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Abstract The crosstalk phenomena in Terra MODerate-resolution Imaging Spectroradiometer (MODIS)
midwave-to-longwave infrared (LWIR) photovoltaic (PV) bands (bands 27-30) have recently been
individually studied and characterized, and a correction algorithm has been developed. The routine
calibration of the four LWIR PV bands uses an onboard black body (BB) based on a quadratic model for the
relationship between the at-aperture radiance and the background subtracted instrument response. While
the crosstalk correction has been successfully applied in both the routine BB calibration (scan basis) to correct
the crosstalk effect in the linear term and the Earth view (EV) radiance in our previous investigations on the
bands 27-29, the most recent work on band 30 demonstrated a newfound necessity to include the impact of
the crosstalk effect on the nonlinear term as well as the offset. In this paper, we analyze the calibration
calculation under a variety of conditions consistent with the MODIS Collection 6 settings to examine the
impact of the crosstalk effect in the two terms derived from the BB warm-up-cool-down (WUCD) calibration.
We show that with correct account of the crosstalk effect in the WUCD calibration, the sudden changes and
other abnormal features that have been observed in the two terms for many years are effectively and
remarkably removed. In addition, imagery for bands 27-29 using the calibration result fully corrected for the
electronic crosstalk effect shows further improvement over previous results that account for only the
corrected linear term, whereas for the band 30 different testing scenes validate the previous fully
corrected findings.

1. Introduction

The MODerate-resolution Imaging Spectroradiometer (MODIS), a stupendous sensor in the fleet of Earth
Observing System (EOS) for the National Aeronautics and Space Administration (NASA), is in space orbit on
two spacecrafts, Terra (T) and Aqua (A) [Barnes and Salomonson, 1993; Salomonson et al., 2002; Guenther
et al.,, 2002; Justice et al., 1998; Esaias et al., 1998; King et al., 2003, and Parkinson, 2013]. They have been on
orbit for more than 16 and 14 years, respectively. MODIS is a whiskbroom scanning radiometer that includes
a 360° rotating double-sided scan mirror and several onboard calibrators (OBCs) as illustrated in Figure 1. The
MODIS instruments remotely capture the top of atmosphere radiance from the Earth in 36 spectral bands
varying from 0.41 um to 14.4 um. The spectral wavelengths from 3.7 um onward cover the thermal infrared
region which is interspaced into 16 thermal emissive bands (TEBs). The key design parameters including
the calibration requirements for the detector noise and the primary application for each of the TEBs are listed
in Table 1. The TEBs are located on the short and middle wave infrared Focal Plane Assembly (FPA) and
the longwave infrared (LWIR) FPA as shown in Figure 2 with red outline highlighted. The TEBs are calibrated
on orbit by the onboard black body (BB) shown in Figure 1 with highlight as well [Xiong et al., 2008, 2009,
and 2015].

A quadratic model for the relationship between the at-aperture radiance and the background subtracted
instrument response is applied to MODIS TEBs [Xiong et al., 2009], wherein the linear term has major contri-
bution and the offset and nonlinear terms are minor contributors. However, they can become important
when the sensor’s operating range deviates significantly from the linear range, i.e., when the radiance levels
are at well below 0.3 Lyypical, the typical scene radiance, or close to L,y the maximum radiance, respectively.
The coefficients of the quadratic form are called calibration coefficients. They are extracted on a quarterly
basis through a multiday temperature-controlled BB warm-up cool-down (WUCD) process covering the
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Figure 1. MODIS instrument setup with onboard calibrators.

temperature range of about 270K to 315K [Xiong et al., 2009]. From each BB WUCD data a quadratic fit is
applied to extract the offset, g, the linear term, a;, and the nonlinear term, a,. In between two quarterly
WUCD events, the linear term is updated on a scan-by-scan basis from routine BB calibration with offset
and linear terms fixed. The BB temperature is controlled at 290 K for Terra (T) MODIS and 285K for Aqua (A)
MODIS, respectively, for routine BB calibration [Xiong et al., 2009].

Among 16 TEBs, there are four LWIR photovoltaic (PV) bands from 6.7 um to 9.7 um (bands 27-30). In their
calibration coefficients, i.e., offset, linear, and nonlinear terms, derived from the WUCD and routine BB calibra-
tion, unexpected sudden jumps and rapid changes have been seen in all three terms since early in mission.
These features become increasingly more dramatic after the instruments passed the designed lifetime
(6 years) [Xiong et al., 2015]. These features are strongly detector dependent, which results in large detector
differences in calibration coefficients, and gave rise to severe striping in Earth view (EV) L1B products, espe-
cially in the last several years. The features are also band dependent. Recently, Sun et al.[2011, 2014a, 2014b,
2014¢, 2015a, 2015b, 2015¢, 2016] and Madhavan et al. [2014, 2015] have shown that these four bands
have suffered from degradation in the electronic circuits causing signal leaks among their circuitries. They
have developed a linear theory and correction algorithm to characterize and mitigate the crosstalk effect
and have intensively studied the crosstalk phenomena in the four LWIR PV bands. At the first order, the cross-
talk correction is only applied to the routine BB calibration and the Earth view (EV) radiance and demon-
strated to work remarkably well in the previous investigations on bands 27-29 [Sun et al., 2011, 2014a,
2014b, 2014c, 2015a, 2015b, 2015c]. The direct application of crosstalk correction suffices for these three
bands without needing to reanalyze the offset term and the nonlinear term through the full WUCD

Table 1. MODIS Spectral Band Design Specifications®

TEB Band cw BW Ttyp NEdT Primary Use

20 3.75 0.18 300 0.05 Surface/cloud temperature
21 3.96 0.06 335 0.20

22 3.96 0.06 300 0.07

23 4.05 0.06 300 0.07

24 4.47 0.07 250 0.25 Atmospheric temperature
25 452 0.07 275 0.25

27 6.72 0.36 240 0.25 Water vapor

28 7.33 0.30 250 0.25

29 8.55 0.30 300 0.05 Cloud properties

30 9.73 0.30 250 0.25 Ozone

31 11.03 0.50 300 0.05 Surface/cloud temperature
32 12.02 0.50 300 0.05

33 13.34 0.30 260 0.25 Cloud top altitude

34 13.64 0.30 250 0.25

35 13.94 0.30 240 0.25

36 14.24 0.30 220 0.35

4CW is center wavelength in pm; BW is bandwidth in pm; Ttyp is typical temperature in K; NET is noise equivalent
difference temperature in K.

SUN ET AL.

CROSSTALK IN MODIS BB WUCD CALIBRATION 8312



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025170

i — —
ILTERS +=OPTICALAXIS |
FILTERS VIS N SWIR/MWIR
DEYECTORS % \
DETECTORS ~ . | <, s |
N
A / i cR:=Ric aElag!
(=] | H [~ : sl 151!
= | B ' B ] A6 0@
=1 | H I = o oEoEEaEa
L] | 0 o olcEBala
]| 8 | O B oapoENaln
-1 | H | B ] 00 00
-1 | H I ] ] CE | HOE
= | H ' B B HEEHE
H I , (] 0O OC
L] | H | % 2% 0 21 | 2 2
8 3 |
\
|
Silicon | PVHgCdTe
[ |
: . LWIR
' = : ' Sle -
T <] I oo a clEcEND B E
] l HIHIBEIE HIEHIBIHIBY
NIR L] | o0 E HIE BB oo
B | OE EIE Hel [H | H nfifin
8 BB R
- L VBIBIEIBNE BRI BB
) = | ofinBEcEE0 OO0 |0 0| O
2 1 3 | 30| 20 | 28 | 27 3B | 34 | B | 3% 3| omw
|
| , ‘ i /
Silicon PV HgCdTe PC HgCdTe y,
Instrument FPA Main Frame Temperature \ Cold FPAs: (80. 83, 85k) /

Figure 2. MODIS Focal Plane layout (red box highlighting the TEB).

calculation. The crosstalk correction rectified the linear calibration term for the various detectors on three
counts. First, the differences among the linear terms for the detectors of each given band were significantly
reduced. Second, the sudden jumps in the linear terms were greatly curtailed. Third, the long-term sharp
drifting pattern in the linear terms was largely moderated. Consequently, the EV retrievals showed improve-
ments and significant reduction of striping artifacts due to the detector responses being well balanced. Sun
et al. [2014b, 20154, 2015c] have also found that there are long-term radiometric drifts in Collection 6, the
most recent version of L1B, EV retrievals and shown that the crosstalk correction can remove or significantly
reduce the long-term radiometric drifts, leading to a very stable lifetime trend.

While the crosstalk correction has been successfully applied in both the routine BB calibration (scan-by-scan
basis) to correct the crosstalk effect in the linear term and the EV radiance in our previous works on bands
27-29 [Sun et al.,, 2011, 2014a, 2014b, 2014c, 2015a, 2015b, 2015c], the most recent work on the band 30
explicitly demonstrated a newfound necessity to include the impact of the crosstalk effect on the nonlinear
term as well as the offset, which indicated that the crosstalk correction is required to be applied to the WUCD
calibration for the Terra band 30 [Sun et al., 2016]. As mentioned above, the unexpected sudden jumps and
rapid increases have been observed in the nonlinear term for many years, although these unexpected abnor-
mal phenomena were not understood. With the realization that the investigation of the crosstalk effect needs
to delve deeper into the WUCD calibration, we analyze the calibration calculation under a variety of condi-
tions consistent with the official MODIS Collection 6 settings [Wenny et al., 2012b; Xiong et al., 2013]. No elec-
tronic crosstalk correction has ever been applied to any components of the official MODIS L1B C6 or any
earlier MODIS L1B version. In this paper, we will show that with the correction accounting for the crosstalk
effect in the offset and quadratic calibration terms in the retrieval algorithms, the sudden changes and other
unexpected abnormal features that have been observed in the two terms as aforementioned are effectively
and remarkably removed. It is here revealed and understood for the first time via explicit demonstration that
these observed abnormal features in the trends of these two terms are indeed the manifestation of the cross-
talk effect. With the crosstalk correction fully applied, both the calibration coefficients including the two
minor terms and the linear term as well as EV retrievals for the band 30 are significantly improved. In addition,
the fully corrected imagery for the bands 27-29 also shows further improvement superior to our previous
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Figure 3. Lunar image observed by T-MODIS on 11 December 2014: (a) band 27 detector 3, (b) band 28 detector 3, (c) band
29 detector 3, and (d) band 30 detector 3.

results [Sun et al., 2014a, 2014b, 2014c¢, 20153, 2015b, 2015c] that use the noncorrected offset and linear term
in the routine BB calibration and EV retrievals.

With the defined objective as stated above, the rest of the paper is prepared as follows. The next section
details the crosstalk effect, algorithm, and the coefficients derived using the lunar view responses. The third
section describes the WUCD calibration methodology and the crosstalk correction procedure to be applied
on the corresponding WUCD data sets. The fourth section will show the improvements on the calibration
coefficients derived from the WUCD events due to crosstalk correction. The fifth section shows the improve-
ments of the crosstalk correction on EV retrievals by demonstrating the remarkable reduction of the striping
with the crosstalk correction further applied to two minor terms, offset and nonlinear term. The crosstalk
corrections on the offset and quadratic coefficients will rectify the radiometry of the affected bands, thereby
achieving a complete correction over the entire dynamic range. Finally, the paper presents a summary of the
work and future effort.

2. Crosstalk Effect, Algorithm, and Coefficients

Crosstalk is a complex phenomenon that comprises interference signals. The induction of electric signal is a
convoluted noise that is transferred from various neighboring detectors on the same focal plane [Sun et al.,
2011, 2014al. As the crosstalk is a convolved noise signal that has contributions from both the optical signal
leak and the electronic setting of the circuitry, the effect is considered as one parameter. The periodic lunar
observations of the MODIS provided a unique signal target that helped in identifying the additional crosstalk
noise along with the Moon response. Based on a three-dimensional rendition of the Moon signal, it was easily
discernible that the LWIR channels (bands 27-30) were affected by noise leak from the neighboring detec-
tors. A few examples are shown in Figure 3. Figure 2 illustrates the exact location of the various detectors
for the LWIR focal plane. The distances among the neighboring bands provide information to shift in the data
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frame between the interference signals. Therefore, with the frame offsets known for each of the bands the
source of the leaking signals is easily identified. The lunar surface plots observed on 11 December 2014 by
detector 3 of bands 27-30, respectively, are shown in Figures 3a-3d. In order to better illustrate the crosstalk
noise, the lunar responses are limited to a range of 200 dn. In actuality, the lunar responses could be as high
as 4000 dn. From Figures 3a, 3b, and 3d, it can be seen that there is a slight protrusion downward in the shape
of a valley near the cylindrical structure that represents the lunar response for bands 27, 28, and 30, respec-
tively. However, in the case of band 29 (as shown in Figure 3c), there is a slight mound near the lunar
response. This indicates that the contributions of the crosstalk effect could be either positive or negative
and may also vary with time [Sun et al., 2014a, 2014b, 2014c, 2015a, 2015b, 2015c].

The crosstalk correction algorithm (details elaborated in Sun et al. [2014a]) is formulated using a linear
function of the crosstalk contributors, and the contributions are additive. The integrated contribution of
the crosstalk effect from the sending bands to a receiving detector D, of a receiving band B, is expressed as

dn***(B,,D,,F) =  C(B;, Dy, Bs)(dn™ (B, Ds, F + AFys))p,, M
BS

where B, and D, denote sending band and sending detector, respectively. C(B,,D,,B;) is the effective crosstalk
coefficient from band B, to band B, and detector D,, F is the frame number or pixel number along scan of B,,
AF, is the frame shift between band B, and band B for viewing same target, dn™*'(B, D, F + AF,s) is the back-
ground subtracted measured instrument response of band B, detector D, at frame F + AF,,, and the brackets
indicate the average over the detectors of band B.. It is assumed in equation (1) that the temperature of the
scene changes smoothly along the track direction [Sun et al., 2014al. In order to remove the crosstalk effect,
the contribution of the leaking signals needs to be subtracted from the measured dn response. Then the cor-
rection needs to be applied at two places in the retrieval, the calibrator response and the EV response.

The crosstalk correction is based on the derived crosstalk coefficients that are representative of the magni-
tude contributions that need to be removed from the measured signal. The Moon surface and the surround-
ing background provide a sharp edge target to help identifying the extraneous noise [Sun et al., 2007]. The
extraneous signals at the boundary of the lunar images are shown in Figure 3 and have been identified as
the contamination of crosstalk from other bands [Sun et al, 2014a, 2014b, 2014c, 2015a, 2015b, 2015c,
2016]. This gives the magnitude of the contributions for the crosstalk. The crosstalk coefficients based on
equation (1) are derived for the four bands (27-30) using the lunar responses. Since the Moon is not a homo-
genous surface, the sum of dn over scans for each detector for a complete lunar observation is used to derived
the crosstalk coefficients. The procedure for deriving the crosstalk coefficients was described in detail in a pre-
vious work [Sun et al., 2014al. It was also shown that the large extraneous signals in the summation were com-
pletely removed except for detector 8, which is still with extraneous signals although more than 90% reduced
[Sun et al., 2014a]. A few examples of the crosstalk coefficients are illustrated in Figure 4. Figure 4a gives the
long-term trend of the crosstalk coefficients for the affected band 27 from the sending band 29. These coef-
ficients are inherently detector and time based. The coefficients for various detectors were positive in mag-
nitude early on before gradually changing to a negative magnitude. The worst affected detector is detector 1
that had the largest change with significant drop starting in 2011. Also, the crosstalk contamination is signif-
icant from sending bands 28 and 30, although it is not shown here [Sun et al., 2014a, 2014c]. Examples for
other crosstalk-affected bands such as band 28-30 are shown in Figures 4b-4d. As seen in the case of band
27, the crosstalk coefficients show very similar behavior, i.e., strong detector dependence and temporal drifts
associated with sudden jumps [Sun et al., 2015a, 2015¢, 2016]. In totality the crosstalk coefficients for each of
four affected bands are modeled from the other three as the sending bands. Finally, it is assessed based on
the coefficients that band 30 has the largest crosstalk impact, while band 29 was the least affected.

3. BB WUCD Calibration and Crosstalk Correction

For a MODIS TEB, the relationship between the at-sensor-aperture radiance L and the band’s background
subtracted instrument response dn is based on a quadratic fit

L = dg + ardn + a,dn?, (2)

where ag, a;, and a, are the offset, linear term, and quadratic term, respectively [Xiong et al., 2009]. For MODIS
TEBs, the unit of the radiance L is Watts/m2/um/steradian. Since dn is a unitless, all three coefficients ag, a;,
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Figure 4. lllustration of T-MODIS EC coefficients for various receiving bands: (a) band 27 from band 29, (b) band 28 from
band 29, (c) band 29 from band 28, (d) band 30 from band 29.

and a, have the same unit as the radiance. This is the unit used throughout this paper. For the BB calibration
at the sensor radiance can be expressed as

Lear = RVSggeplag + (RVSsy — RVSgg)Lsm + RVSgs (1 — &gs)ecavlcav, (3)

where Lca is at the sensor aperture radiance for the BB view, RVSgg (RVSsy) is the response versus scan angle
(RVS) at the sensor’s BB (SV) view angle, ¢gg is the BB emissivity, ecay is the effective scan cavity emissivity, and
Lgg (Lsm, Lcay) is the spectral radiance computed using Planck’s equation at a measured Tgg (Tsp and Tcay)
[Xiong et al., 2008, 2015]. From equation (2), the background subtracted instrument response dngg for BB
observation can be related to the at-sensor-aperture radiance Lca, by

Lear = ao + ardngg + azdnég. ()

For both Terra and Aqua MODIS, a BB WUCD process on a quarterly basis is implemented to derive the coef-
ficients of the quadratic model, especially the offset and quadratic terms. In MODIS Collection 5 (C5) or earlier
collections, equation (4) is fitted to the WUCD measurements without constraint. In MODIS C6 [Wenny et al.,
2012b; Xiong et al., 2013], the offset term a, is constrained to be zero and only the linear and quadratic terms
are fitted to the measured data. However, in the actual look up tables (LUTs), aq is kept zero for mirror side 1,
while the offset for mirror side 2 takes the mirror side difference of the offsets, obtained via fitting without
constraint, of the two mirror sides. This is an added fix to avoid the mirror side striping at low-temperature
range [Wenny et al., 2012b].

In a BB WUCD process, the BB is first cooled down to its ambient condition that is approximately close to
270 K. After this the BB heater is ramped up in a controlled step-wise pattern as shown in Figure 5. The BB
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heater is switched off once the tempera-
ture reaches 315K. The BB is then pas-
sively cooled in a slow fashion to its
ambient temperature. The whole process
takes about 2-3days. Figures 6a-6d
show an example illustrating the detec-
tor response versus the BB temperature
from BB WUCD event on 25 June 2015
for bands 27-30. By fitting the measured
instrument response and at the sensor
aperture radiance calculated using
equation (3) to the quadratic form
described in equation (4), the aq, a;,
and a, terms can be determined. In
actual data processing, there are two
choices, one using the warm-up data
sets only, while the other using the
cool-down data set only. In fact, there is
a third choice to use both the warm-up

and cool-down data sets to derive the calibration coefficients. In principle, the coefficients derived from
the three approaches should be the same. Nevertheless, there are noticeable differences among the calibra-
tion coefficients derived from the three approaches. In this analysis, we use the approach employed in the
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current MODIS L1B C6, which is the most recent version of the MODIS L1B collections. For Terra MODIS C6, the
calibration coefficients ag and a, for all TEBs, bands 20-25 and 27-36, were derived from BB cool-down event
(315 K-270K). The rationale behind this being that the above mentioned fitting strategy tended to be correct
for cold scene biases, compared to the ones used in Collection 5 (C5) [Wenny et al., 2012a; Xiong et al., 2015].
Thus, for the rest of the discussions in this paper the cool-down data sets will be analyzed. Results for the
warm-up process are very similar and left out for convenience.

In Terra MODIS C6, dngg represents the directly measured background subtracted instrument response for
the BB view for all TEB, except for LWIR photo conductive (PC) bands 31-36. For the LWIR PC bands, there
is an optical leak from the sending band 31. For these bands, a correction is applied in L1B C6 to remove
the effect of the optical leak to obtain the corrected dngg [Xiong et al.,, 2003]. From the quarterly WUCD
measurements, the coefficients, ao, a;, and a,, of the quadratic model are derived and updated. In between
two consecutive WUCD measurements, the BB temperature is nominally controlled at 290K and thus the
three calibration coefficients cannot be updated simultaneously. During each of the in-between time period,
the offset ag and the quadratic term a, are fixed as constants, while the linear term is updated on a scan by
scan using the following equation

by = (Lear — do — a2dng) /dngs, (5)

which is a different format of equation (4) and where linear term is denoted as b, instead of a, to distinguish
the corresponding temperature-controlled status of the BB and also to distinguish the routinely updated
linear term from one obtained from a WUCD event [Xiong et al., 2008]. In principle, the linear term b, derived
on a scan-by-scan basis with the BB temperature controlled and linear term a; derived from the WUCD mea-
surements should match. However, nonnegligible differences may be observed due to various reasons such
as crosstalk contamination.

The measured instrument response for a TEB is contaminated with the crosstalk signal described in equation (2)
when there is crosstalk from other bands on same FPA and the crosstalk effect is not negligible. Then
contamination should be removed in both calibration and EV retrieval as previously mentioned. For the BB
calibration, the sensor response with the removal of crosstalk signal can be written as [Sun et al., 2014a]

dn§3™d(8, D, F) = dngy"(B, D, F) — dnge(B, D, F) ©6)

where dnSgme<d(B D, F) is the corrected instrument response for band B, detector D, and frame F. dnl§
(B,D,F) is the actual measured background subtracted instrument response for the band, detector, and
frame. The crosstalk correction has been successfully applied in the BB calibration to remove the crosstalk
effect in the derived linear term b, as well as in EV retrieval with the application of the corrected b, to remove
the crosstalk impact in the MODIS L1B EV products. In this analysis, we focus on the crosstalk impact on the BB
WUCD calibration, its effect on the derived offset ag and quadratic term a,, and the removal of the crosstalk
effect on the two coefficients. The crosstalk effect in the derived calibration coefficients can be removed by
applying dn$g"**(B, D, F) described in equation (6) instead of dnls"(B, D, F) used in the current C6 to refit
the quadratic model in equation (4). The next section will show the improvements seen in the fitted
calibration terms.

The impact of the crosstalk effect on the linear term b, comes from two sources, the crosstalk effect on offset
do and quadratic term a, and crosstalk contamination in the instrument response. In other words, both the
crosstalk effect corrected ap and a, and the crosstalk corrected BB instrument response dn$y™<**® should
be applied in equation (5) to fully correct the crosstalk effect on b,. For EV radiance, the crosstalk contribu-
tions are from crosstalk effect on all three coefficients, aq, by, and a,, and crosstalk contamination in EV instru-
ment response. To remove the crosstalk effect in EV radiance, the crosstalk corrected ay and a,, fully
corrected b,, and the crosstalk corrected EV instrument response should be applied in the EV radiance for-
mula to calculate the EV radiance. In our previous investigations on Terra bands 27-29, the crosstalk correc-
tion was not applied to ag and a, and the noncorrected ap and a, were applied to routine BB calibration and
EV radiance calculation. As mentioned previously, the crosstalk correction remarkably improves the linear
term b; and the EV L1B products for these three bands even though the crosstalk correction was not com-
plete. This is because the crosstalk effect on ag and a, for these bands is relatively small and that the effect
of the linear term is dominant. This will be discussed further in the next section. For the Terra band 30, full
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crosstalk correction has been applied to both BB calibration and EV retrievals and it was shown that the cross-
talk correction to ag and a, would be necessary in order to rectify the high quality and accuracy of the L1B
products. In section 5, the improvements of the EV imagery by applying the crosstalk correction to ay and
a, in addition to the application of the crosstalk correction to by and EV instrument response will be shown
to completion of this analysis. In the section, it will also be shown that the EV imagery for other LWIR PV bands
is further improve by applying the crosstalk correction to aq and a,.

4, Improvements of the Calibration Coefficients

In this section we discuss the impact of the crosstalk correction on the BB WUCD data sets under different
settings. Roughly 60 data sets over the mission lifetime are available, and we process all using the approach
described in section 3. Also, as mentioned earlier the analysis uses the BB cool-down data sets, which are the
same data sets currently used for updating ag and a, in the operational MODIS C6 L1B products. Two fitting
approaches, one with the constraint that the offset ay equals zero while the other without the constraint, are
considered in fitting equation (4) to the measured data. As mentioned in the previous section, the current C6
methodology employs a second-order fitting with the offset set to zero, whereas the C5 methodology was a
free quadratic fit. Both approaches are used in this analysis. It is worth to mention that ag should equal to zero
according to equation (2) since dn becomes zero when L approaches zero. In fact, the Terra MODIS C5 L1B has
shown insensitivity in capturing the cold scene temperatures, while the C6 L1B can provide better cold
scene retrievals.

This paragraph describes the offset term fitted with equation (4) without constraint. Although the MODIS C6
TEB calibration coefficients are obtained under constrained fit, the final offset term for mirror side 2 is sepa-
rately obtained under the unconstrained condition to account for the difference from mirror side 1. Figure 7a
is the band 27 mirror side 1 ay without crosstalk correction, which goes up with time. Figure 7b is the band 27
mirror side 1 ag with the crosstalk correction, which becomes flatter. Figures 7c and 7d show ay mirror side
differences without and with the crosstalk correction for the band 27. The two charts are very similar, and this
is consistent with the expectation that the mirror side difference is not dependent on the crosstalk effect.
From Figures 7a and 7b, it is seen that the ay term has trended in a slow fashion, with a slight upward tilt start-
ing 2010. This is consistent with the previously reported crosstalk contamination [Sun et al., 2014a, 2014c].
However, after the crosstalk correction, the ay term is essentially constant at a small value about 0.05 for most
detectors in band 27 with variability of approximately £0.001 throughout the lifetime. This indeed is expected
if the crosstalk effect is dominant and is properly characterized. This free fit result for the mirror side differ-
ence is the separate determination used to set the final nonzero offset term of mirror side 2 and is otherwise
not used for the determination of a; and a, under constrained fit. We reiterate again that we are following
the MODIS C6 procedure to obtain the mirror side 2 offset term, but here the main difference is that the elec-
tronic crosstalk correction has been applied.

For a; and a,, we obtain four sets of value from the two different fitting conditions, one with the constraint
that ag is forced to be zero while the other without, and also for before and after crosstalk correction. Careful
comparisons first show that the two different fitting conditions do not generate coefficients that are impact-
fully different, although the constrained case shows very slightly improved stability. In reality the two mirror
sides do have very small difference coming from other effects, but for this analysis the difference it is of little
concern. From this point on in presentation, we only consider the case with ag constrained to zero to discuss
results from before and after crosstalk correction.

Figure 8 gives the lifetime trend of the linear and quadratic calibration terms a; and a, for band 27. These are
derived using the aforementioned data sets before and after the crosstalk correction. From Figure 8a, it is
noticed that the linear term a; for the various detectors has trended slightly differently with the largest
change observed for detectors 1 and 2. Also, the apparent disparity in the a; for the various detectors is
reflective of the fact that the detector responses are not completely balanced as expected since they are basi-
cally of the same electronic circuitry. With the crosstalk corrections applied, these detector-to-detector differ-
ences in a; are significantly reduced and the remaining differences are primarily due to the electronic offsets
of the individual detectors, which can be seen since the beginning. Consistent with our previous work, the
long-term upward drifts, which are noticeable before the crosstalk correction, are significantly removed.
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Figure 7. Calibration offset terms obtained from the fitting without the constrain that ag is kept 0 before and after the EC
correction: (a) band 27 aq (before), (b) band 27 ag (after), (c) band 27 ag mirror side difference (before), and (d) band 27 ag
mirror side difference (after).

These are well illustrated through Figure 8b. Finally, the higher quadratic term a, is analyzed. A compensation
of the a, magnitude is observed before and after the crosstalk correction (illustrated by Figures 8c and 8d),
which would ensure that the radiometry of the responses is well accounted for at the higher end of the instru-
ment dynamic range.

Similar results to the band 27 are seen for band 28 in Figure 9. Figures 9a and 9b compare the a, term before
and after the crosstalk correction. As with the case of the band 27, the a; term for the various detectors is
improved on two counts. First, the long-term upward drift is reduced for all the detectors. Second, the detec-
tor responses are well equalized, thereby reducing the detector-to-detector differences [Sun et al.,, 20153,
2015c]. Finally, the nonlinear higher-order term a, is also corrected and is reduced in magnitude for the var-
ious detectors, in particular, for detectors 2 and 8. Consistent with the ay and a, trends, the variability of the
a, term for all the detectors is also reduced considerably. These are illustrated through Figures 9c and 9d.

Moving on to the band 29, Figures 10a and 10b illustrate the a, trends before and after the crosstalk correc-
tion. Detectors 6, 7, and 9 have the largest change before and after the crosstalk correction. Consistent with
the results previously reported [Sun et al., 2015c], the a, trends are quite similar as the large long-term drifts
and the within detector variability is both significantly reduced. The a, trends both before and after the cross-
talk correction as shown in Figures 10c and 10d are in synchronization with the behavior observed in the
band 28. It is noted that in the case of band 29, detector 6 is the maximally affected in terms of both the gain
and noise [Sun et al., 2015c]. Significant improvements are noted for this particular detector after the
crosstalk correction.
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Figure 8. Calibration linear and nonlinear terms before and after the EC correction for band 27: (a) a; (before), (b) a; (after),
(c) ay (before), and (d) a, (after).

At the time of the completion of this paper, the work on the band 30 has been published [Sun et al., 2016].
Here we include some results that are also fully discussed in the band 30 analyses. Finally, the results for
the band 30 are presented in this paragraph. Figures 11a and 11d summarize the impacts on the calibration
terms a, and a, before and after the crosstalk correction. From the trends shown in Figures 11a-11d, two
detectors 8 and 9 behave in a noisy fashion. In fact, detector 8 has been classified to be an out of family detec-
tor in the quality assurance flag in the L1B product. However, the crosstalk correction successfully removes
these artifacts. From the a; trends shown in Figures 11a and 11b, it is quite clear that the apparent
detector-to-detector disparity is considerably removed leading to a well-equalized a, trend after the crosstalk
correction. Most importantly, the a, trends show a definite crosstalk contamination effect on the detector 8
responses. Referring to Figures 11c and 11d, it is very evident that this detector had the largest change start-
ing 2001 and has significantly increased to at least 4 times larger in magnitude. A large change is observed for
detector 8 later in the mission where the a, term spikes to as high as 4 x 107%, which is at least a magnitude
larger than those shown in Figures 8-10 for bands 27, 28, and 29. After the correction (Figure 11d), the a,
trend for detector 8 and other detectors seem to be well equalized and stable over the lifetime. They are also
significantly reduced by a factor ranging from 2 to 10. Comparing Figures 8-11, it can be seen that the cross-
talk effect has much larger impact on the a, of band 30 than on that of other bands.

Overall, Figures 8-11 demonstrate that the unexpected abnormal features in the ay and a, terms of the
four LWIR PV bands, derived from the WUCD calibration without the application of the crosstalk correction,
are mainly induced by the crosstalk contamination among themselves. This is first time that the source of this
long-standing issue is understood and that a solution has been provided. From Figures 4 and 6, it can also be
understood that why ag and a, of the band 30 would have the largest impact by the crosstalk effect—it is

SUN ET AL.

CROSSTALK IN MODIS BB WUCD CALIBRATION 8321



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025170

D1 D3 D5 D1 D3 D5

0.0045 — — 0.0045 — —
[ D7 D8 D9 7 [ D7 D8 D9

0.0040 — w 0.0040— -

: ] PR s ]

al
at

4

)%,

=
e.00s0 I I I I I I I ] o C I I I I I I I ]
2000 2002 2004 2008 2008 2010 2012 2014 2000 2002 2004 2008 2008 2010 2012 2014

Year Year
a. b.

B2 T et L L 1.5x107— T T T T T T T

D1 D3 D5 ] [ D1 D3 D5
L D7 D8 Do 4 L D7 D8 [=:]
1.0x107— = 1.0x107

5.0x10% 5.0x10®

a2
a2

5.0x10°— - 5.0x10° - —
| | | | | | | | C | | | | | | |
2000 2002 2004 2006 2008 2010 2012 2014 2000 2002 2004 2006 2008 2010 2012 2014
Year Year
c. d.

Figure 9. Calibration terms before and after the EC correction for band 28: (a) a; (before), (b) a; (after), (c) a, (before), and
(d) ay (after).

because the band 30 not only has the largest crosstalk coefficients but also its crosstalk sending bands have
much larger instrument responses during the WUCD calibration. This combination, as the effect multiplies as
shown in equation (1), along with the band 30 responses being twice as small, resulted in the largest percen-
tage of error for the band 30 in its ag and a, coefficients.

5. Improvements in EV Imagery

In this section, we discuss the impact of the crosstalk correction on the EV retrievals via three sets of data.
The first set is from the MODIS C6 L1B [Wenny et al., 2012b; Xiong et al., 2013] which is without any electro-
nic crosstalk correction at any level. The second set is with the crosstalk correction applied to routine BB
calibration and EV retrievals but not to BB WUCD calibration [Sun et al., 2014a, 2014b, 2014c, 2015a,
2015b, 2015c]. The third set is with crosstalk correction fully applied at all levels: apply the crosstalk correc-
tion in BB WUCD calibration first to obtain the corrected ag and a,, then use the corrected aq and a, and
apply the crosstalk correction (equation (6)) again in routine BB calibration to obtain corrected b1, and
finally use the corrected aq, a,, and b; and apply the crosstalk correction (equation (6)) one more time in
MODIS C6 L1B to produce EV retrievals. For the band 30, the detailed analysis and comparison of the three
sets of data has already been reported [Sun et al., 2016]. Here we focus on the improvements in EV imagery
and show the importance of the crosstalk correction to ag and a; in rectification of the L1B products for
Terra MODIS LWIR PV bands.

Figure 12a shows the measured band 30 EV images and profiles along track on 16 July 2012 at site near Baja
Peninsula. Figure 12b is the C6 L1B brightness temperature BT with crosstalk correction applied but offset
and nonlinear term. Figure 12c is the BT with crosstalk correction fully applied. The striping is clearly seen
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Figure 10. Calibration terms before and after the crosstalk correction for the band 29: (a) a; (before), (b) a; (after), (c) a>
(before), and (d) a, (after).

in the C6 image, and the striping becomes even stronger when the crosstalk correction is only applied to the
linear term and the EV retrievals but not to the offset and nonlinear term. Figure 12¢ shows the BT image after
the crosstalk correction fully applied, in which the striping is almost perfectly removed. Figure 12d shows the
BT profiles along track for the middle pixel along scan. To more clearly display the differences among the
three curves in Figure 12d, the BT profiles with pixels numbers within 300 and 400 are enlarged and displayed
in Figure 12e. Figures 12d and 12e confirm the aforementioned observations from Figures 12a-12c. The strip-
ing is about 4 K in original C6 L1B without the crosstalk correction, 8 K with the crosstalk correction applied to
routine BB calibration (b1) but no crosstalk correction applied to WUCD calibration (ag and a,), and less than
1 Kwith the crosstalk correction applied to all components, ag, a,, and b4, and EV retrievals. This indicates that
the application of the crosstalk correction to the WUCD calibration (ag and a,) is vital for band 30 and has to
be applied to the WUCD calibration in addition to the routine BB calibration (b;) and the L1B EV retrievals. The
significant striping reduction in the EV images is a direct demonstration of the improvement of the EV retrie-
val accuracy considering this mitigation comes from the very fundamental improvement in instrument cali-
bration and not one of arbitrary image analyses. Thus, Figure 12 clearly demonstrates that the crosstalk
correction is necessary for rectification of the quality and accuracy of the Terra band 30 L1B products [Sun
et al, 2016]. For the band 30, applying the correction only to the linear term cannot rectify the retrievals
due to the acute impact of the nonlinear term. This demonstrates that the minor terms can become funda-
mentally important for some cases.

Figure 13 shows the similar BT images and profiles for band 27. Strong striping is clearly seen in Figure 13a.
Figure 13b demonstrates that the crosstalk correction significantly reduces the striping and improves the
quality of the image even though the correction is not applied to the offset and the nonlinear term. This is
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Figure 11. Calibration terms before and after the crosstalk correction for the band 30: (a) a; (before), (b) a; (after), (c) a>
(before), and (d) a> (after).

expected and has been demonstrated in our previous work [Sun et al., 2014a]. Figure 13c shows the BT image
with the crosstalk correction fully applied. The striping is further reduced compared to that in Figure 13b.
Figure 13d shows the BT profiles along track for the middle pixel along scan. Figure 13e is an enlargement
of a subimage of Figure 13d to more clearly display the differences among the three profiles, same as
Figure 12e for Figure 12d. They are consistent with the three images in Figures 13a-13c. The striping is
reduced from about 10K in original C6 L1B without the crosstalk correction to 2 K with the crosstalk correc-
tion but no crosstalk correction applied to ag and a,, and further to 1.7 K with the crosstalk correction applied
to ag, dp, and by, and EV retrievals. This indicates that the crosstalk correction applied to routine BB calibration
(by) significantly reduces the striping, and the application of the correction to the WUCD calibration (ao and
a,) further improves the quality of EV imagery. As previously mentioned, this striping reduction due to the
fundamental improvement in instrument calibration is a direct demonstration of the improvement of the
EV retrieval accuracy. Figure 13 demonstrates that the impact of the crosstalk effect in the offset and non-
linear term on the L1B products is relatively small for the Terra band 27. This is also true for the bands 28
and 29. Considering their very similar performance compare to the band 27 and our focus on the WUCD cali-
bration in this work, we elect not to show the BT images and profiles for the bands 28 and 29. The relative
small impact of the crosstalk effect in the offset and nonlinear term on the L1B products is of different beha-
vior from the band 30 that fully enters the nonlinear regime as explained in the previous section. This vali-
dates the results and conclusions in our previous investigations for the bands 27-29, in which the crosstalk
correction was not applied to the offset and the nonlinear term and demonstrates that the linear term is
indeed dominant [Sun et al., 2014a, 2014¢, 20153, 2015c]. Nevertheless, the application of the crosstalk cor-
rection to the two minor terms further improves the quality and accuracy of the L1B products and should
be included in future investigation or implementation of the crosstalk correction. It should be stated with
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Figure 12. Crosstalk induced striping and the striping removal in BT of the Terra MODIS band 30 near Baja Peninsula in
2012: (a) C6 BT before the crosstalk correction; (b) C6 BT with the crosstalk correction but no crosstalk correction applied
in ag and a,; (c) C6 BT with the crosstalk correction applied to ag, a,, and by, and EV; (d) profiles along-track direction for all
three cases; and (e) enlarge of the profiles in Figure 12d for the pixels with pixel number from 300 to 400.
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Figure 13. Crosstalk induced striping and the striping removal in BT of the Terra MODIS band 27 near Baja Peninsula in
2012: (a) C6 BT before the crosstalk correction; (b) C6 BT with the crosstalk correction but no crosstalk correction applied
in ag and a»; (c) C6 BT with the crosstalk correction applied to ag, a,, and bq, and EV; (d) profiles along-track direction for all
three cases; and (e) enlarge of the profiles in Figure 13d for the pixels with pixel number from 300 to 400.
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caution that the crosstalk effect is continually evolving, and its impact on the nonlinear terms for the bands
27-29 may become significant in the future.

Overall differences among the three profiles are clearly seen in both Figures 12 and 13. It already has been estab-
lished in our previous investigations [Sun et al., 2014a, 2014b, 2014c, 2015a, 2015b, 2015¢, 2016] that the cross-
talk effect induces a long-term drift in EV brightness temperature besides striping. In other words, the crosstalk
contamination induces radiometric errors as well. The errors become larger with time due to the increasing
severity of the crosstalk effect [Sun et al,, 2014b]. The crosstalk contamination is also scene dependent due to
the sending bands, as described in equation (1); and thus, the errors are scene dependent as well. Since the
crosstalk correction removes or reduces the errors due to the crosstalk contamination, the overall differences
among Figures 12a-12c and 13a-13c demonstrated in Figures 12d and 13d and Figures 12e and 13e,
respectively, are expected and reflect the level of the radiometric improvement by the crosstalk correction.

Some striping still remains in both Figures 12c and 13¢, where the crosstalk correction has been fully applied.
The residual striping is about 1.7 K for the band 27 and less than 1K for the band 30. The remaining striping
can be induced by other reasons as well. For example, MODIS reflective solar bands also have strong striping
but without the crosstalk effects. In other words, numerous errors can cause striping. As shown in our pre-
vious investigations [Sun et al., 2014b, 2015a, 2015¢, 2016], differences among the brightness temperatures
obtained by different detectors are strongly seasonal dependent and increase with time before crosstalk cor-
rection. After crosstalk correction, they are not only significantly reduced as shown in Figures 12 and 13 but
also become seasonal independent and time independent. This is an indication that the remaining striping
may be induced by other mechanisms. Further investigation for the cause of the remaining striping and
improvements of the TEB calibration method is needed, but they are beyond the scope and the purpose
of this work.

Summary

We have shown that the correction for the crosstalk effect in WUCD is of fundamental importance to the
four affected PV bands in Terra MODIS. Although previous investigations on bands 27-29 address only
the linear calibration term, the new and the greater scope covered in this examination of WUCD establishes
that the electronic crosstalk affects all four bands in the same fashion, although the manifestation may be
band dependent. In bands 27-29 the crosstalk contamination in ay and a; is not critical, while in band 30
the correction for contamination in ag and a; is vital. It is remarkable that the linear theory and the correc-
tion algorithms work so well at all levels and over all conditions investigated. What we can understand is
that crosstalk contamination is an underlying effect affecting these bands in exactly the same way and
can be captured by a good model and be mitigated by a common algorithm despite complex and confus-
ing manifestation in the instrument response. It is shown here that the sudden changes and all other unex-
pected abnormal features observed in the current C6 Terra MODIS PV LWIR bands (27-30) calibration
coefficients, ag, a;, and a,, of the TEB quadratic model are effectively removed by the crosstalk effect
correction fully applied to all levels. Further, the crosstalk corrections on the minor calibration terms, i.e.,
dg and a,, proved the effectiveness of the correction over the entire operating dynamic range of the instru-
ment. The dramatic striping reduction in the EV imagery when crosstalk correction is fully applied to all
levels provides the most direct proof that this complex phenomenon indeed has been properly character-
ized. As the MODIS Collection 6 is without electronic crosstalk correction, the implementation of the
crosstalk correction in MODIS L1B is necessary and will significantly improve the image quality and the
radiometric accuracy of the MODIS L1B retrievals, which will in turn improve the long-term science climate
data. Additionally, the Visible Infrared Imaging Radiometer Suite (VIIRS) on board the Suomi National Polar-
orbiting Partnership (SNPP) satellite has been on orbit for more than 4.5 years and has taken on the leading
role as a major instrument. The crosstalk effect has been observed in its LWIR bands early in the mission
even though it is much smaller than that observed in Terra MODIS LWIR PV bands [Sun et al., 2012]. In fact,
observable striping has been found in the SNPP VIIRS LWIR bands, thus indicating possible crosstalk effect.
The methodology for crosstalk correction which we have developed can be applied to the SNPP VIIRS LWIR
bands to improve the quality of the Sensor Data Records of these bands. The follow-up VIIRS instruments
such as Joint Polar Satellite System (JPSS)-1, JPSS-2, etc. may also have crosstalk contamination, and the
methodology can be applied to them as well.
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