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Abstract. The Moderate Resolution Imaging Spectroradiometer (MODIS) instruments have
successfully operated for more than 18 and 16 years, respectively, on-board the NASA’s
Earth Observing System Terra and Aqua spacecraft. Both Terra and Aqua MODIS have signifi-
cantly contributed to the advance of global Earth remote sensing applications with a broad range
of science products that have been continuously produced since the beginning of each mission
and freely distributed to users worldwide. MODIS collects data in 20 reflective solar bands
(RSB) and 16 thermal emissive bands (TEB), covering wavelengths from 0.41 to 14.4 um.
Its level 1B (L1B) data products, which provide the input for the MODIS high-level science
products, include the top of the atmosphere reflectance factors for the RSB, radiances for
both the RSB and TEB, and associated uncertainty indices (UI) at a pixel-by-pixel level.
This paper provides a brief review of MODIS L1B calibration algorithms, including a number
of improvements made in recent years. It presents an update of sensor calibration uncertainty
assessments with a focus on several new contributors resulting from on-orbit changes in sensor
characteristics, approaches developed to address these changes, and the impact due to on-orbit
changes on the L1B data quality. Also discussed are remaining challenges and potential improve-
ments to be made to continuously maintain sensor calibration and data quality, particularly those
related to the quality of MODIS L1B uncertainty. © 2018 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JRS.12.034001]
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1 Introduction

The Moderate Resolution Imaging Spectroradiometer (MODIS) is one of the key instruments for
the NASA Earth Observing System (EOS) Terra and Aqua missions that have operated success-
fully for more than 18 and 16 years since their launches in December 1999 and May 2002,
respectively.'* MODIS is a scanning radiometer that collects data in 36 spectral bands, covering
wavelengths from visible to long-wave infrared, and at three spatial resolutions (nadir): 250 m
(bands 1 to 2), 500 m (bands 3 to 7), and 1 km (bands 8 to 36). It was developed and designed
with significant advancements over its heritage sensors, such as the advanced very high
resolution radiometer (AVHRR) and the Landsat Thematic Mapper (TM). Methodologies
and strategies developed and lessons learned from MODIS design, prelaunch testing, and
on-orbit operation and calibration have greatly benefited the development of many follow-on
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Earth-observing sensors, including the S-NPP and Joint Polar Satellite System visible infrared
imaging radiometer suite (VIIRS) instruments and the Landsat-8 operational land imager. ™

Over the course of their entire missions, both Terra and Aqua MODIS instruments have
generated an unprecedented amount of data products that are openly distributed to the science
community and users worldwide, enabling and supporting a broad range of studies of the Earth’s
system that include the short- and long-term changes in its key environmental parameters.”'° The
quality and calibration uncertainty of MODIS level 1B (L1B) data products are extremely impor-
tant as they provide key input for generating the high-level science products. The MODIS L1B
data products include top of the atmosphere reflectance factors for the reflective solar bands
(RSB), radiances for both the RSB and thermal emissive bands (TEB), and the associated uncer-
tainty indices (UI) on a pixel-by-pixel level.!'!?

MODIS 36 spectral bands, consisting of a total of 490 individual detectors, are distributed on
four focal plane assemblies (FPAs) according to their wavelengths, as shown in Fig. 1: visible
(VIS), near-infrared (NIR), short- and midwave infrared (SWIR/MWIR or SMIR), and long-
wave infrared (LWIR). The SMIR and LWIR FPAs are nominally controlled at 83 K, thus
referred to as the cold FPAs. Bands 1 to 19 and 26 are the RSB, covering wavelengths
from 0.41 to 2.3 ym, and bands 20 to 25 and 27 to 36 are the TEB, covering wavelengths
from 3.75 to 14.4 um. Table 1 is a summary of key design parameters of MODIS spectral
bands, including their bandwidths, typical spectral radiances, required signal-to-noise ratios
(SNRs) or noise equivalent temperature differences at typical radiances, and their primary appli-
cations. In addition to extensive prelaunch testing and measurements made to assess instrument
performance, MODIS spectral bands are regularly calibrated and characterized on-orbit by a set
of on-board calibrators (OBCs). As shown in Fig. 2, MODIS OBCs include a solar diffuser (SD),
a solar diffuser stability monitor (SDSM), a blackbody (BB), a spectroradiometric calibration
assembly, and a space view (SV) port.

MODIS radiometric calibration uncertainty requirements are 2% in reflectance and 5% in
radiance for the RSB and 1% in radiance for the TEB, with exceptions of 0.5% for surface
temperature spectral bands 31 and 32 at 11 and 12 ym, 0.75% for band 20 at 3.75 pum, and
10% for band 21 (used for fire detection) at 3.95 ym. These requirements are specified at typical
scene radiance levels of individual spectral bands and for the observations made at scan angles
within £45 deg. At other radiances between 0.3 typical radiance (0.3 Ly,) and 0.9 maximum
radiance (0.9 L, ), an additional 1% uncertainty is added to those specified at the typical radi-
ance levels.

MODIS RSB and TEB calibration uncertainty algorithms were reported previously in a
number of Refs. 15-17. Since then a number of updates have been made due to changes in
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Fig. 1 MODIS FPAs: VIS, NIR, SWIR/MWIR, and LWIR.
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Fig. 2 MODIS instrument scan cavity showing the location of key OBC and optical components.

sensor on-orbit performance and improvements of calibration algorithms. As expected, the cal-
ibration uncertainty is scene dependent. It is described in MODIS L1B by an uncertainty index
(UI) at a pixel-by-pixel level. The Ul in the L1B uncertainty product holds eight-bit unsigned
integers. The four least significant bits of these integers are currently effective, with Ul values
ranging from O to 15. The other four bits are reserved for future use. Each UI value represents an
interval of uncertainty values that cover the estimated uncertainty. A log scaling is used to con-
vert the calculated uncertainty to Ul in the L1B processing to allow a broad range of uncertainty
to be covered while an adequate resolution for small uncertainties is still retained. To convert the
Ul back to the percentage uncertainty, the required parameters are provided for L1B users in the
attributes associated with each UI dataset.'!!

Before collection 6, the UI had only a few time-dependent terms and most contributors were
determined from prelaunch measurements or estimates. Starting from C6, RSB response versus
scan-angle (RVS) characterization has included the use of pseudoinvariant ground targets to
track changes in sensor responses at multiple angles of incidence (AOIs). Application of a detec-
tor-dependent RVS is also made to several VIS spectral bands. These, coupled with other
changes made in C6, led to modifications of MODIS LI1B uncertainty estimates and therefore
the L1B uncertainty product. Similar to RSB calibration coefficients, several time-dependent
look-up tables (LUTs) are now provided as the input for generating the L1B uncertainty product.

This paper provides an overview of MODIS on-orbit calibration and uncertainty algorithms
and the latest updates resulting from changes in sensor characteristics, such as RVS for the RSB
and electronic crosstalk for the long-wave TEB. It serves as an update to our previous references
on MODIS calibration uncertainties, including key contributors to the current L1B uncertainty
product and strategies developed to implement the changes in the L1B algorithm for its uncer-
tainty estimation. Remaining challenges and future improvements that have impact on the qual-
ity of MODIS L1B uncertainty product are also discussed in this paper. Like its calibration
algorithms, the MODIS L1B calibration uncertainty approach has also been applied to other
Earth-observing sensors, including its follow-on VIIRS instruments.'®!

2 Calibration Algorithms

MODIS RSB on-orbit calibration is reflectance based using an on-board SD panel with its bidi-
rectional reflectance factor (BRF) determined prelaunch by the instrument vendor with trace-
ability to the NIST reflectance standard.” For a given Earth view (EV) pixel, the calibration is
performed for each band, detector, subsample, and mirror side. The MODIS L1B primary deliv-
erable product for the RSB is the EV reflectance factor that can be expressed as

pEv €OS(Opy) = mld”Elezas,Ev/RVSEVv M

where pgy is the EV scene BRF, gy is the EV solar illumination angle, dn*gy is the EV digital
response corrected for background and instrument temperature, dgg gy is the Earth-Sun distance
at the time of the EV measurement in astronomical units (AU), RVSgy is the RVS angle at the
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EV AOI, and m; is the calibration coefficient for the reflectance factor that is determined from
SD calibration

__Psp cos(fsp)

=— - Tsps - Agp, 2
dngp, - dIZESJD

1

where pgp is the SD BRF determined from prelaunch measurements, fgp, is the SD solar illu-
mination angle, dn*gp is the SD digital response corrected for background and instrumental
temperature, dgs sp is the Earth—Sun distance at the time of the SD measurement in AU,
Agp is SD BRF on-orbit degradation determined by the SDSM, and I'gpg is the SDS vignetting
function used for calibration of the high gain bands (B8-16). Specifically, the corrected digital
responses in Eqs. (1) and (2) can be expressed as

dnEV = dnEV[l + kINST(TINST_EV - TINST_REF)] (3)

and

dngp, = dngp[1 + kinst(Tinst_sp — TinsT_REF)]» 4

where dngy and dngp are the EV and SD view responses with the background SV response (aver-
aged over the frames within a scan) subtracted, kgt 1S an instrument temperature correction coef-
ficient determined prelaunch, T'yst gy and T'xst sp are the instrument temperatures at the time of
EV and SD observations, and T st grgr 1S the reference temperature. The calibration coefficients
are determined off-line and updated as necessary to the L1B calibration algorithms via LUTSs.

The RVS is normalized at the AOI of the SD—the primary calibration target for the RSB. For
other AOIs, the RVS was measured prelaunch and is updated on orbit. The RVS on-orbit varia-
tion at the AOI of the SV is tracked by comparing the results of near-monthly lunar calibration
events to the results from the SD calibration events. In practice, the inverse of the corrected
digital signal from the moon is calculated for each lunar calibration event and then normalized
to the mission start value to determine the on-orbit change, m|'**"°. This is divided from the on-
orbit change in the SD, m(°, to get the on-orbit change in the RVS

mo°
RVSSV - RVSSV,pr] mT}m’m) ) (5)
1

where RVSgy , is the prelaunch RVS at the SV AOL

For most RSB, the RVS on-orbit variation at other AOI is derived using the SD and lunar data
and assumes a linear AOI dependence. This approach works well at the mission beginning and for
spectral bands with small on-orbit changes in their responses. However, after many years of on-
orbit operations, there was sufficient evidence to suggest that the linear approximation used to track
the on-orbit variation in the RVS might be inadequate, especially for the VIS bands that have
experienced large on-orbit changes in their responses. In addition, the SD has experienced sig-
nificant degradation in the VIS wavelengths that might lead to an inaccurate estimation of the
gain at the SD AOIL However, the moon, being an extremely stable calibration target, is still con-
sidered a reliable source for tracking the gain at the SV AOI and nearby scan angles. To overcome
the limitations mentioned above, a new RV S approach, that includes the use of pseudoinvariant EV
targets, was developed and implemented starting from C6.'® This approach uses lunar measure-
ments and response trending from pseudoinvariant desert targets at multiple AOIs. The combina-
tion of m; and RVS derived using this approach is currently applied in both C6 and C6.1 for Terra
bands 1 to 4 and 8 to 10 and Aqua bands 1 to 4, 8, and 9, respectively. In this case, we can write

m _( m (to) >( mi ) ©)
RVSEV RVSEV,prelaunch RVSEV on-nrbil’

is normalized to 1 at the time when the instrument nadir door was first opened.

where (R\’;lSIEv)on—orbil
MODIS TEB are calibrated on-orbit using an on-board BB. The calibration is performed on a
scan-by-scan basis via a quadratic algorithm. The MODIS L1B deliverable product for the TEB

is the EV radiance Lgy given by the following equation:
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RVSEV . LEV + (RVSSV - RVSEv) . LSM = ao + b] . dnEV + ay - dnlz_:v, (7)

where Lgy is the radiance due to scan mirror (SM) emission, RVSgy and RVSgy are the system
RVS angles at the EV and SV. The EV digital response dngy is corrected for the instrument
background using the sensor’s SV response. The offset and quadratic calibration coefficients
(ag and a,) are determined from BB warm-up and cool-down, whereas the linear coefficient
(by) is computed each scan using the sensor’s response to the BB

RVSBB * EBB LBB + (RVSSV - RVSBB) . LSM + RVSBB
(1 —epp) - €cav - Leay = ag + by - dngg + ay - dngp, (8

where Lpp and Lc,y are the BB and scan cavity (CAV) radiances and egp and ecpy are their
emissivities. RVSgg is the system RVS at the BB view. The sensor’s response to BB, dngg, is
also corrected for the instrument background. Equations (7) and (8) are nearly identical except a
cavity term included in the BB calibration equation. This is due to the scan cavity emission
(Lcay) reflected from the BB surface with an equivalent reflectivity of 1 — egg. In MODIS
TEB calibration, the entire RVS curve is normalized to the BB view at an angle of incidence
of 26.5 deg. The calibration is band, detector, and mirror side dependent. The radiance terms in
the calibration equations (Lgp, Lgy, and Lcay) are computed using Planck’s equation weighted
over each detector’s relative spectral response at their corresponding temperatures. The BB, SM,
and instrument cavity temperatures are provided in the instrument telemetry records.

Details of Terra and Aqua MODIS RSB and TEB calibration algorithms can be found in a
number of Refs. 21-24. In addition to the baseline algorithms described above, MODIS RSB
calibration has included a correction to mitigate the impact due to a thermal leak and electronic
crosstalk in the SWIR bands 5 to 7 and 26.% For the TEB, an optical leak correction is applied for
Terra MODIS photoconductive (PC) bands 32 to 36 from the beginning of its mission,”* and,
recently, an electronic crosstalk correction is also applied to its photovoltaic (PV) bands 27to
30.% Band 21 is used for fire detection with a low gain setting, and its on-orbit calibration is
performed with fixed linear gain provided in the calibration LUTs.

3 Reflective Solar Bands Calibration Uncertainty
Combining Egs. (1)-(4), the EV reflectance factor at the SD AOI can be written as
dngydig gy (1 + king (Tinst_gv — Tinst_REF)/RVSsD

dngpdig sp 1 + Kins(Tinst sp — Tinst REF)RVSEy

®

[PEv €08(0gv)]sp = Psp €0s(0sp)T'spsAsp

Therefore, the total uncertainty of the reflectance factor at the SD AOI can be written as the
root mean square (RMS) summation of the uncertainty associated with the parameters on the
right-hand side of Eq. (9)

[5;015\/ COS(GEV):| 2 {5PSD:| 2+ |:6FSD5:| 2+ |:5ASD:| 2+ |:5dnSD:| 2_|_ |:5dnEV] 2+ {5RVSEV] 2
PEv €08 (Oky) Psb [sps Agp dngp dngy RVSgy

SD
[6kingt(Tins_Ev = TinsT_sD))* =+ [Kinst8(Tinst_Ev — TinsT_sp)]
(10)

where the terms related to Earth—Sun distance and SD solar illumination angle have negligible
contributions to the uncertainty and therefore have been dropped. Also ignored in Eq. (8) is the
RVSgp term as RSB RVS is normalized to the SD AOI. The covariance terms are all expected to
be small and are not considered here.

The dominant contributor to the RSB calibration uncertainty is related to the SD BRF uncer-
tainty that includes its characterization uncertainty determined from prelaunch measurements
and that from on-orbit calibration and characterization. Table 2 shows a summary of uncertainty
elements related to SD calibration. The first 6 terms in Table 2 are the uncertainties derived from
prelaunch BRF characterization. On-orbit SD uncertainty contributors include items 7 to 9.
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Table 2 Summary of MODIS solar diffuser characterization uncertainty elements (k = 1).

Error sources SBRS MCST (1) MCST (Il)

1 NIST reference: 0.50 0.50
2 SBRS scattering goniometer: 0.70 0.70
3 NIST BRF scale to MODIS SD reference: 0.50 0.50
4 MODIS SD characterization: 0.50 0.50
5 SD spatial non-uniformities: 0.70 0.35
6 Interpolation angular / spectrally: 0.10 0.10
7 Prelaunch to on-orbit SD BRF change: 0.50 0.50
8 SD screen (SDS): 0.20 0.50
9 SDSM and SDS impact: 0.50 0.50
10 Solar illumination of the SD surrounds 0.30 0.50-0.80
11 Earthshine through the SD door 0.30
12 Earthshine through nadir aperture door 0.10 0.00

RSS 1.57 1.37

Items 10 to 12 are related to the stray light and Earthshine elements that could also impact the
on-orbit SD calibration. The second column of Table 2 has listed original uncertainty elements
(error sources) reported by the instrument vendor (SBRS). Based on the independent uncer-
tainty analysis performed by the MODIS Characterization Support Team (MCST), we increased
the SD screen uncertainty term (item 8) from 0.2% to 0.5%. This adjustment was made due to
the fact that no prelaunch characterization was made for the SD screen transmittance (or vignet-
ting function I'gpg). This term only applies to the bands that are calibrated with the SDS in
place. We have also combined the stray light term with the Earthshine term as their contribu-
tions are always in the same direction. The magnitude of Earthshine related uncertainty used in
the MCST uncertainty analysis is strongly wavelength dependent. As MODIS SD calibration is
performed when the instrument is on the dark side of the terminator, we have dropped the term
related to the Earthshine through the EV nadir aperture door (0.1%). Based on our on-orbit
characterization of SD BRF and how the SD panel is used in RSB calibration, we believe
that the SD uniformity impact on the calibration uncertainty is smaller than prelaunch assess-
ment. Additional information on the uncertainty elements listed in Table 2 can be found in these
Refs. 27 and 28. Note that the first term on the right-hand side of Eq. (10) includes the combined
uncertainty of all elements in the second column of Table 2, in addition to the band-dependent
Earthshine uncertainty.

The SD degradation, Agp, is determined from SDSM measurements, and the uncertainty in
this term is simply taken to be the standard deviation of fitting residuals of the SDSM trends. The
last two terms in Eq. (10) represent the uncertainty associated with the prelaunch characterization
of the RSB temperature correction coefficients k;,, and instrument temperature T},,. These
terms are derived using the assumption ki (Tinst — Trer) << 1. The impact of these two

terms is relatively small, each typically <1073, Finally, the terms [(S;:Sﬂ and {?y@l] are the

uncertainties related to the sensor’s SD response noise and EV response noise at typical signal
levels. The value of 6dn is calculated as a function of dn using a linear approximation to obtain
the fitting coefficients (c( ;). The data from every SD calibration event are fitted to obtain values
for these coefficients for each band, detector, mirror side, and subframe. The noise is then cal-

culated at the typical signal level of the SD calibration to determine the {‘sddn%} term. For the
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Fddnﬂ} term, the value depends on the dngy and is thus evaluated for every EV pixel using the
EV

coefficients c( ;. This uncertainty term can be significant for very low radiance scenes.”
The uncertainty at the SD AOI is determined by considering all of the terms in the SD
calibration as just described. This approach has been used in all previous descriptions of
MODIS RSB uncertainty. Starting from C6, we split m;/RVS uncertainty terms into those
determined prelaunch and those used to capture on-orbit changes. The prelaunch determined
uncertainties at the SD AOI represent a baseline uncertainty that is present for all time and AOI,
and the uncertainties in the parameters that have on-orbit changes are added to this baseline.
For most RSB, the on-orbit m; and RVS are derived solely based on the on-board measure-
ments from the SD and moon (viewed via the SV port). Based on Egs. (1)-(5) and similar to
Eq. (10), the total uncertainty of the reflectance factor at the AOI of the SV can be expressed as
follows:
|:5PEV COS(HEV):| : |:5pSD] 2 |:5FSDS(IO)} 2 i [6ASD(10):| : [6dnSD(t0)] 2 [5d”Ev} 2+

PEveos(Oev) [sv L Psp Tsps (o) Asp(to) dnsp (1) dngy
SRVSgy ]2 [mioom ]2

[5kinst(Tinst,EV - Tinst,SD)]2 + [kinst(s(Tinst,EV - Tinsl.SD)]2 + b rl]onn,oo ’
RVSSV.prl m

(11)

SRVSsy pr
RVSsy pn

where the (7y) indicates the values of uncertainty at mission start, [ } is the prelaunch

moon, 00

. A s . S
RVS measurement uncertainty, which is band dependent, and {;?IT] is the uncertainty in the
1

measurement of the lunar calibration. This lunar uncertainty is calculated from the standard
deviation of the fitting residuals after fitting the m}"°°"“° time series to an empirically deter-
mined piece-wise function. The other terms in Eq. (11) are the same as in Eq. (10).

At other AOI, the m;/RVS is determined by assuming a linear dependence of the RVS
between the SD and SV (lunar) calibration results. Correspondingly, the uncertainty at arbitrary
AOQI is a combination of the uncertainties in the on-orbit changes at the SD and SV AOI. For
some bands, mirror side ratio data obtained from Earth-view targets are used to supplement the
on-board data in calculating the m; /RVS for mirror side 2. Thus, an additional uncertainty term
is also applied to mirror side 2 that accounts for the typical uncertainty in the EV observations.
We note that this results in mirror side 2 having a larger uncertainty than mirror side 1 for these
bands, which is clearly not appealing as the mirror side labeling is an arbitrary choice. This is an
issue that will be addressed in future algorithm changes.

As stated in Sec. 2, on-orbit changes in both the m; and RVS for select RSB (Terra bands 1 to
4, 8 to 10, and Aqua bands 1 to 4, 8, and 9) are computed using the lunar measurements and
measurements from select EV desert sites.>*! In this EV-based approach, the EV reflectance
factor can be expressed as follows:

_dnpydis ey [1 4 King (Tingev = Tinstret) 11 (10)

lpev cos(Ogy)], = RVS (
prl

my )
. (12)
RVS EV ,on-orbit

where the a subscript indicates arbitrary AOL The total uncertainty of the reflectance factor is

|:5/)EV COS(QEV)] 2 POSD] 2 {5FSDS(IO)} : [EASD([O)} : [5d”SD([O)} 2 |:5dnEV] 2+

pev c0s(Oev) |, [ Psp Tsps (7o) Agp (1) dngp (1) dngy
2
5 (s
O6RVS rl 2 (RVS) on-orbi
[6kinst(Tinst,EV - Tinst,SD)]2 + [kinst(s(Tinst,EV - Tinst,SD)]2 + . = ol
RVS 1 my
pr RVS .
EV,on-orbit
(13)

All of the terms in this equation have been previously discussed, except for the last one. The
uncertainty in the EV-based m; /RVS for all AOI is determined from two sets of fitting residuals.
First, the normalized reflectance trends from the desert sites are fit to a piecewise polynomial
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function of time at several select AOIL Then, the results of the time fitting are fit to a quadratic or
quartic function over AOI, depending on the band. The uncertainty due to on-orbit change in the
EV m;/RVS is taken to be the summation of the standard deviation of the fitting residuals of
these two fits.

The various components contributing to the MODIS RSB uncertainty algorithm are organ-
ized in five different terms (U, U,, Us, U,, and Us) when computing the uncertainty of RSB
L1B product. The organization is based on each term’s dependence of band (B), detector (D),
mirror side (M), subframe (SF), time (¢), AOI (@), and scene

5 L
{M} = U,(B,D)* + U,(B,D, M, a,1)> + Us(B, D, M)*+
pev cos(Oey) |, (14)

U,(B,D,M,SF,t,scene)? + Us(B,D, M, SF, t, scene)?.

The first term, U, contains the terms of the SD calibration uncertainty, which are considered
to be constant in time, including the earthshine impact. The second term, U,, represents the
RVS uncertainty as well as uncertainty in the m; not accounted for in U;. The U, term is both
time- and AOI-dependent and varies depending on the band and whether the on-board RVS
algorithm or the EV-based RVS algorithm is used. The third term, Uj, represents the uncertainty
in the instrument temperature correction, which is based on prelaunch measurements and is
band, detector, and mirror-side dependent. The fourth term, U,, contains the scene-dependent
uncertainty in dngy and is derived from the SD calibration measurements. The final term, Us, is
an additional term, not derived from the above equations, that accounts for uncertainty due to
optical leak and electronic crosstalk in the SWIR bands. It is assigned to be equal to one-fourth
of the SWIR dngy correction (Adngy /dngy). At typical radiance levels for both sending and
receiving bands, this term (averaged over operable detectors and sub-frames) could be from
0.2% to 2.0% for Terra MODIS SWIR bands with the largest uncertainty for band 5. With
less optical leak and electronic crosstalk, the Aqua SWIR band uncertainty is smaller than
for Terra MODIS.

The total uncertainty for the Terra and Aqua MODIS RSB is shown for multiple years in
Fig. 3. The results shown are for mirror side 1 and averaged over all operable detectors (i.e.,
excluding noisy and inoperable). The contributions from the uncertainty due to optical leak and
electronic crosstalk in the SWIR bands (Us term) are not included in the results in this figure.
This term is scene dependent and can add significantly to the displayed uncertainty of the SWIR
bands for low radiance scenes. As seen for the nadir case in Fig. 3, most Terra MODIS RSB
continue to meet the 2% specification after multiple years on-orbit. The bands that use EV-based
calibration (1 to 4 and 8 to 10) have relatively high uncertainty compared with the other RSB due
to the larger variances in the retrieved EV data compared with the SD and lunar data. It is also
observed that bands 5, 7, and 18 marginally exceed the 2% specification. In comparison with
other RSB, the typical radiance values for these bands (see Table 1) are relatively low. This
translates to a lower SNR and a larger uncertainty (U, term).

Differences in uncertainty across different scan angles (nadir, —45 deg and +45 deg) are
due entirely to the uncertainty in RVS, which is contained in the U, term. As discussed earlier,
the bands that use EV-based calibration tend to have larger uncertainty, and this is particularly
true for the short-wavelength VIS bands (3, 8, 9, and 10). In addition, on-orbit polarization
sensitivity of the Terra MODIS SM is known to have changed especially for these short wave-
length bands 8 and 9 at the end of scan (high scan angles), and this is likely the reason that the
uncertainties for these bands are much larger at higher scan angles. In general, the uncertainty at
the SV scan angle (close to the case at scan angle of —45 deg) calculated using lunar measure-
ments has much smaller magnitude than other angles that rely on the EV desert targets. In the
case of bands 1 and 2, the EV data are used at all the scan angles due to disagreement between the
on-orbit lunar and EV measurements; hence the uncertainty at all angles is between 1.8% and
2.4%. In general, the uncertainty results observed in Aqua MODIS RSB are very similar in trend,
but of a slightly lower magnitude, in comparison with Terra MODIS. Unlike Terra MODIS, the
on-orbit change in the polarization sensitivity of Aqua MODIS is known to be minimal, which is
reflected in the results at +45 deg scan angle for the short wavelength bands 8 and 9.
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Fig. 3 Terra and Aqua MODIS RSB uncertainty at typical radiance and three scan-angles (nadir,
—45 deg and +45 deg).
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Fig. 4 Terra MODIS RSB uncertainty (nadir) at specified 0.3 typical radiance and 0.9 maximum
radiance levels.

Figure 4 shows the uncertainty of the Terra MODIS RSB (nadir) at two ends of the dynamic
range, i.€., 0.3 Lypica and 0.9L . As discussed earlier, the scene-dependent term U, increases at
lower scene radiances, resulting in greater uncertainties for all RSB. It should be noted that the
specified uncertainty requirement of 2% in reflectance for the RSB is for observations at typical
scene radiance level. An extra 1% uncertainty is added to specified requirements for observations
made at different radiance levels from 0.3 Ly, to 0.9 L,,,. With this criterion, only bands 5, 7,
and 18 are seen to exceed the specification for reasons discussed earlier. Similar results for Aqua
MODIS are shown in Fig. 5.
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Fig. 5 Aqua MODIS RSB uncertainty (nadir) at specified 0.3 typical radiance and 0.9 maximum
radiance levels.

4 Thermal Emissive Bands Calibration Uncertainty
From TEB calibration Egs. (7) and (8), the EV radiance can be expressed as

1
Lgy = RVS— { (ag+ay - dniy) + [RVSpp - epp - Ly + (RVSgy —RVSpg) - Loy
EV

dngy

+RVSpg - (1 —€pp) - €cav - Leav —do — az - dngg] - —(RVSgy =RVSgy) - LSM}-

15)

dnBB

It is a function of several parameters determined from prelaunch and on-orbit observations

Lgy = Lgy{ag, a;, RVSpp, RVSgy, RVSgy, egp. cav: 4 Teps T'sm Tcav, dngy, dngg}. (16)

The TEB calibration uncertainty is determined by combining the contributions from all of the
parameters involved in the calibration and retrieval. In our analysis, the contributions from higher
order and cross-product terms are not considered as they are either much smaller than the first-
order terms or uncorrelated. With these assumptions, the total uncertainty of Lgy can be com-
puted using a small perturbation approach

<dLEV>2 _ Z [LEV<xi +dx;) = Lgy(x;) 2’ (17)

Lgy Ly (x;)

where x; represents a given contributing parameter in Eq. (16) and dx; represents the measure-
ment error or estimated uncertainty for parameter x;. Tables 3 and 4 provide examples of Terra
and Aqua MODIS TEB calibration uncertainties implemented in the C6 L1B with contributions
from individual parameters. The uncertainties (for year 2008) are expressed as a percentage of
the typical radiance level and at nadir AOI. With the exception of Terra LWIR PV bands (27 to
30), the uncertainties listed in Tables 3 and 4 are nearly identical to that used for C6.1 L1B.

The Terra MODIS PC bands, 32 to 36, have an additional uncertainty imposed due to signal
contamination from an optical leak (PCX). This is not the case for Aqua MODIS. As expected,
the Terra MODIS TEB uncertainty for these five bands is generally higher than Aqua MODIS.
MODIS band 21 (for fire detection), with a calibration uncertainty requirement of 10%, has been
calibrated in the L1B using a fixed linear coefficient. Its calibration uncertainties shown in
Tables 3 and 4 are not adequate and need to be determined separately.

Although the same uncertainty values of the BB (50 mK), SM (1.0 K), and CAV (1.0 K),
temperatures are used for all TEB, their impacts on the calibration uncertainties are spectral band
and retrieval radiance-level dependent. The center wavelength (CW) uncertainty was determined
from prelaunch spectral characterization.’> The BB spectral emissivity and its uncertainty were
characterized prelaunch using thermal vacuum calibration datasets.*>** Meanwhile, the scan cav-
ity emissivity and its uncertainty values were estimated based on the instrument design and
characteristics. The impact of this term on the total calibration uncertainty is usually very
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Table 3 Terra MODIS TEB calibration uncertainties (at typical radiance, nadir AOI, year
2008, C6).

RSS
Band T_BB T_SM T_CAV CW RVS_EV RVS_SV ¢ BB ¢_CAV dn_BB dn_EV g, a PCX (%)

20 023 0.00 0.01 043 0.08 0.02 0.11 002 0.02 0.11 0.00 0.02 0.00 0.52

21 0.00 0.00 0.00 0.00 2.19 026 0.00 0.00 0.00 0.49 0.00 0.00 0.00 2.34

22 022 0.00 0.01 0.38 0.08 0.02 0.11 0.02 0.02 0.11 0.00 0.03 0.00 0.47

23 0.21 0.00 0.02 036 0.07 0.02 0.16 0.02 0.02 0.09 0.00 0.03 0.00 0.47

24 0.18 0.01 0.02 026 0.23 027 0.19 003 0.01 0.67 0.04 0.05 0.00 0.84

25 0.19 0.00 0.02 0.26 0.01 0.05 0.15 0.03 0.02 0.22 0.01 0.02 0.00 0.42

27 0.13 0.03 0.02 0.14 0.19 022 0.12 0.03 001 050 0.23 0.07 0.00 0.67

28 0.11 0.02 0.02 0.09 0.05 0.07 0.16 0.04 0.01 0.18 0.05 0.22 0.00 0.37

29 0.10 0.03 0.02 0.04 0.03 0.01 0.11 005 0.01 0.05 0.01 0.10 0.00 0.21

30 0.09 0.06 0.01 0.01 0.10 0.15 0.14 0.04 0.02 0.25 0.09 0.42 0.00 0.56

31 0.08 0.01 0.01 0.02 0.02 0.01 0.06 0.03 0.01 0.04 0.000.03 0.00 0.12

32 0.07 0.01 0.01 0.08 0.02 0.01 0.08 0.02 0.01 0.05 0.00 0.03 0.00 0.11

33 0.07 0.03 0.01 0.04 0.04 0.06 0.038 003 0.02 0.22 0.000.06 0.11 0.28

34 0.07 0.04 0.01 0.04 0.31 033 0.06 0.03 003 0.32 0.000.11 0.16 0.60

35 0.07 0.05 0.01 0.04 0.16 0.18 0.08 0.03 0.03 0.46 0.00 0.09 0.22 0.59

36 0.07 0.07 0.01 0.04 0.40 042 0.06 003 0.05 1.01 0.00 0.10 0.52 1.28

small. For a given spectral band, several contributors in Eq. (17) are constant and in general their
impact on the total uncertainty is relatively small. The ag, a,, dngy, and dngg terms are time
dependent and can have large impact on the total uncertainty, depending on the detector per-
formance and calibration quality. It should also be noted that some TEB on-orbit calibrations are
made with the a, terms set to zero. Table 5 shows the TEB calibration uncertainty at different
radiance levels. Except for a few bands in Terra MODIS at lower radiance levels, most TEB
continue to meet the calibration requirements.

The uncertainty values for Terra MODIS bands 27 to 30 (Tables 3 and 5) are inadequately
estimated as no correction for electronic crosstalk was included in Cq. The latest L1B (C6.1)
calibration algorithm has included an electronic crosstalk correction for these bands. As shown
in Fig. 6 are examples of Terra and Aqua MODIS TEB on-orbit calibration uncertainties in C6.1
for select years at their typical radiances and three scan-angles (nadir, —45 deg and +45 deg).
The updated results indicate a significant reduction of uncertainty, particularly in Terra bands 27
and 30 after 2015, which is due to improvement of the stability in ay/a, and detector noise after
the crosstalk correction. Figures 7 and 8 show the uncertainties at 0.3 of typical and 0.9 of maxi-
mum radiances for Terra and Aqua MODIS, respectively. As expected, at the 0.3 typical radiance
there is a significant increase in uncertainty for bands with low typical temperatures.

To account for the electronic crosstalk correction in the calculation of the L1B radiance
uncertainty, we apply an additional penalty term at the pixel level for each detector (i) in
these bands, as given by

Adn

P; :Wﬂiv (18)

where Adn is the magnitude of the signal correction, dn is the corrected signal level, and f; is the
uncertainty penalty coefficient for a given detector. The appropriate value for f; is found by
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Table 4 Aqua MODIS TEB calibration uncertainties (at typical radiance, nadir AOI, year
2008, C6).

RSS
Band t bb t sm t cav CW rvs_ev rvs_sv ¢ BB s CAV dn_ BB dn_EV a a PCX (%)

20 0.23 0.00 0.00 0.44 0.01 001 026 000 003 0.10 0.09 0.03 0.00 0.58

21 0.00 0.00 0.00 0.00 0.08 002 0.00 000 000 0.64 0.00 0.00 0.00 0.64

22 0.22 0.00 0.00 039 0.02 001 025 000 002 0.08 0.08 0.08 0.00 0.54

23 0.22 0.00 0.00 037 0.01 001 025 0.00 0.02 008 0.09 009 0.00 0.52

24 0.19 0.03 0.00 027 0.04 005 019 000 002 0.60 0.30 0.09 0.00 0.78

25 0.20 0.01 0.00 027 0.00 001 019 000 002 0.17 0.06 0.06 0.00 0.43

27 0.13 0.03 0.00 0.14 021 024 0.15 0.00 0.01 0.35 0.21 0.09 0.00 0.58

28 0.12 0.02 0.00 0.10 0.038 0.03 0.15 0.01 0.01 0.13 0.15 0.11 0.00 0.32

29 0.10 0.01 0.01 0.04 0.04 002 0.14 0.02 0.01 0.03 0.03 0.07 0.00 0.20

30 0.09 0.03 0.01 0.01 0.08 0.07 013 0.04 0.01 0.17 0.17 0.15 0.00 0.35

31 0.08 0.01 0.00 0.01 0.00 0.00 0.12 0.00 0.00 0.02 0.00 004 0.00 0.16

32 0.07 0.01 0.00 0.02 0.00 0.00 0.12 0.01 0.01 0.04 0.00 0.02 0.00 0.15

33 0.08 0.03 0.00 0.04 o0.00 001 010 000 002 0.17 0.03 0.05 0.00 0.23

34 0.07 0.04 0.00 0.04 0.01 001 009 0.00 002 020 0.07 0.09 0.00 0.26

35 0.08 0.05 0.00 0.04 0.02 002 0.10 0.01 0.03 030 0.05 0.08 0.00 0.34

36 0.07 0.08 0.00 0.04 0.05 0.03 0.12 0.01 0.03 052 0.21 021 0.00 0.63

comparing the long-term drift in the band-averaged, corrected radiance to a relatively stable
reference, in this case band 31, over warm ocean scenes where the radiance is relatively
high. For bands 27 to 30, the drift in corrected radiance relative to band 31 is on the order
of 1% over the course of the mission. We then choose a value f; such that the band-averaged
value of the applied penalty is equal to that of the measured radiance drift after correction for
selected scenes late in the mission.

For bands 28 to 30, we calculated j; to be 0.040, 0.095, and 0.021, respectively. The same
values are applied to each detector within the band. For band 27, #; = 0.025 for detectors 3to 8
and 0.0375 for detectors 1, 2, 9, and 10 due to the higher levels of contamination for these
detectors relative to the rest of the band. As the applied penalty is proportional to the magnitude
of the corrected signal, the uncertainty penalty is dependent on the detector, scene, and time
during the mission, with the assessed penalty generally increasing as the mission progresses.
For high-radiance scenes late in the mission, most detectors are generally assessed an uncertainty
penalty of 1% to 2%, with some detectors in band 27 having a 3% to 5% penalty. Early in the
mission, the uncertainty penalty is negligible for all detectors.

5 Future Improvements

In addition to changes with on-orbit calibration algorithms, several enhancements can be made to
improve the assessments of MODIS calibration uncertainties. The MODIS SD panel’s BRF was
characterized prelaunch by the instrument vendor using reference samples traceable to NIST
reflectance standards at a number of wavelengths up to 1.7 ym. No direct BRF measurements
were made at 2.1 pgm due to low SNR and hence an extrapolation is used, contributing an addi-
tional 0.5% uncertainty at 2.1 ym (band 7) that is not accounted for in our current SD BRF
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Table 5 Summary of Terra and Aqua MODIS TEB calibration uncertainty (C6) in percentage at
different radiance levels (nadir view, year 2008, C6).

Terra Aqua
Bands Luyp 0.3 Ly, 0.9 Linax Luyp 0.3 Ly, 0.9 Linax
20 0.52 0.61 0.56 0.58 0.68 0.63
22 0.47 0.57 0.51 0.54 0.60 0.63
23 0.47 0.55 0.50 0.52 0.58 0.65
24 0.84 2.73 0.56 0.78 2.36 0.54
25 0.42 0.92 0.40 0.43 0.85 0.41
27 0.67 2.34 0.34 0.58 1.88 0.30
28 0.37 0.88 0.26 0.32 0.91 0.24
29 0.21 0.45 0.33 0.20 0.32 0.25
30 0.56 1.47 0.31 0.35 1.25 0.22
31 0.12 0.25 0.14 0.16 0.23 0.19
32 0.1 0.27 0.13 0.15 0.22 0.17
33 0.28 0.98 0.22 0.23 0.58 0.19
34 0.60 3.29 0.43 0.26 0.88 0.22
35 0.59 2.08 0.46 0.34 0.94 0.29
36 1.28 4.31 1.02 0.63 2.01 0.50

uncertainty estimate (Table 2). Also considered are the improvements of SWIR on-orbit cali-
bration for both Terra and Aqua MODIS by applying correction for the SD degradation, and the
use of a different sending band for Terra MODIS SWIR optical leak and electronic crosstalk
correction as several detectors in the current sending band (B28) have also been significantly
impacted by the electronic crosstalk from the other LWIR PV bands.*> Other improvements are
listed in the following for future considerations

¢ RSB mirror side 2 uncertainty for bands using mirror side 1 as reference

As discussed in Sec. 3, some of the bands that use the on-board based RVS calibra-
tion use additional mirror side ratio data from EV ocean targets to correct the RVS of
mirror side 2 relative to mirror side 1. This is currently applied to Aqua bands 10 to 16
and Terra bands 11 to 16. As a result, an additional uncertainty term is included only for
mirror side 2, which is not desirable. One option for resolving this is to change the RVS
calibration such that the EV mirror-side ratio correction is applied equally to the RVS of
both mirror sides (while maintaining the ratio). Then, the additional uncertainty term
should also be applied equally to both mirror sides.

¢ RSB RVS uncertainty for bands that have been impacted by the changes in sensor polari-
zation sensitivity

Current RSB calibration coefficients are derived under the assumption that the impact

due to instrument polarization sensitivity is small and can be ignored. Several Terra

MODIS VIS spectral bands (e.g., bands 8 and 9), however, have seen large changes

(increases) in their polarization sensitivity, especially at the large AOIs.*® Because of

this, the RVS derived using EV targets at different AOIs is affected due to an increase

in the instrument polarization sensitivity. As a potential improvement, the EV based RVS
should be derived after removing the polarization effect.

Journal of Applied Remote Sensing 034001-14 Jul-Sep 2018 « Vol. 12(3)



Xiong et al.: Updates of Moderate Resolution Imaging Spectroradiometer on-orbit calibration. ..

Terro C6.1 TEB Unc (Ltyp, nadir) Agua C6.1 TEB Unc (Ltyp, nodir)
5 T T T T T 5 T T T T T T
2008 2011 2018 2017] 200 3008 2011 Jois 2017
4 — 4 -
= =
.% bl -1 .g 3 -
T T
o o
2 2
=1 2+ - > I =
B w®
1= - = -
0 o
20 22 23 24 25 27 2B 29 30 31 32 33 34 35 36 20 22 23 24 25 27 28 29 30 31 32 33 34 35 36
Band Hand
Terrc C6.1 TEB Unc (Ltyp, —45%) Aqua CB.1 TEB Unc {Ltyp, —45°)
ST - T T T T 5 T T T . T T T
008 011 @oia  @617) i 2008 2011 s 2017
4 - & —
2 2
R ] o - £ 3 -
2 2
g ¢
=2 2+ . | =1 2+ pe
» w®
i i J II— 1
a|l|l|l|l|l| ot o B G ™ ...li_.......mll
22 23 24 22 23 24 25 27 2B 29
Band Band
Terra C6.1 TEB Unc (Ltyp, 45%) Aqua CB.1 TEB Unc (Ltyp, 45%)
5 - : - - : 5 - . T 7 T ;
& o T E . GECE U
A — I —
= =
E s 4 E 3
5 5
T £
H B
£ H
S sl 2 ok <
13 »
olljli u[I_lIJIJI_[IJI_Im-ii_.mmqu_Il
24 25 2? 28 29 3 3 32 33 M B B 20 22 3 24 35 2728 29 30 N 32 35 34
Band Band

Fig. 6 Terra and Aqua MODIS TEB uncertainty (C6.1) at typical radiance and three scan-angles
(nadir, —45 deg and +45 deg).
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Fig. 7 Terra MODIS TEB uncertainty (C6.1, nadir) at specified 0.3 typical radiance and 0.9 maxi-
mum radiance levels.

* TEB uncertainty for bands using fixed calibration coefficients during BB warm-up and
cool-down (WUCD)

Fixed gain coefficients, i.e., default b,, are used for Aqua bands 33, 35, and 36 during

BB warm-up and cool-down when the detector responses saturate over certain high BB

temperatures. During this period, the default b; values are predetermined using BB mea-

surements from three consecutive orbits generally 10 days before each BB WUCD. As

these values are not computed from instantaneous scan—by—scan measurements, an extra,
small uncertainty term needs to be considered when the default b, is used.
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Fig. 8 Aqua MODIS TEB uncertainty (C6.1, nadir) at specified 0.3 typical radiance and 0.9 maxi-
mum radiance levels.

e B21 calibration uncertainty

Unlike most TEB, band 21 uses a simple linear calibration algorithm. Its b, coef-
ficients are provided via an LUT with its values derived from BB WUCD. As this low-
gain band is primarily used for fire detection with a specified maximum temperature of
500 K, its response to the BB nominal temperature (290 K for Terra and 285 for Aqua)
is at the low end of its dynamic range. Because of this, the calibration uncertainty
could be very large when scene temperatures are considerably high (e.g., for
fire scene).

¢ TEB RVS uncertainty for Terra MODIS using new deep space maneuver data sets

Terra MODIS TEB RVS used in the current L1B product is based on the results
derived from a deep space maneuver performed in 2003. In August 2017, Terra con-
ducted another deep space maneuver. A comparison of the TEB RVS derived from
these two maneuvers shows that the differences are generally within 0.2% except for
the bands 27 to 30 that in recent years have large electronic crosstalk. The differences
are small but comparable with the RVS uncertainties currently assigned for most TEB.
As a future improvement, a better estimate of the TEB RVS can be made by combing the
RVS results from both maneuvers and relative long-term trends (time series) using other
stable targets.

6 Summary

The MODIS instruments have been successfully operating on-orbit making continuous global
observations for various science applications. In comparison with its predecessors, MODIS has a
more stringent requirement on its calibration accuracy and data product quality. A sustained
instrument characterization program has led to timely upgrades to the L1B algorithm, resulting
in well calibrated science products that continue to meet the overall science requirements.
Algorithms used to estimate the calibration uncertainties on-orbit for both the RSB and TEB
are discussed in detail. This paper serves as an update to our previous uncertainty analysis results
reflecting the calibration algorithm updates performed over the mission of each instrument. With
a few exceptions, most RSB and TEB calibration uncertainties are within the specified uncer-
tainty requirements. Due to the significant on-orbit degradation observed in the short wavelength
bands, the OBC measurements are supplemented with EV data from time-invariant desert sites.
The changing polarization sensitivity of short wavelength Terra MODIS bands (3, 8, 9, and 10) at
large AOIs has contributed to the increased uncertainty as the RVS for these bands, which is
derived from the EV measurements. With the addition of the electronic crosstalk correction for
bands 27 to 30 in Terra MODIS C6.1, our assessment of the uncertainty in these bands also
needed to be re-evaluated. With the algorithm change and correction applied in C6.1, the uncer-
tainty for these bands was reduced significantly during the more recent years of the mission.
Several enhancements to the current approach were also identified and will be considered for a
future L1B version.
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