is shown that the reflectance
enhancement can reach Arg,, ¢ ~ 0.1 for high values of the cloud cover index (¢;~1) and
the cloud optical depth (7 ~50).

The approach reported in [13] is modified in [14] based on the statement that for low
reflective surfaces (with reflectance close to 0), the CAE changes linearly with wavelength
in the visible range. Therefore, for such situations, it is sufficient considering the case of the
smallest radiation wavelength. The approaches [13,14] are limited to low reflective surface
(for example, water surfaces). In the general case of high reflective surfaces, the wavelength
dependence of CAE may be nonlinear due to the increasing influence of multiple reflection
and scattering in the “cloudiness—-ground surface” system.

The adjacency effect from a continuous cloud layer in the spherical atmosphere with
allowance for inhomogeneous reflection from the ground surface is considered in [15]. The
approach generally similar to the approaches for cloudless situations [2,3] was proposed.
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However, the mathematical model [15] does not allow adequate consideration of the effect
Argy,f from broken cloudiness.

In our paper, [16], we have proposed the approach to estimation of the cloud adjacency
effect Ary,, r averaged over realizations of the stochastic cloud field in gaps in the cloud
field. This approach is free of the main shortcomings of the alternative approaches. It does
not use a particular arrangement of clouds, which allows the pre-calculation of the CAE. It
is not limited to particular values of surface reflectance and takes into account the broken
character of cloud fields. Based on the program developed in [16], we have proposed the
interpolation formula for assessing the radius of significant adjacency effect from clouds
(the CAE radius) on the ground surface reflectance. The CAE radius is understood here as
a distance to clouds, within which the CAE changes the ground surface reflectance by 0.005
and more. Below we consider the application of the developed approach to MODIS images
of the region of the Russian Federation (RF) with coordinates 51-54° N, 103-109° E for the
period of 1-23 July 2021.

2. Problem Formulation and Method of Solution

The proposed method is based on the model of radiation transfer in the stochastic
cloud field [17,18]. Within the proposed model, we assume that the radiation is transferred
in the plane “atmosphere-ground surface” system (Figure 1).

Top view

Side view
Sun | Satellite

Figure 1. Geometric of the problem.
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The parallel flux of solar radiation is incident on the top of the atmosphere at the
zenith angle 6s,,,. The statistically homogeneous Poisson cloud field is taken consisting of
paraboloids. In the simulation, we used the algorithm for constructing Poisson fields in the
form of paraboloids as described in [17]. The number of clouds is random and obeys the
Poisson distribution [17]. The positions of cloud centers are random and corresponding to
the uniform distribution in the plane Oxy. Cloud shapes are similar, while the cloud size
is random and obeys the exponential distribution [17] with the mathematical expectation
equal to the average horizontal cloud size L. A deterministic cylindrical gap of radius R
is set in the cloud layer. The cloud base is fixed and equal to h,,;;, = 1 km. The depth of a
particular cloud is random, but the average depth is Ah. The cloud cover index is taken
to be 4. The aerosol optical characteristics are homogeneous in the cloud environment
and described by the extinction and scattering coefficient and the scattering phase function.
The optical model of cloudiness was constructed with the use of the OPAC cumulus cloud
model [19]. The ground surface is homogeneous Lambertian with the reflectance ry,,¢. In
this paper the reflectance is understood as the ratio of upward irradiance to downward
irradiance. The satellite sensing system receiving radiation at the wavelength A is located
at the height /1;. The optical axis of this system is directed to the ground surface point at
the center of the surface projection of the cloud gap. The zenith angle of orientation of the
optical axis of the receiving system is 6, and the azimuth angle between the directions
toward the receiver and toward the sun from the observed point on the ground surface is ¢.

The task is to assess the gap radius Ry, at which the neglect of CAE on the results
of sensing leads to the error Ar,, s in reflectance retrievals smaller than 0.005 and allows
constructing the pixel mask, in which the error Ary,, ¢ is larger than 0.005. On the first step
the radiances Iy, cjoud(R) received by the satellite system and averaged over an ensemble
of realizations of the cloud field for the examined optical and geometrical conditions, the
preset average reflectance r,, ¢ are calculated by the backward Monte Carlo method with
local estimations in each collision points depending on the gap radii R. If we neglect the
cloud adjacency effect at the point on the ground surface corresponding to the projection
of the center in the gap of the cloudy field, we obtain by the Monte Carlo method for
horizontally homogeneous cloudless atmosphere the approximate value of the reflectance
Tsurf [16]. Then the gap radius R, for which the neglect of the cloud adjacency effect
introduces the reflectance reconstruction error Arg,, ¢ less than 0.005 is defined.

Within the mathematical model described in [16], we have developed the computer
program based on the Monte Carlo method. To prove the reliability of the results obtained
by our program, we have compared its results with the results for the test case [9], which
considers the following situation: A = 0.5 um, single rectangular 2 x 2 km cloud Ak =1 km
thick, cloud base h,;;;, = 1 km, cloud optical depth . = 20, aerosol optical depth of the
cloudless atmosphere 7 = 0.2, ground surface reflectance rg,,s = 0.05, solar zenith angle
Osun = 30°, solar radiation is directed along the axis Ox, zenith angle of the receiving system
6, = 0°. The observed points are located (a) along the axis x on the sunward side, (b) along
the axis Oy. The task is to find the CAE from a single cloud on the reflectance. The results of
comparison are shown in Figure 2. One can see that for the considered situations, despite
the fact that our algorithm deals with paraboloid clouds, while in [9] clouds are shaped as
parallelepipeds, the CAE from a single cloud changes the reflectance by close values for
the same distances to the cloud field: the difference between the results does not exceed
0.0026. Along with the tests reported in our papers [16], this proves the reliability of the
below results.

With the developed program, mass calculations of the CAE radius R, for five MODIS
bands and wide range of optical-geometric conditions were performed in [16]. As a result,
the following interpolation formula was constructed:
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Ry = Co+CrAh+ Cad + C3 (1 — psun) + Ca (1 — pg) + Cs 1y
+ Coexp(—T) +Croy +C1 AR+ ... + Corexp(—T) 0y
+C1,2,3 M 0¢) (1= psun) + - + Cs,6,7 Tsurp exp(—=T) 0 + ...
+C1,2,3,4,5,6,7 D10t (1 — psun) (1 — pa) rsurpexp(—7) o (1)

where Cy, Cy, ..., C1 23457 are constants chosen so that the interpolation formula provides
the results coinciding with the calculated ones at the nodes; Ah is the average thickness
of the cloud field, in km; ¢, is the cloud cover index; ys,;, is the cosine of the solar zenith
angle; 14 is the cosine of the zenith angle of the receiving system; r;,, ¢ is the ground surface
reflectance; T is the aerosol optical depth of the cloudless atmosphere; o,; is the cloud
extinction coefficient.

0.016 ——1 0.016 ——

2 —
0.012 0.012|
H 0.008 5 0.008

kS S
0.004 0.004
0.00 0.000|
1 2 3 4 5 0 1 2 3 4 S
R, km R, km
(a) (b)

Figure 2. Test comparison of the reflectance differences Arg,,r caused by a single cloud as functions
of the distance to the cloud R: (1) results of [9] and (2) results of our program. (a) Observed points
are located along the axis Ox on the sunward side; (b) observed points are located along the axis Oy.

To obtain the parameters needed for application of Equation (1), we use the data
borrowed from the standard MODIS products, namely, the cloud mask, cloud optical depth
and height (MODO06L2), aerosol optical depth of the cloudless atmosphere (MODO04L2),
geometric parameters of observation (MODO03L2), and retrieved reflectances of the ground
surface (MODO09L2).

3. Testing of the Algorithm for the Baikal Region

To test the proposed algorithm, we have considered the region of the RF with the
coordinates 51-54° N, 103-109° E, which includes a part of Lake Baikal, for the period of
1-23 July 2021 (Figure 3). For this region, due to significant inhomogeneity of the ground
surface and high average values of the cloud cover index, the consideration of the cloud
adjacency effect is an important problem. The region under consideration was divided
into 18 scenes by 1 x 1° coordinate grid. For each scene, the average (over the image)
values of the following parameters were determined: Ah, 0.1, Usun, Ha, ¥sur £ T, Ol Then
these values were substituted into interpolation Formula (1), and the CAE radius was
estimated for various observation conditions. The variability range, average values, and
standard deviations (SDs) for R, are given in Tables 1 and 2 along with the initial values of
the parameters. For the considered 18 scenes and five MODIS bands, Figure 4 shows the
average values of R,. The value R, = 0 km means that the CAE changes the reflectances for
all cloudless pixels by less than 0.005. It can be seen from Table 2 that the observed standard
deviations for R, are rather large due to the widely variable observation conditions. From
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the results for Ry, we can see that the average value of R, decreases with the wavelength
A. The decrease in the CAE radius with the wavelength was also observed, for example,
in [14] for areas above the water surface.

103° 104° 105° 106° 107° 108°  109°

537 53°

52°1 52°

Ulan-Ude

I | I | | I |
103° 104° 105° 106° 107° 108° 109°
Figure 3. Considered region of the RF with the coordinates 51-54° N, 103-109° E.

Gusinoozersk °

25 —a—1
—o— 2
—A— 3
20 —v—4

15

10

R, , km

scene number

Figure 4. Image-averaged radius of the cloud adjacency effect (CAE radius) for 18 scenes: (1) MODIS
band 8, (2) MODIS band 3, (3) MODIS band 4, (4) MODIS band 1, and (5) MODIS band 2.
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Table 1. Initial values of the parameters 65, 64, Ah, 6., and o, for the considered images.
Parameter Average Min Max SD
Osun, deg 33.2 28.5 40.2 2.7
04, deg 39.2 1.6 65.1 18.2
Ah, km 3.64 0.05 10.67 2.86
Scl 0.320 0.002 0.500 0.131
oy, km™! 5.45 0.09 43.87 5.61
Table 2. Values of 7, 75, ¢, and Ry for the considered images in different MODIS bands.
Parameter Average Min Max SD
Band 8, A = 0.405 — 0.420 um
T 0.350 0.078 0.758 0.167
Tsurf 0.181 —0.010 0.777 0.165
R4, km 13.7 2.7 x 1073 70.1 10.7
Band 3, A =0.459 — 0.479 um
T 0.284 0.063 0.702 0.136
Tsurf 0.239 0.015 0.901 0.222
R, km 11.2 0.0 65.2 9.0
Band 4, A = 0.545 — 0.565 um
T 0.224 0.050 0.643 0.110
Tsurf 0.253 0.025 0.908 0.213
Ry, km 8.4 0.0 67.7 8.1
Band 1, A = 0.620 — 0.670 um
T 0.162 0.036 0.571 0.085
Tsurf 0.242 0.019 0.909 0.217
R, km 7.2 0.0 69.5 8.2
Band 2, A =0.841 — 0.876 um
T 0.115 0.025 0.501 0.066
Tsurf 0.387 0.068 0.888 0.172
Ry, km 7.0 0.0 69.0 8.4

Using the obtained values of R, for all the considered bands and images, we have
constructed the masks for pixels, in which the CAE changes the reflectance by Ar,, ¢ > 0.005.
Examples of the obtained masks for 05:00 UTC of 2 July 2021 and 03:40 UTC of 7 July 2021
are shown in Figures 5 and 6.

The resulting masks for other situations are given in the Supplementary Materi-
als. Depending on an image and MODIS bands, the pixels with strong CAE make up
from 2.8 to 100% of the total number of cloudless pixels. The analysis of the results for
2 July 2021, (Table 3) shows that the CAE radius varies from 4.5 to 38 km depending on
the scene and MODIS band. Most of the surface under consideration is covered by clouds
or zones with significant CAE. As can be judged from the satellite data, the CAE can be
neglected only for a small part (Figure 7). As to the results of 7 July 2021 (Figure 6), the
CAE radius ranges from 0 to 3.6 km depending on the scene and MODIS band. Thus, the
CAE is significant for some scenes (scene 3, 4, 13, and 14 in Table 4), but small for the others.
To understand the reasons for this behavior, it is sufficient to analyze the average cloud
optical depths 7, for the scenes (Table 4). The analysis shows that the cloud optical depth
T.; is small for the scenes with the small CAE radius.
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Figure 5. Masks of the cloud adjacency effect (CAE) on reflectance retrievals from MOIDS data for
05:00 UTC of 2 July 2021: (a) MODIS band 8, (b) MODIS band 3, (c) MODIS band 4, (d) MODIS band

1, (e) MODIS band 2; (1) cloud points, and (2) cloudless points with strong CAE.
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Figure 6. Masks of the cloud adjacency effect (CAE) on reflectance retrievals from MOIDS data for
03:40 UTC of 7 July 2021: (a) MODIS band 8, (b) MODIS band 3, (¢) MODIS band 4, (d) MODIS

band 1, (e) MODIS band 2; (1) cloud points, and (2) cloudless points with strong CAE.
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Table 3. Values of R, for five MODIS bands and 18 scenes on 2 July 2021. The data for scenes 6, 12,
and 18 are omitted because of the lack of initial information on 7.

R, km
Scene LAT,deg LON,deg t; Band Band Band Band Band

8 3 4 1 2
1 51-52 103-104 4.4 59 57 6.6 7.6 15.9
2 51-52 104-105 22.8 23.2 26.1 28.4 29.8 37.9
3 51-52 105-106 23.9 23.7 26.6 28.9 29.4 31.8
4 51-52 106-107 20.2 20.3 21.9 24.0 24.1 26.3
5 51-52 107-108 12.5 10.7 11.9 12.6 11.9 154
6 51-52 108-109 - - - - - -
7 52-53 103-104 9.9 10.9 11.8 11.7 12.5 14.1
8 52-53 104-105 16.6 17.2 19.5 20.7 21.8 26.0
9 52-53 105-106 18.8 17.3 19.6 21.0 21.6 22.8
10 52-53 106-107 18.4 19.2 20.4 22.0 219 23.9
11 52-53 107-108 13.9 11.3 9.7 8.5 7.6 12.2
12 52-53 108-109 - - - - - -
13 53-54 103-104 11.7 12.7 134 134 14.3 14.3
14 53-54 104-105 19.7 21.4 23.7 24 .4 25.5 24.8
15 53-54 105-106 15.6 14.8 16.2 17.0 17.5 18.8
16 53-54 106-107 15.2 15.0 13.8 13.6 13.1 13.6
17 53-54 107-108 21.6 18.9 12.5 9.2 4.5 6.1
18 53-54 108-109 - - - - - -

Table 4. Values of R, for five MODIS bands and 18 scenes on 7 July 2021.

R, km
Scene LAT,deg LON,deg 7, Band Band Band Band Band
8 3 4 1 2

1 51-52 103-104 1.6 1.26 1.32 1.27 1.15 1.21
2 51-52 104-105 1.6 1.18 1.24 1.14 0.97 1.03
3 51-52 105-106 4.6 3.37 3.59 3.31 248 2.76
4 51-52 106-107 3.6 247 2.20 2.00 1.38 1.89
5 51-52 107-108 1.2 0.38 0.27 0.19 0.14 0.28
6 51-52 108-109 6.8 0.63 0.30 0.16 0.11 0.39
7 52-53 103-104 1.3 0.85 1.11 1.08 1.05 1.12
8 52-53 104-105 1.5 1.13 1.16 1.11 0.94 1.13
9 52-53 105-106 1.2 0.82 0.89 0.88 0.65 0.79
10 52-53 106-107 1.3 0.60 0.48 0.42 0.33 0.39
11 52-53 107-108 1.6 0.93 0.83 0.74 0.52 0.69
12 52-53 108-109 3.2 0.62 0.38 0.23 0.17 0.40
13 53-54 103-104 3.8 242 3.23 3.26 2.75 3.22
14 53-54 104-105 2.2 1.51 1.70 1.66 1.37 1.61
15 53-54 105-106 0.8 0.50 0.44 0.38 0.29 0.44
16 53-54 106-107 1.9 0.02 0.01 0.01 0.01 0.01
17 53-54 107-108 2.6 0.78 0.53 0.35 0.28 0.36
18 53-54 108-109 47 0.27 0.16 0.08 0.06 0.09

As a result of using the mask shown in Figure 6, the sections with weak CAE were
found. The reflectances for these sections are shown in Figure 8. One can see that for some
sections the CAE radius is small. Therefore, there are surface sections observed through
cloud gaps with weak CAE. In particular, a part of Lake Baikal is seen through gaps in the
cloud field in Figure 8e.
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Within the framework of used model (1), the function of seven variables is considered.
However, the value of R, depends on them to varying degrees for the considered images.
The Pearson correlation coefficients between R, and seven initial parameters were calcu-
lated for the five considered bands. The results are presented in Table 5. The analysis shows
that the highest correlation coefficient is observed for the parameter 7. In addition, the
correlation with J;; and 7, is significant. Therefore, for simpler analysis, we can consider
the following approximation:

Ri=A 5cl Ocl Ah (1 + B rSWf) (2)

The values of the approximation constants and average errors with respect to
Equation (1) are given in Table 6.

Table 5. Coefficients of correlation of the initial parameters with the CAE radius.

Parameter
Band

T Osun 04 Ah e Ocl Tsurf Tel
8 —0.04 0.03 0.10 —0.34 0.54 0.43 0.11 0.59
3 0.00 0.00 0.15 —0.18 0.54 0.32 0.43 0.68
4 0.12 0.00 0.18 0.10 0.43 0.12 0.68 0.81
1 0.16 0.01 0.17 0.21 0.35 0.05 0.77 0.84
2 0.16 —0.01 0.09 0.27 0.26 0.02 0.76 0.88

Table 6. Values of approximation constants of Equation (2) and average approximation errors ARgyer
for the considered bands.

Band A, km B AR per, km
8, A = 0.405 — 0.420 pm 3.04 x 1072 0 5.6
3, A =0.459 — 0.479 um 2.62 x 1072 0 3.9
4, A =0.545 — 0.565 um 2.20 x 1072 3.97 x 1074 25
1, A =0.620 — 0.670 um 1.48 x 1072 1.08 x 1072 2.3
2,1 =0.841 — 0.876 um 7.22 x 1073 2.60 x 1072 1.8

The analysis of Table 6 shows that at g, close to 0, the CAE radius R, decreases
almost linearly with wavelength, other things being equal (similarly to [14]). In addition,
for the considered images, the influence of the reflectances r,,, s on the CAE radius increases
with wavelength.
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Figure 7. Ground surface reflectances for the considered region at 05:00 UTC of 2 July 2021, from
MODAOQ9 data after rejection of pixels with strong CAE: (a) MODIS band 8, (b) MODIS band 3,
(c) MODIS band 4, (d) MODIS band 1, and (e) MODIS band 2. The values from 0 to —0.1 correspond
to the negative surface reflectance according to MODO09 data. The values smaller than —0.1 correspond
to areas covered by clouds or with strong CAE.
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Figure 8. Ground surface reflectances for the considered region at 03:40 UTC of 7 July 2021, from
MODAO09 data after rejection of pixels with strong CAE: (a) MODIS band 8, (b) MODIS band 3,
(c) MODIS band 4, (d) MODIS band 1, and (e) MODIS band 2. The values from 0 to —0.1 correspond
to the negative surface reflectance according to MODO09 data. The values smaller than —0.1 correspond

to areas covered by clouds or with strong CAE.

4. Conclusions

In this study, the following results were obtained:
(1) Using interpolation Formula (1) developed on the basis of Monte Carlo calculations

for broken clouds, we have estimated the cloud adjacency effect (CAE) radius R, and
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constructed masks of cloudless pixels, in which the CAE changes the surface reflectance by
values greater than 0.005 for the RF area with coordinates 51-54° N, 103-109° E.

(2) The average CAE radius for the considered images was 13.7 km for MODIS band 8,
11.2 km for band 3, 8.4 km for band 4, 7.2 km for band 1, and 7 km for band 2.

(3) Depending on the image and MODIS bands, the pixels with strong CAE make up
from 2.8 to 100% of the total number of cloudless pixels for the considered images.

(4) The analysis of correlation of the CAE radius with seven initial parameters has
shown that CAE radius R, correlates most strongly with the cloud extinction coefficient
0,1, the average thickness of the cloud field Ah, the cloud cover index ¢, and the ground
surface reflectance ry,,  for the considered images.

(5) The simplified approximation (2) of the dependence of R+ on 0, Ah, 5., and 7y,
was constructed. The results provided by this approximation differ from the results of
Equation (1) by values from 5.6 to 1.8 km depending on the MODIS band.

(6) The analysis of the approximation constants in Equation (2) shows that for the low
reflective surface the CAE radius decreases with wavelength nearly linearly. However, for
surfaces with higher reflection, the wavelength dependence becomes increasingly nonlinear.

The reliability of the results is confirmed by comparisons with [9] for a single cloud,
with the results for overcast clouds, and with the results for regularly spaced identical
clouds in a checkerboard pattern in our paper [16].

The proposed approach has advantages over alternative methods. The use of the CAE
radius averaged over cloud field realizations and the interpolation formula allows one to
pre-calculate all possible basic situations. The proposed approach can be applied without
any restrictions on the ground surface reflectance. The calculations by this approach account
for 3D effects in broken clouds and multiple reflections from the ground surface. Outside
the CAE radius calculated by our method, the cloud adjacency effect can be considered
as small and the ground surface reflectance can be retrieved on the assumption of the
cloudless atmosphere from, for example, MOD09 data or data of similar algorithms.

The approach is characterized by the following shortcomings and limitations: the
constants in Equation (1) were obtained for the cloudless LOWTRAN mid-latitudinal
summer model and the OPAC cumulus cloud model. In addition, it was assumed that the
cloud base is fixed and the cloud optical properties are constant within the scene. If actual
situations are far from these models, then the obtained CAE radius may differ significantly.
In addition, the quality of the method depends on the quality of satellite information, in
particular, on the reliability of the obtained cloud parameters.

The algorithm uses MODIS data on the aerosol optical depth averaged over a cloudless
area and the area-averaged ground surface reflectance. However, these parameters are
influenced by the cloud adjacency effect. We expect that their values are overestimated due
to CAE. As a result, the CAE radius that is used in interpolation Formula (1) turns out to be
overestimated too. In the future, we plan to modify the approach by using the algorithm
twice, so that the initial data outside the CAE radius obtained at the first stage will be then
used at the second stage.

The resulting simplified approximation Formula (2) is applicable for approximate
estimation of the CAE radius in the considered images. The possibility of its application in
other situations requires additional verification.

The choice of the study region was caused by two factors: (1) significant inhomogeneity
of the ground surface and (2) high average value of the cloud cover index. The proposed
approach has no explicit restrictions on the use for other territories of the globe.

The alternative studies (for example, [13,14]) present the corrections of the surface
reflectance by accounting for the cloud adjacency effect Ary,,r. At the first stage, the
approach proposed by us is used to calculate the values of Ar,, s averaged over cloud field
realizations at the given cloud gap radius R. These Ary,, s values can potentially be used
as a basis for atmospheric correction of cloudless pixels within the CAE radius. However,
at small R, the values for a particular cloud field realization may differ widely from the
average over cloud field realizations (for example, in the presence of shadow). In the



Atmosphere 2022, 13, 2054 15 of 16

following studies, interpolations with other levels of A, ¢ can be constructed to provide
for the atmospheric correction of areas within the CAE radius.

Supplementary Materials: Constructed masks of cloudless pixels, in which the cloud adjacency
effect changes the surface reflectance by values greater than 0.005 are available online: https://github.
com/MarinaEngel / Atmosphere_2022 (accessed on 30 October 2022).
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