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ABSTRACT To acquire daytime land surface temperature (LST) in thin cirrus cloudy skies, we have
developed a three-channel LST retrieval algorithm based on a widely used two-channel LST retrieval
algorithm for the clear-sky conditions. In this algorithm, the LST is expressed as a multiple linear function
of MODIS channels 29, 31 and 32 with the coefficients of the linear function dependent on the cirrus
optical depth (COD) and cirrus effective radius (R). The influences from land surface emissivities (LSEs)
are also considered in this algorithm. The simulated dataset shows that the LST could be estimated using the
proposed algorithm with the root mean squire error (RMSE) less than 2.2 K in thin cirrus cloudy skies
(COD less than 0.7) when viewing zenith angle (VZA) equivalent to 0°. As VZA is equivalent to 60°,
the maximum RMSE are 2.7 K. The widely used generalized split-window (GSW) algorithm proposed for
clear-sky conditions are used in cirrus cloudy skies, and the RMSEs of GSW algorithm estimated LST
are 16.89 K and 22.32 K for VZA = 0° and VZA = 60° respectively when COD is 0.7. It indicates that
the proposed three-channel algorithm can significantly improve the LST retrieval accuracy using thermal
infrared data in cirrus cloudy skies. To estimate the LST errors caused by the uncertainties of COD, R,
LSE and instrument noise, a sensitivity analysis was performed. It shows that the accuracy of cirrus COD is
more important for the retrieval of LST compared with other parameters. The maximum total LST errors,
taking into account all the input parameters’ uncertainty and algorithm error itself, are 3.8 K and 4.3 K when
VZA = 0° and VZA = 60° respectively.

INDEX TERMS Land surface temperature, thermal infrared remote sensing, retrieval algorithm, thin cirrus
clouds, MODIS.

I. INTRODUCTION

Land surface temperature (LST) is a key parameter in the
physics of land surface processes because it is involved in
the energy balance as well as in the evapotranspiration and
desertification processes [1], [2]. Satellite remote sensing
offers the only possibility to measure LST over extended
regions with high temporal and spatial resolution [3]. How-
ever, up to now, the traditional LST retrieval algorithms
such as split-window [4] or single-channel algorithms [5] are
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dependent on clear-sky conditions. The atmospheres covered
with clouds are usually masked for LST retrieval algorithm.
Cirrus clouds, with obvious low temperature compared
with land surface [6], can significantly reduce the brightness
temperate observed by satellite [7] and induce large errors on
satellite thermal infrared (TIR) data retrieved LST. To reduce
the influence of cirrus on LST retrieval, some algorithms
are proposed [8], [9]. For example, Fan et al. [10] proposed
a physically based night-time three-channel LST retrieval
algorithm using MODIS Mid-infrared channel 20 and TIR
channels 31 and 32. And considering the MODIS 1.39 um
channel is sensitive to cirrus, this channel is commonly used
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to estimate cirrus reflectance and optical depth, as cirrus
cloud commonly located at high altitude with the influence of
water vapor above cirrus can be ignored reasonably. Taking
the cirrus reflectance produces as input, the cirrus optical
depth (COD) is acquired with a look up table method. Then,
the day-time TIR LST retrieval errors induced by cirrus is
reduced based on COD [11]. Note that, besides COD, cirrus
clouds have a varied effective radius (R) [12] which changed
from O to approximately 120 um. Considering that besides
COD, more cloud parameters such as cloud radius is available
in most satellite cloud products, this study try to make use
of cloud parameters of COD and R to improve LST retrieval
accuracy under cirrus skies.

Considering the Moderate-Resolution Imaging Spectrora-
diometer (MODIS) has a complete set of cloud products and
is widely used for LST retrieval with a retrieval accuracy
of 1 K under clear-sky conditions [13], this study try to
develop a LST retrieval algorithm for MODIS in thin cir-
rus cloudy conditions. Because of the cloud effective radius
are available during daytime, this paper focuses on daytime
LST retrieval. This paper is organized as follows: Section II
gives the data used in this study; Sections III describes the
methodology for the retrieval of LST; the results and some
analysis are also given in Section IV; the sensitivity analysis
is provided in Section V; Conclusions are presented in the last
section.

Il. DATA

In this study the atmospheric radiative transfer model MOD-
erate resolution atmospheric TRANsmission (MODTRAN)
[14] is used to simulate the MODIS data in thin cirrus cloudy
skies for methodology development. As inputs of MOD-
TRAN, 50 atmospheric profiles of Thermodynamic Initial
Guess Retrieval (TIGR) database constructed by the Labora-
toire de Meteorologie Dynamique (LMD) [15], [16], 54 land
surface emissivities (LSEs) [17] of Advanced Spaceborne
Thermal Emission Reflection Radiometer (ASTER) spec-
tral library, and cirrus optical properties of Ice Cloud Bulk
Scattering Models (http://www.ssec.wisc.edu/ice_models/)
provided by Space Science and Engineering Center
(SSEC) [18]-[20] are prepared. The 50 clear-sky atmospheric
profiles with water vapor content (WVC) less than 5.0 g/cm?
are selected from TIGR. Two types of simulated top of
the atmosphere (TOA) brightness temperatures dataset in
MODIS channels 29, 31, and 32 are established: one does
not include the influences of thin cirrus clouds (Dataset-1)
and one that does include such influences (Dataset-2). For
Dataset-2, three cirrus top height (CTH) of 8 km, 12 km, and
16 km are used; and COD changes from 0.07 to 0.7 with a
step of 0.07; and R changes from 5 um to 60 um in steps
of 5 um. To simulate different satellite viewing conditions,
six different viewing zenith angles (VZAs) with VZA = 0°,
33.56°,44.42°,51.32°, 56.25° and 60° (Secant(VZA) = 1.0,
1.2, 1.4, 1.6, 1.8 and 2.0) are used in the simulations. The
detail of simulate data production can refer to our previous
work [11].
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lll. METHODOLOGY

Many split-window [21] or two-channel [22] algorithms were
proposed to estimate LST in clear-sky conditions. Assuming
the two-channel algorithms can also be used to estimate LST
using the data measured at the base of thin cirrus clouds,
the three-channel LST retrieval algorithm is proposed with
combing a couple of two-channel algorithms in three different
channels.

A. RADIATIVE TRANSFER EQUATION
Cirrus clouds are located generally at an altitude above 7 km
in the mid-latitude and 9 km in the tropical region [23]. The
low- and middle-level water clouds, major aerosol loadings,
and 90-99% of the atmospheric water vapor are located below
cirrus. As a consequence, the outgoing radiance at the top of
the atmosphere (TOA) under clear-sky conditions is equal to
the upward incoming radiance at cirrus base. This is a reason-
able approximation for the channels situated in the thermal
infrared window region where most radiation is coming from
the lower atmosphere [24]. Thus, the TOA channel radiance
in the satellite direction is:
L:(0) = (1—N)I"* @)+ N
1rse 0y 1l 0) + .
[ 2 pbase (6') 15 (67, 0) sin6'd6’ + By (Te) & (9)] W

In this expression, i is the channel number; N is the frac-
tional cloud cover; tl.d (0) and tis (9’ , 9) are the cloud direct
and scattering transmittance in satellite direction for radiation
incident Il.b“” (0) and Il.base (9’) at cloud base in direction 6
and 6’ respectively; B; is the Planck function weighted in
channel i. Assuming that the cirrus cloud layer is isothermal,
the cirrus radiation in the satellite direction can be taken as
the radiance emitted by an temperature 7, with an emissivity
of &7 (9).

To simplify, the incoming radiance at cirrus base is
assumed to be isotropic. Thus the diffused transmittance in
the satellite direction is defined as:

_ /2
13 (0) = / 17 (¢, 0) sind'do’ (2)
0

Similarly, the cirrus directional reflectance at cirrus top
7; (6) can be defined in the same way; thus based on the
Kirchoff’s law the cirrus emissivity can be expressed as:

&5 (0) =1—1 (0) — 1 (0) =T () 3

With Iib‘”" (6) expressed as B; (Tio), I; (0) expressed as
B; (T;), and eliminate the angular note, Eq. (1) can be
expressed as:

Bi(T) = (1 — N) B (T,.O) +N
B (1) (1 +7) “
+B (o) (1 - 1! =7 = 77)

Because of the strong forward scattering effect, the cirrus
reflectance is relatively small. Taking the six default atmo-
spheric profiles in MODTRAN for example, the 7; of MODIS
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channels 29, 31 and 32 are less than 0.01 for t_,flz equivalent
to 0.5 and R changes from 20 um to 60 um when CTH is
10 km and cirrus thickness is 1 km; the elimination of 7; in
Eq.(4) cause T, decrease less than 0.59 K, 0.93 and 0.87 K
(averagely 0.21 K, 0.32 K and 0.29 K) for channels 29, 31 and
32, respectively. But the decreasement of 7, can be greater
than 1 K for the atmospheric profiles with low WVC such as
mid-latitude winter and sub-arctic winter when R is less than
20 pum, because of the relatively strong back scattering effect
as R decrease.

After eliminate 7;, to obtain an algorithm involving tem-
peratures rather than radiances, the first-order Taylor series
expansion of the Planck function B; (T') around Ti0 is used in
Eq.(4). That is,

B (Tio)

Bi(T) =B (Tio) + (T - Tl-‘)) i oy (T =Tior T

&)

Sobrino et al. [25] pointed out that in the 10.5-12.5 um and
for moderate temperature departures |T - Ti0] < 10— 15K,
Eq.(5) is accurate to better than 1 percent. But considering
the cirrus clouds temperature T, is significantly cooler than
Tl.O, T, generally cooler than —41° [26], the errors in the
approximation of Planck function need to take into account.
Thus, from Eq.(4) and Eq.(5) we can get:

Ti=[1-N{1-r1)] Tio—i—N(l —1)T.+ AT;, (6)

where AT; is the total errors caused by the approximation of
Bi(T,) and Bi(T;) in Eq.(4) and 7; = 1 +1}.

Figure 1 presents the relationship between AT; (i = 29,
31 or 32) versus T, — Tio(—IIO K<T.— Ti’ < =30 K),
when 7; is 0.5, N is equivalent to 1, 7, increases from 210 K
to 270 K and T i() increases from 270 K to 320 K both in steps
of 1 K. It indicates AT; can be expressed as a linear function
of T, — Tl.0 with most of the RMSEs between the linearly
estimated AT; and the actual values of AT; less than 1 K as
the red symbols show. Because AT; is also dependent on t;
and N, AT; is finally expressed as:

ATy = aN? (1 =) (T = T0) +diN (1 =) (T. = T7)
+iNA-) N1 —-1)=<05) ()

where c¢;, d; and f; are the regression coefficients. To deter-
mine those three coefficients, the AT; is calculated according
Eq.(6) with N (1 - rl.c) changes from 0.01 to 0.5 in step of
0.01, T, increases from 210 K to 270 K and Ti0 from 270 K to
320 K both in step of 1 K. Then ¢;, d; and f; (i = 29, 31 and
32) are determined using Levenberg-Marquardt method. The
values of the coefficients and the RMSEs between actual AT;
and the estimated values using Eq.(7) are given in Table 1.

B. THE THREE CHANNEL ALGORITHM

Sobrino and Raissouni [22] proposed a two-channel
algorithm with separate terms for the atmospheric and
land surface emissivity corrections to retrieve LST from
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TABLE 1. The coefficients and RMSEs for the estimate of AT; based on
eq.(7) in channels 29, 31 and 32.

Channel & d; 1 (K) Total RMSE (K)
29 0.25 -0.60 -13.29 0.49
31 0.22 -0.46 -10.37 0.41
32 0.20 -0.41 -9.36 0.38
25 20
. 18
o o Channel 29
20 - v‘sl @ Channel 31 116

o Channel 32

AT (K)
=
RMSE of AT, (K)

-110 -100 -90 -80 -70 -60 -50 -40 -30
0
T-T, (K)

FIGURE 1. Temperature errors AT; caused by the approximation of Planck
function for channels 29, 31 and 32 in Eq. (6). The 7; (i =29, 31 or 32) is
0.5, N is equivalent to 1, T¢ increases from 210 K to 270 K and Ti°
increases from 270 K to 320 K both in steps of 1 K. The RMSEs between
actual AT; and the estimated values versus T¢ — T,.° are shown in red
symbols.

NOAA-AVHRR data. It can be written as:

Ty=Ti+a (Ti—Tj)) +ax (1 —&) +a3sW (1 — &)
+asAe +asWAe +ay (8)

where, Ty is LST, T; and 7 are the TOA brightness temper-
atures in channels i and j, ¢ is the mean channel emissivity
€ = (&; + &j)/2, Ag is the emissivity difference Ae = ¢; — ¢j,
W is the total atmospheric WVC and a;(i = 0 — 5) is the
numerical coefficient of the two-channel algorithm.

In cirrus cloudy skies, the radiation at cirrus base B; (Tio)
need to take into account the cirrus downward radiation
reflected by ground and downward spherical albedo com-
pared with clear-sky conditions, assuming that the atmo-
spheric water vapor above the height of cirrus clouds is
ignored. Similarly, taking six default atmospheric profiles in
MODTRAN for example, when CTH is 10 km, COD (12 pvm)
0.7, cirrus thickness 1 km and R varies from 5 to 60 pum,
ignoring the cirrus downward radiation and spherical albedo
effect in B; (T) can cause T reduce averagely 0.45 K,
0.22 K and 0.24 K (maximum 0.82 K, 0.41 K and 0.56 K)
for channels 29, 31 and 32, when LSEs are 0.8, 0.9 and
0.9 respectively. It indicates that Tl.0 can be simplified as the
corresponding value in clear-sky conditions without losing
much accuracy. In other words, the Eq.(8) can be employed
to estimate LST in cirrus cloudy skies with the brightness
temperatures measured at cirrus cloud base.
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FIGURE 2. The three-channel LST retrieval algorithm coefficients A;, A,, A5 and Ag versus atmospheric WVC for different CODs when
R equivalent to 60 xm. (a) for A,, (b) for A,, (c) for A5 and (d) for A, respectively.

To retrieval LST in cirrus cloudy skies, a couple of two-
channel algorithms in channels i, j and k are used:

Ty=T) +a (Tio - Tjo) +ay(1—e¢1)

+a3W (1 —e1) +asAey +asWAeg; + ag
Ty =T+ b1 (17 = T0) + b2 (1 — e2)

+Db3W (1 — &3) + baAer + bsW Aey + by

€))

where Tio, Tj0 and T,? are the brightness temperatures in
channels i, j and k measured at the cirrus base, €1, Ae¢q,
&y and Ag, are the mean and difference of corresponding
channel emissivities, a; and b;(i = 0 — 5) are the numerical
coefficients of the two-channel algorithm. Inserting Eq.(6)
and Eq.(7) into Eq.(9) and eliminating 7, in both equations
of Eq.(9) yields:

Ty =T+ A (T, — Tj) + Ax (T; — Tx)
+ [ax (1 — 1))+ azW (1 —e1)+ asAey + asW Aeq]
+A3 [by (1= &)+ b3W (1 —&2) +bgAer+ bsW Ags]
As+ Ag (10)

in which, the definition of A, Aj, Az, A4 and Ag can be find
in our previous work [11].

From the theoretical formulations of Eq.(10), the cirrus
clouds dependent coefficients Ay, Az, A3, A4 and Ag can be
studied. To do this, the coefficients a, and b,(n = 0 — 5)
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inEq. (9), as well as 7;, 7j and 74, are calculated firstly by simu-
lated data. With the LSTs and corresponding TOA brightness
temperatures in Dataset-1 when VZA = 0°, the coefficients
are determined using the statistical regression method as
i = 31,j = 29 and k = 32. The coefficients a,, b,(n =
0 — 5) and RMSEs between the LSTs set in MODTRAN and
the corresponding values estimated using Eq.(9) are shown
in Table 2.

Besides that, the cirrus transmittances tp9, 731 and 73 are
obtained using the selected atmospheric profiles from TIGR
when cirrus CTH is equivalent to 10 km with a thickness
of 1 km and R is 60 um. To study the variations of Aj, A,
A3, A4 and A with cirrus microphysical properties, the COD
(12 pem) changes from 0.07 to 0.7 in steps of 0.07. Together
with the values of a, and b,, in Table 2, the A, A;, A3z and Ay
are calculated based on Eq.(14) and Eq.(15) in [11] and are
given in Figure 2.

Figure 2 indicates that A, A, A3 and Ag change almost
linearly with COD for a given WVC. Except COD, those
four coefficients are also affected by the atmospheric WVC.
This is because the remnant a small amount of atmospheric
water vapor above cirrus cloud, what is ignored in this study.
Besides COD, to study the influences of R, the A1, A2, A3 and
Ap with COD (12 um) fixed to 0.7 and R changes from 5 um
to 60 um in steps of 5 um are given in Figure 3. It shows
that A1, Az, A3z and A are also dependent on R. In addition,
the values of A, A, A3 and Ag when R is less than 20 um are
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FIGURE 3. Relationships between A;, A,, A5 and A versus atmospheric WVC for different R with COD equivalent to 0.7. (a) for A, (b) for A,,

(c) for A5 and (d) for Ay, respectively.

TABLE 2. Values of two-channel LST retrieval algorithm coefficients in
eq.(9).

RMSE
®
308 55 15 2.5

Coefficients n=1 n=2 n=3 n=4 n=5 n=0

a 0.9 - 259
23.9
b, 3.7 67.0 -8.6 40.4 -0.1 0.6

238.9

distinguished from the values when R is larger than 20 um,
because the cirrus clouds optical properties are significantly
different as R is less than 20 um. So that, the proposed
daytime LST retrieval algorithm needed to divide into two
parts according to R.

Considering the relatively small contributions of W for
the accuracy of LST retrieval using Eq.(9) and that the
Az and A4 are close to 0, the W in Eq.(10) is eliminated and
a three-channel algorithm for the estimate of LST in daytime
cirrus cloudy skies is proposed:

Ty = T31 + (w1 + w2 * COD +w3p * R) (T31 — Ta)
+ (w4 +ws * COD +we * R) (T31 — T32)
+w7Ag] +wg (1 —&1) +wygAer +wig * COD
+wi1 * R+ wo (11)

82384

where Ty9, T31 and T3, are the TOA brightness temperatures
in channels 29, 31 and 32; COD and R are cirrus optical depth
and effective radius, respectively; €1 and Aeg; are the LSE
mean and difference respectively in channels 29 and 31; Aey
is the LSE difference in channels 31 and 32; w, (n = 0—11)
is the regression coefficients depending on the viewing zenith
angles. Because of the particularity of cirrus effective radius
discussed above, this algorithm is divided into two groups
respect to R, that is R >20 um and R < 20 pum. Because
of the length of this paper, the conditions with R less than
20 pum are not discussed.

IV. RESULTS

A. RETRIEVAL ACCURACY

To evaluate the performance of the proposed daytime
three-channel LST retrieval algorithm in thin cirrus cloudy
conditions, the simulated Datset-2 are used. Then the coef-
ficients w, (n = 0 — 11) in Eq.(11) are determined with
statistical regression method. Figure 4 shows the procedure
for acquiring the coefficients of Eq.(11).

Figure 5 shows the RMSEs between actual LSTs and LST
values estimated using Eq.(11) versus COD for different
VZAs in daytime. It shows that the RMSEs increase with
the increasement of COD, vary from 1.3 K to 2.2 K for R
greater than 20 pum in vertical view conditions. The accuracy
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of the algorithm is also dependent on VZA with the maximum
RMSE is 2.8 K when VZA = 60° and COD = 0.7.

B. COMPARISON WITH OTHER ALGORITHM

To estimate the improvement of the proposed algorithm on
LST retrieval in cirrus cloudy skies, the LST is recalculated
with the generalized split window (GSW) algorithm. It can
be expressed as:

—¢ Agy T3 + T
LST = mo + (my +my——— + my—2) 12
&5 2
—¢ Agy T31 — T
+(mg + ms—— 4 mg—2) "2 (12)
& &5 2

where ¢; is the mean emissivity in channels 31 and 32 and
m;(i = 0—6) are the coefficients of the GSW algorithm. Other
symbols in Eq.(12) have the same meaning as in Eq.(11).
Because the GSW algorithm is one of the most commonly
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used methods to estimate LST from remotely sensed data and
it has been validated by in-situ measurements with RMSE
within 1 K under normal clear-sky conditions [13], the result
of the three-channel algorithm is compared with the result of
GSW algorithm.

To improve the LST retrieval accuracy, the total WVC,
LSE and LST for each VZA are divided into several tractable
sub-ranges in the GSW algorithm. In this study, we divide the
total WVC into five groups with an overlap of 0.5 g/cm?: 0-
1.5, 1.0-2.5, 2.0-3.5, 3.0-4.5 and 4.0-5.0 g/cm?. Five groups
of coefficients m; (i = 0 — 6) in Eq.(12) are then determined
for each VZA by using the statistical regression Levenberg-
Marquardt method from Dataset-1.

Figure 6. shows the histograms of the differences between
LST retrieved employing GSW algorithm using Dataset-2
(include the influence of thin cirrus clouds) and the actual
LST when VZA = 0° and VZA = 60°. The RMSE values are
1.89 K and 2.32K for VZA = 0° and VZA = 60° respectively
when COD = 0.07; they are 16.89 K and 22.32 K when
COD = 0.7. The results of GSW algorithm shows that the
clear-sky algorithm is unadaptable for the estimate of LST in
cirrus cloudy skies and compared with Figure 5, the proposed
algorithm can significantly improve the accuracy of the LST
retrieved using thermal infrared data.

Considering the scattering effect of cirrus clouds, the radi-
ation from adjacent pixels around target pixel can also be
received by satellite. Thus the thermal inhomogeneity of land
surface is needed to take into account for the retrieval of
LST in cirrus cloudy skies, compared with SST retrieval
algorithm [9]. The Dataset-2 is reproduced with the adja-
cent pixels’ temperature 5 K larger than the target temper-
ature, assuming that the emissivity is constant. Using the
coefficients determined with Dataset-2 (adjacent pixels’ tem-
perature equivalent to the target temperature) and Eq.(11),
the target LST is recalculated with the newly produced TOA
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FIGURE 6. Histograms of the differences between the LSTs retrieved employing GSW algorithm using Dataset-2 (include the influence
of thin cirrus clouds) and the actual LST when COD = 0.07, 0.35 and 0.7. 6(a) for VZA = 0°, (b) for VZA = 60°.
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FIGURE 7. RMSEs of LST calculated with eq.(11) employing newly
simulated dataset that the adjacent pixels’ temperature 5 K larger than
the target temperature. The coefficient of eq.(11) is determined with
Dataset-2 (adjacent pixels’ temperature equivalent to the target
temperature).

brightness temperatures (adjacent pixels’ temperature 5 K
larger than the target temperature). The RMSEs between
actual target LST and retrieved LST with this newly simulated
dataset versus COD is shown in Figure 7 for different VZAs.

In Figure 7, the RMSEs become larger compared with
Figure 5, but the maximum increasement of RMSE is about
0.07 K when COD is 0.7 and Secant(VZA) = 1.6. It shows
that the proposed daytime three-channel LST retrieval algo-
rithm is insensitive to the thermal inhomogeneity of land
surface.

V. SENSITIVITY ANALYSIS

The errors in the LST retrieval are affected by many factors,
such as the uncertainties of cirrus COD and R, the uncer-
tainty of LSE, the instrument noise and the accuracy of the
algorithm itself. Therefore, a sensitivity analysis is performed
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FIGURE 8. Mean values of LST errors §(COD) caused by the uncertainty of
cirrus COD for two different atmospheric WVC range (WVC<1 g/cm? and 4
< WVC < 5 g/cm2) and two different R (R = 20 xm and 60 xm) with VZA
= 0° and VZA = 60°, hollow symbols for VZA = 0° and solid symbols for
VZA = 60°.

using the simulated data of Dataset-2 with the following
equation:

8 (Y) = LST (X + A (X)) — LST (X), (13)

where §(Y) is the error of the retrieved LST, X is the value
of the sensitivity analysis parameter, A(X) is the error in X,
LST(X + A(X)) and LST(X) are the retrieved LST values
when the parameters are X + A(X) and X, respectively. As an
example, only the simulated data with VZAs of 0° and 60° are
used in the following sensitivity analysis.

A. SENSITIVITY TO COD
According to Equation (13), the LST errors due to the uncer-
tainty of COD (§(COD)) can be expressed as:

8 (COD) = A (COD) |wy * (T31 — Ta9)
+ws* (T31 — T32) + wio|,  (14)

VOLUME 9, 2021



X. Fan et al.: Thermal Infrared LST Retrieval Algorithm for Thin Cirrus Skies

IEEE Access

1.0
O R=20 um, 0< WVCS 1 g/em’ v
v R=20 pm, 4< WVC< 5 g/em’ v
08} O R=60um,0< WVC< I glem’ v
& R=60 um, 4< WVC< 5 g/em’ v 3
v ¥
-~ $
¥ v ¢
~ o6} v ¢ ¢ °®
% v * o S
=2 * v o ®
o 3 v <© ° ]
G o4l @ o e s ° a
o 3 e & g ©O -
= & ! L] B o
a
E o
02 8
00 . . . . .
0.00 0.14 0.28 0.42 0.56 0.70
COD

FIGURE 9. Mean values of LST errors §(R) caused by the uncertainty of R
for two different atmospheric WVC range (WVC<1 g/cm? and 4 < WVC <
5 g/cm?) and two different R (R = 20 xm and 60 xwm) with VZA = 0° and
VZA = 60°; hollow symbols for VZA = 0°and solid symbols for VZA = 60°.

where A(COD) is the uncertainty of COD. To investigate
the sensitivity of the proposed algorithm to COD in this
analysis, four representative cases are considered, with two
different sub-ranges of the atmospheric WVC (WVC <
1 g/em? and 4 < WVC < 5 g/cm?) and two different R
(R = 20pum and 60 pum) as emissivity values of around
0.99 (land cover type of conifers). Using the simulated TOA
brightness temperatures (729, 731 and 73;) and assuming
A(COD) = 0.1 in this study, it is possible to calculate
3(COD). Figure 8 shows the mean values of §(COD) versus
COD:; hollow symbols for VZA = 0° and solid symbols for
VZA = 60°.

It shows that the proposed LST retrieval algorithm is more
sensitive to COD when wet atmosphere and small cirrus
equivalent size conditions. The LST errors are less than 1.9 K
in dry atmosphere conditions and the maximum errors are

(a)

2.7 K and 2.8 K for VZA = 0° and VZA = 60° respectively
when 4< WVC < 5 g/cm? and R = 20 pm.

B. SENSITIVITY TO R
Similarly, the LST errors due to the uncertainty of R (§(R))
can be calculated as:

S(RY=AR |w3™ (T31— Tao)+we * (T31 — T3) +wi,
(15)

where A(R) is the uncertainty of R. Assuming A(R) =3 um,
the mean values of §(R) versus COD in four different condi-
tions are shown in Figure 9.

In Figure 9 the mean values of §(R) are less than 0.9 K for
all the conditions. Similar as the sensitivity of COD, the LST
errors caused by R are larger when wet atmosphere and small
cirrus equivalent size conditions. Besides that, larger VZA
values produce the greater LST errors.

C. SENSITIVITY TO INSTRUMENT NOISE AND LSE
Considering the MODIS noise equivalent temperature differ-
ence (NETD) of 0.05 K for channels 29, 31 and 32, the LST
errors §(Th9), §(T31) and §(T32) caused by instrument noise
A(T29), A(T31) and A(T3p) are calculated following Eq.(13).
Figure 10 gives the mean values of LST errors §(729), §(731)
and §(T3;) versus COD when R = 20 um (hollow symbols)
and R = 60 pum (solid symbols) for two different VZAs.
Figure 10 (a) for VZA = 0° and (b) for VZA = 60°.

Figure 10(a) and (b) both illuminate that the newly pro-
posed algorithm is more sensitive to the split window chan-
nels 31 and 32, compared with channel 29. It indicates that
the split-window channels are more important for the esti-
mate of LST in cirrus conditions. The maximum LST errors
caused by instrument noise is 0.4 K when COD is 0.7 and
R =60 pum.

S

0.4 0.5
u
| I
s " v — [
M - v ¥ o4l n |
T oaf L. v o = = n v
—_ 2 L v o —_ L] v
8 L] v o B} L] v =}
= . ¥ o I [ - v d o e
bt » v o T g3l ] v o .
o L v =] - & L] v m]
c 02| v [m] c L v v o m)
2 o °© 0 §(Ty) 2 v o 0 Ty
= pxd [m]
~ a v (Ty) = oo2f B v Ty ]
< o Ty, < o ¥(Ty)
2 01| >
= <y
& & 01} J
5 ® o o o o ¢ o o o o 5 e o e e o o o o o o
c c
§ oot o o o o o (¢} o o o [} g o o o o o o o o o o
= s 00r 1
. . . . . . . . . . . . . . . . s . . .
0.00 0.14 0.28 0.42 0.56 0.70 0.00 0.14 0.28 0.42 0.56 0.70

COoD

COD

FIGURE 10. Mean values of LST errors §(T,9), 5(T3;) and §(T3,) caused by instrument noise A(T,g), A(T3;) and A(T3,) respectively versus COD when
R =20 um (hollow symbols) and R = 60um (solid symbols) for two different VZAs. (a) for VZA = 0° and (b) for VZA = 60°.
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FIGURE 11. Total LST errors associated to the estimation of the LST from
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different observation angles. Four typical situations include two
atmospheric WVC ranges (WVC < 1 g/cm2 and 4 < WVC < 5 g/cm?2) and
two R conditions. Hollow symbols for VZA = 0°and solid symbols for
VZA = 60°.

Assuming the uncertainties in Aeg, €1 and Agy are 0.01,
the LST errors due to the LSE errors are 0.11 K, 0.42 K
and 1.19 K respectively when VZA = (°; those errors are
0.03 K, 0.37 K and 1.12 K respectively when VZA = 60°.
The analysis indicates that the emissivity difference in split-
window channels is more important for the accuracy of the
proposed algorithm with the LST errors from Aeg; nearly 1 K.

D. TOTAL LST ERRORS

To study the total LST errors caused by all the input
parameters’ uncertainties and the algorithm error itself,
the §(LSTyotq1) has been calculated according to the expres-

sion 8 (LSTyorar) = \/52 + 52

minimization theory’
is the accuracy of the algorithm itself and

where 8inimization

s _|8(COD)? + 8 (R)? + 8 (T29)? + 8 (T31)?
heon =Nl 48 (T32)? 4 8 (Ae1)? + 8 (e1)% + 8 (Ae)?

(16)

The total LST errors in four typical situations versus COD
are given in Figure 11. Hollow symbols are VZA = 0° and
solid symbols are VZA = 60°. It shows that the dry atmo-
spheric conditions with greater cirrus size produce the smaller
total LST errors. The total errors increase with COD and the
maximum error is 4.3 K when COD = 0.7, R = 20 um,
VZA = 60° and wet atmospheres. Because the errors from
different variables can be neutralized, the actual values are
usually smaller than the estimated values. From the analysis
above, to obtain an accurate LST in cirrus cloudy skies,
the better quality of COD is important.

VI. CONCLUSION

To estimate daytime land surface temperatures (LSTs) in
thin cirrus cloudy skies, we have proposed a three-channel
algorithm based on a widely used two-channel LST retrieval
algorithm for clear-sky conditions. Using a couple of
two-channel algorithms in three different channels, the LST
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is expressed as a multiple linear function of top of the atmo-
sphere (TOA) brightness temperature in MODIS channel 31,
difference between channels 31 and 29, difference between
channels 31 and 32. The simulated dataset shows that the
LST could be estimated using the proposed three-channel
algorithm with the root mean squire error (RMSE) less than
2.2 K in thin cirrus cloudy skies (COD less than 0.7) when
viewing zenith angle (VZA) equivalent to 0°. As VZA is
equivalent to 60°, the maximum RMSE is 2.7 K.

The widely used generalized split-window (GSW) algo-
rithm proposed for clear-sky conditions are used in cirrus
cloudy skies, and the RMSEs of GSW algorithm estimated
LST are 16.89 K and 22.32 K for VZA = (0° and VZA = 60°
respectively when COD is 0.7. It indicates that the proposed
three-channel algorithm can significantly improve the LST
retrieval accuracy in cirrus cloudy skies. Because of the scat-
tering effect of cirrus clouds, the influence of land surface
inhomogeneity is analyzed in this study. With the simulated
data that the adjacent pixels’ temperature 5 K larger than
the target temperature, there is no obvious degradation of
the accuracy of the three-channel algorithm with the RMSEs
increase at most 0.07 K. It shows that this algorithm is insen-
sitive to the uncertainty of land surface inhomogeneity.

In addition, a sensitivity analysis of the algorithm was
performed to assess the LST errors in terms of cirrus COD, R,
LSE, instrument noise and algorithm error itself. It shows that
the accuracy of cirrus COD is more important to get a reliable
estimate of LST compared with R, LSE and instrument noise,
with LST errors from COD as much as 1.9 K. When all the
uncertainties of input parameters and algorithm errors are
taken into account, the maximum total LST error are 3.8 K
and 4.3 K when VZA = (0° and VZA = 60° respectively.
Because of the shortage of field measured MODIS pixel scale
LSTs in cirrus cloudy skies, we only used the simulated
data in this study. It should be pointed out that the proposed
three-channel LST retrieval algorithm certainly needs to be
validated using field measurement in the further work. As the
clouds’ parameters of R and COD are used, the proposed
algorithm can only be used for the day-time when R and COD
are available. In addition, this study focus on LST retrieval
under cirrus clouds, the LST retrieval algorithm for different
cloud types need to be studied in the future work.
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