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ABSTRACT

Terra MODIS has provided continuous global observations for science research and applications for more
than 18 years. The MODIS Thermal emissive bands (TEB) radiometric calibration uses a quadratic function
for instrument response. The calibration coefficients are updated using the response of an on-board blackbody
(BB) in quarterly warm-up and cool-down (WUCD) events. As instrument degradation and electronic
crosstalk of long-wave infrared (LWIR) bands 27 to 30 developed substantial issues, accurate calibration is
crucial for a high-quality L1B product. The on-board BB WUCD temperature ranges from 270 K to 315 K
and the derived nonlinear response has a relatively large uncertainty for the offset, especially for these LWIR
bands, which affects the measurements of low brightness temperature (BT) scenes.

In this study, the TEB radiometric calibration impact on the L1B product is assessed using selected cold
targets and the measurements during regular lunar rolls. The cold targets include Antarctic Dome Concordia
(Dome-C) and deep convective clouds (DCC) for the calibration assessment, focusing on bands 27 to 30.
Dome-C area is covered with uniformly-distributed permanent snow, and the atmospheric effect is small and
relatively constant. Usually the DCC is treated as an invariant earth target to evaluate the reflective solar band
calibration. The DCC can also be treated as a stable target to assess the performance of TEB calibration.
During a scheduled lunar observation event with a spacecraft roll maneuver to view the moon through the
space view port, the instrument cavity provides a stable reference for calibration assessment. The long-term
trending of BT measurements and the relative difference between scan mirror sides and detectors are used for
the assessment of the calibration consistency and stability. The comparison of L1B products over the selected
targets before and after the calibration coefficients update can be used to assess the impact of a calibration
look-up table (LUT) update. This assessment is beneficial for future calibration algorithm and LUT update
procedure improvements for enhancing the L1B product quality.
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1. INTRODUCTION

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra satellite has operated for
more than 18 years in mission since its launch in 1999 [1-4]. The instrument has provided continuous global
observations for science research and applications. Measurements from the MODIS instrument have
produced an unprecedented amount of science data products with primary applications for studies of the
Earth’s land, ocean and atmosphere [5-9]. MODIS has 36 spectral bands, where bands 1 to 19 and 26 are
reflective solar bands (RSB) covering a wavelength range of 0.41 um to 2.1 pum and bands 20 to 25 and 27 to
36 are thermal emissive bands (TEB) with a wavelength range of 3.8 um to 14.2 um. The onboard solar
diffuser (SD) and Blackbody (BB), together with lunar observations and Earth view measurements, are used
for post-launch calibrations. After 18 years of on-orbit operation, the electronic crosstalk among bands 27 to
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30 has increased substantially which caused biases in the EV brightness temperature (BT) measurements,
surface feature contamination, and other downstream products such as water vapor and cloud mask. The
crosstalk in these bands has been characterized and corrected using lunar measurements. The calibration
coefficients obtained from lunar measurements are updated regularly to maintain accuracy and consistency of
the L1B product, especially for the increasing contamination from electronic cross-talk in the PV LWIR
bands. This is particularly important to characterize the instrument response change after the February 2016
safe mode [10]. The electronic cross-talk correction for bands 27-30 of Terra MODIS is derived using
observations of the Moon. Lunar roll event are scheduled monthly and the cross-talk coefficients are updated
whenever the change in the coefficients exceed the update criterion. The correction of the PV LWIR bands
cross-talk has been implemented in Collection 6.1 (C6.1) for both on-orbit calibrations and Earth radiance
retrieval over the entire mission [10]. The implementation of cross-talk correction results in improvement of
calibration accuracy and reduction of image artifacts.

During quarterly-scheduled warm-up and cool-down (WUCD) on-orbit calibrations, the BB temperature
ranges from 270 K to 315 K. The instrument nonlinear coefficients, which are derived using the WUCD data,
are updated following the LUT delivery procedure [11, 12]. Due to the challenge of accurately determining a,
from these on-orbit WUCD calibrations, the C6.1 algorithm handles a0 differently for the two mirror sides.
To assess the impact of the a, uncertainty, cold targets can be used to provide a good indication for the
calibration consistency between the two mirror sides. Due to the degradation in the instrument performance
after the safe mode event of Feb. 2016, it has become necessary to revisit the existing a, and a, coefficients
update procedure, particularly for the PV LWIR bands.

This paper focuses on the analysis of the Terra MODIS TEB nonlinear calibration coefficients ay and a, LUT
update procedure and its impact on the Level 1B (L1B) product for C6.1 [10-12]. The cold targets, Dome-C
and deep convective clouds (DCC), are used for this assessment. The scheduled lunar events provide the
measurement of the cavity temperature that is lower than the BB nominal temperature. Cavity measurements
provide another reliable data source to assess the calibration consistency. Section 2 presents the background
of the MODIS calibration algorithm for the TEB and the Terra safe mode in February 2016. The Terra
calibration update and its impact on the L1B product are presented in section 3. Section 4 discusses the
assessments using cold targets and scheduled lunar events.

2. BACKGROUND
2.1 MODIS calibration algorithm and Collection 6.1

MODIS has 16 TEB covering the mid-wave infrared (MWIR: bands 20-25) and long-wave infrared (LWIR:
bands 27-36) spectral regions. All TEB are located on two cold focal plane assemblies (CFPAs): a short-wave
and mid-wave infrared (SMIR) FPA and a long-wave infrared (LWIR) FPA. Bands 20-30 consist of ten
photovoltaic (PV) detectors per band, while bands 31-36 consist of ten photoconductive (PC) detectors per
band. The CFPAs are nominally controlled on-orbit at 83K using a passive radiative cooler. An on-board
calibrator blackbody (BB) is used for the TEB calibration, with a variant temperature ranging from instrument
ambient temperature (about 270 K) to 315 K measured using a set of 12 uniformly-distributed thermistors.
Normally, it is set at 290 K for Terra MODIS, as shown in Figure 1. The on-board BB serves as the primary
calibration source while the space view (SV) provides a reference for the instrument background and offsets.
MODIS TEB calibration uses a quadratic calibration algorithm on a scan-by-scan basis for each TEB detector
and for each side of the scan mirror. The BB WUCD is used to characterize the instrument nonlinear response
coefficients on-orbit. The linear coefficient of the response function for each TEB is calibrated scan-by-scan
with the nonlinear coefficient and offset from a LUT [11, 12].
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The TEB calibration is based on a quadratic algorithm that converts the digital response of the sensor to
calibration radiance (Lc4.). The calibration radiance from the BB is adjusted for instrument self-emission due
to the response versus scan angle (RVS) effect,

Lcar, = RVSppeppLlpp + (RVSsy — RVSgp)Lgy + RVSpp(1 — epp)ecavlcar (D

where ¢ is the emissivity of the sources and L is the radiance from BB, scan mirror, and cavity. A quadratic
function is used for the calibration of the instrument response, as shown in Eq. (2)

Lear = ag + bydngg + aydngpg 2

Equations (1) and (2) are used for the WUCD calibration, with the offset term a,, the quadratic term a, and
digital response of the BB given in digital count (dngg). The linear coefficient for Earth radiance retrieval can
be expressed as

by = [RVSgpeppLlpp + (RVSsy — RVSpp)Lsy + RVSpp(1 — epp)écavLcar — ao — aZdnlz?B]/dnBB
3)

With the calibration coefficients, retrieval of Earth view radiance can be found using

1
LEV = m [ao + bldnEV + azdnl_zijv_(RVSSV - RVSEV)LSM] (4)

In the above calibration equations, the terms RVS and ¢, are determined pre-launch whereas the ao, a,, and the
band 21 b; coefficients are updated quarterly (if necessary) using on-board BB WUCD measurements.
Equations (1) and (2) summarize the calibration operation performed on all TEB detectors on a scan-by-scan
basis. The calibration terms ay and a, shown in Equation (2) are computed on a quarterly basis during the BB
WUCD process and after the cross-talk correction for the PV-LWIR bands.

The strategy for these updates in Terra C6.1 are summarized in Table 1. In addition, band 21 b; is derived
using BB cool down events with the offset and nonlinear term forced to zero in the fitting (not shown in Table
1). For C6.1, the BB dn is corrected for PV LWIR bands 27-30 cross-talk.
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Figure 1. The BB temperature during an on-orbit WUCD event. The red symbols are the WU data,
with the CD data in blue used for calibrations. For C6.1, CD data are used for deriving the
coefficients.
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Table 1. Terra MODIS C6.1 calibration algorithm and procedure for LUT updates.

Band tem::;r;;ure NEdT C8.1 callbration Cross-talk LUT update
{Ttyp} {¥} algerithm carraction procadura
20 300 0.08
22 300 0.07
23 300 0.07 g ms = C
24 250 0.25 oo )
ag = a, Lie AUS ic
25 27% 025 | T et criterion (2*NEIT@
27 240 0.26 " Ltyp and 2*NEdT@
28 250 D.25 CDa, nY D.3Ltyp), an update
electronic | s issued.
29 300 0.08 crosg-falk
30 250 0.25 The update uses a
1 11018.9 300 0.06 moving window
32 120321 300 0.05 average of last four
33 132366.0 260 0.25 =0 e measyrements of 20
3 13683.3 260 0.23 cDa, optical '
28 13913.2 240 0.25 cross-talk
38 141956 220 0.35

2.2 Terra safe mode

The Terra spacecraft entered safe mode in February of 2016 (02/18/2016: 14:33:17Z) during an inclination
adjust maneuver. This caused MODIS to enter safe mode as well in which the nadir and space view doors
were closed. On 02/22/2016, the Terra spacecraft was successfully recovered from safe mode back to science
mode, with the key telemetry temperatures, such as BB, instrument temperature, electronic temperature, and
CFPA temperature, stabilized after day 02/27/2016. A gain change was observed for most detectors along
with increased noise levels. Figure 2 shows the response changes of selected TEB where band 31 shows
stable behavior and bands 27 and 30 have large cross-talk impacts. A WUCD calibration was performed from
03/02/2016 to 03/05/2016. With updated QA and calibration coefficients (ao, a,), the LUT was delivered on
03/10/2016 (2016/070). The 2016 safe mode caused a large impact on response and stability, including
calibration coefficients and noise equivalent temperature difference (NEdT), on PV LWIR bands 27-30. The

magnitude of electronic crosstalk contaminations for these bands was also significantly affected [10].
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Figure 2. The instrument response changes due to safe mode for each detector of band 27 (top), 30
(middle), and 31 (bottom). The dashed line indicates the safe mode.
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3. TERRA TEB CALIBRATION UPDATE

The long-term trending of calibration coefficients shows the instrument stability and impact of instrument
events, such as the safe mode in February 2016. Figures 3 and 4 show the long-term trending of band-
averaged calibration coefficients a, and a, of bands 27 to 30, respectively. The a, coefficients for mirror side 2
(mirror side 1 a, is set to 0) are relatively stable before safe mode and the updated coefficients are from the
average of 4 WUCD events. After safe mode, because the instrument behavior showed significant changes,
the a, coefficient updates were derived from each individual WUCD event rather than from a moving average
of the previous 4 WUCD events, with the a, coefficient showing a jump for these 4 bands. Similarly, the a,
coefficients show an upward trend before the safe mode event. After recovery from safe mode, the first
WUCD calibration was performed on 2016/062. These coefficient jumps might cause an impact on the L1B
product. In addition, the algorithm of a, coefficient is different for the two mirror side. The moving average
procedure was reestablished after 4 WUCD events (approximately one year after safe mode) once the
coefficients began trending nominally. The use of cold targets can be very helpful for the assessment of the a,
uncertainty impact on the L1B product before and after this event. The warm secen should be used for

assessment of a, uncertainty impact. From the feedback from science team and our analysis, the ay uncertainty
has large impact.

Figure 3. The long-term trending of band-averaged calibration coefficients a, for mirror side 2 (mirror side 1
ao is set to 0) of delivered LUTs for bands 27 to 30. The line is the average of the coefficients before safe

mode.
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Figure 4. The long-term trending of band-averaged calibration coefficients a, of delivered LUTs for bands 27
to 30. The a, for the two mirror sides are very close.

4. CALIBRATION CONSISTENCE ASSESSMENT

4.1 Assessment using Dome-C

4.1.1 Dome-C BT measurement

Dome-C (75.12°S, 123.395°E) in Antarctica, as shown in Figure 5, has been identified as one of ground
targets for evaluating and validating the sensors calibration accuracy. It is one of the most homogeneous
Earth View (EV) targets and is situated near the Italian-French base of Concordia in a high polar plateau
region with a mean elevation of 3200 m. The typical seasonal temperature variation ranges from 200 K in
winter to 250 K in summer. Due to relative uniformity, long-term stability, dry atmosphere, low aerosol
loading and wind speed, low cloud cover and frequent satellite overpasses, Dome-C is well-suited for
tracking the calibration stability and consistency of satellite sensors. It has been identified as one of ground
targets for evaluating and validating the calibration accuracy of different sensors by the Committee on Earth
Observation Satellites-Working Group on Calibration and Validation (CEOS-WGCV) [13-15]. Since 1995,
the University of Wisconsin-Madison's Antarctic Meteorological Research Center (AMRC) has operated an
Automatic Weather Station (AWS) at Dome-C collecting various meteorological measurements at 10-minute
intervals and the data is available through the File Transfer Protocol site (//amrc.ssec.wisc.edu/pub/aws/).
Because Dome-C is a high-latitude site, Terra passes over the site multiple times per day. In this work, only
near-nadir MODIS observations of Dome-C are used in order to eliminate any possible bias due to scan angle
affects.
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Figure 5. Illustration of Dome-C site used for sensor performance trending and comparison.

4.1.2 Results

In this paper, the assessment focuses on the mirror side differences at low BT. The mirror side difference is
defined as mirror side 2 measurement minus mirror side 1 measurement. Typical Dome-C temperature ranges
from 200 K to 250 K and provides feasibility to assess the impact of the a, uncertainty on the L1B products at
low temperatures. Figure 6 shows the mirror side difference for bands 27 to 30 from January of 2015 to
January 2018, with the red vertical dashed line indicating the safe mode event and the purple lines are the
dates of the calibration coefficients ay and a, LUT deliveries. The safe mode event causes a discontinuity in
the trend of mirror side differences for these bands, which is likely due to the a; LUT update. After safe
mode, the mirror side differences gradually return to pre-safe mode levels. This assessment shows the impacts
of safe mode along with the differences between the a, calibration algorithms of the two mirror sides.
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Figure 6. The mirror side difference for bands 27 to 30 from 2015 to January 2018 from the Dome-C site. The
red vertical dashed line indicates the 2016 safe mode and the purple lines are the dates of the calibration
coefficients ap and a, LUT deliveries.

4.2 Assessment using DCC
4.2.1 DCC characterization

DCCs are cold bright targets that are near-Lambertian at low solar and view zenith angles. Their consistent
reflectance in the visible and near infrared (VIS/NIR) spectrum, combined with a minimal amount of water
vapor and aerosols when viewed from space, makes them suitable targets for sensor calibration and inter-
comparison for the reflective bands of satellite sensors [16, 17]. Doelling et.al using a DCC technique to
verify instrument calibration and instrument gain degradation [16]. DCC techniques have also been applied to
the calibration of geostationary (GEO) sensors that typically have limited on-orbit calibration capability. Most
of the work associated with DCCs is currently focused on sensor inter-comparison and stability assessment of
reflective bands. DCCs are also used for MODIS performance assessments [18, 19].

The homogeneity of the visible reflectance and IR BT can be used to remove pixels at the cloud edge. The
DCC pixel identification and selection in this work followed the procedure described in reference [16, 18].
Potential DCC pixels are identified as any pixel with a 11-um (MODIS band 31) BT less than 205 K within
the latitude range of 30°N to 30°S over all surface types. The standard deviations of the IR temperature and
the visible 0.6 um reflectance were computed over all 3 x 3 pixel blocks surrounding each potential DCC
pixel. If the standard deviation of the IR temperature was larger than the threshold of 1K or the reflectance
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standard deviation was larger than 3%, this potential DCC pixel was discarded to remove the DCC pixels
from the cloud edges. Figure 7 shows a DCC image from MODIS observations.

5 300

150 175 200 225 250 27
Brightness Temperature (K)

Figure 7. An example of a DCC image from MODIS observations (granule 2014305.0125).

4.2.2 Results

The BT of DCCs for MODIS band 31 should be below 205 K. Figure 8 shows the comparison of the
temperature distribution between the two mirror sides before and after safe mode, with the top two plots
showing band 31 and the bottom plots showing band 27. The distribution is defined as the histogram
normalized to its maximum. For band 31 there is no significant mirror side difference and no significant safe
mode impact. For band 27, however, there is a slight mirror side difference before safe mode. This mirror side
difference in band 27 becomes enlarged after the safe mode event. Figure 9 shows the mirror side difference
for bands 27 to 30 from 2015 to January 2018, derived from DCC observations, with the red vertical dashed
lines indicating the safe mode event and purple lines are the dates of the calibration coefficients a, and a,
LUT deliveries. The safe mode event causes a jump in the mirror side difference which is generally due to the
a9 LUT change. Similar to the Dome-C results, the mirror side difference gradually returns back to pre-safe
mode levels. This assessment also shows the impacts of safe mode and difference of a, calibration algorithm
of the two mirror sides.
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while right plots are for after safe mode. Blue is for mirror side 1 and red is for mirror side 2.
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Figure 9. The mirror side difference derived from DCC observations for bands 27 to 30 from 2015 to January
2018. The red vertical dashed line indicates the safe mode and purple lines are the dates of the calibration
coefficients ay and a, LUT deliveries.

4.3 Assessment using cavity temperature of scheduled lunar event

4.3.1 Scheduled lunar event

MODIS lunar observations have been extensively used to support the on-orbit calibration and
characterization, including radiometric stability monitoring for RSB and TEB, spatial characterization for
sensor band to band registration (BBR) and modulation transfer function (MTF), optical leak and crosstalk,
and sensor calibration inter-comparison [20, 21]. MODIS lunar observations are scheduled approximately
monthly with the lunar phase angle within a small range of 55 ° to 56° for Terra MODIS, with the waning
moon viewed through the SV port. The scheduled lunar observations are made during the spacecraft
nighttime using spacecraft roll maneuvers. A data sector rotation is applied to capture the moon image at the
Earth view sector. In this work, to assess the calibration impact on cold targets, the cavity temperature
measurements are used rather than the moon image. Figure 10 shows the MODIS cavity and the image during
the scheduled moon events.
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Figure 10. The top image during a lunar event with data sector rotation. The moon is shown in the frames
corresponding to the SV. The lower image shows the cavity BT of band 31 after the lunar observation.

4.3.2 Results

The selection of the portion of the cavity during lunar events uses band 31 BT around the telemetry cavity
temperature. The selected frame are used for all the bands to assess the calibration consistency of the mirror
side differences. The space view is used as background. Figure 11 shows the BT mirror side differences for
bands 27 to 30 from 2015 to January 2018 with focus on the safe mode impact. The red vertical dashed line
indicates the safe mode event and purple lines are the dates of the calibration coefficients ay and a, LUT
deliveries. The safe mode event causes a jump in the mirror side difference which is generally due to the a,
LUT change. These results are consistent with Dome-C and DCC results. After the jump caused by safe
mode, the mirror side gradually returns to pre-safe mode levels. This assessment also shows the impacts of

safe mode and difference in the a, calibration algorithm of the two mirror sides.
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Figure 11. The BT mirror side differences for bands 27 to 30 from 2015 to January 2018 using the cavity
measurements during lunar events. The red vertical dashed line indicates the safe mode event and purple lines
are the dates of the calibration coefficients a, and a, LUT deliveries.

5. SUMMARY

The crosstalk effects on the Terra MODIS PV LWIR bands 27 to 30 have increased significantly in recent
years, especially after the safe mode in February 2016. After this event, the instrument response initially
changed rapidly and the a, coefficient update derived from each individual WUCD event rather than the pre-
safe mode 4 WUCD average. The moving average procedure was reestablished after 4 WUCD events
(approximately one year after safe mode), with the a, uncertainty having impacted the L1B product. In
Collection 6.1, the PV LWIR crosstalk is characterized and corrected using lunar measurements. Accurate
determination and update of the offset coefficient using measurements from BB WUCD are challenging. This
work focuses on the assessment of calibration consistency and the delivery procedure impact on the L1B
product.

The use of observations over cold targets provide feasibility of analyzing the offset impact on the products.
The cold targets, Dome-C, DCCs, and cavity measurement during scheduled Iunar events are used in this
work. Due to the atmospheric effects, the results from Earth targets may have extra bias. The extra bias can be
also scene dependent and seasonal dependent. For the impact from uncertainty of a,, the impact on L1B
should be BT dependent. The Dome-C temperature has seasonal variation and range from 200 K to 250K.
This variation can cause changes of the mirror side difference for the same a, error. DCC temperature is more
stable since the pixel selection uses band 31 BT. The atmospheric effect on DCC is lower. The results from
DCC is more stable. The cavity BT is stable and there is no any atmospheric effect. The result should be more
reliable than other Earth view measurements around the same BT range.
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