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ABSTRACT

The MODIS instruments on the Terra and Aqua spacecraft are-tcacksscanning radiometers that view the Earth

scene, a space view port, and theboard calibratorsising a twesided scan mirror. The reflectivity of the scan mirror

varies with the angle of the incident light, and changes in this response versus scan angle (RVS) need to be tracked on
orbit in order to maintain accurate calibration. In this paper, ev@ew various methods of RVS calibration of the
reflective solar bands using psetidwariant desert targets and discuss potential advantages and disadvantages for use in
future calibration

1. INTRODUCTION

The MODIS instruments on board the Terra and Aspececraft have 20 reflective solar bands (RSB) with wavelengths
spanningrom 412nm to 213 nm. MODIS is acrosstrack scanning radiometer that viethe Earth sceneleep space

and the orboard calibrators using a twsdded scan mirrorA reflectancebased calibration is used for the MODIS RSB,
relying primarily onthe observations of an eboard solar diffuser (SD). The SD views then (through an optional
attenuation screen) at regular intervals in order to track tkerlihchange m the gain of the MODIS detectors. The
gairs of the MODIS RSB, particularly the shesavelength visible bands, have experienced significant degpadat
WKH PDQ\ \HDUV VLQFH WKH VHQVRUVY O DR Q¢ iainainafaccurate Zalibratién, theQ G
calibration strategies have been updated several timesbiin Current methods of calibration of the MODIS RSB
combine data from the SD, schied lunar observations, and regular observations of pseuddant calibration sites
(PICS) on the Eartfy®

A primary component of the eorbit gain change of the MODIS3B is the degrading reflectance of the scan mirror.

The reflectivity of the scan mirror varies with the angle of incidence (AOI) of the incident light, and this variation is
referred to as the response versus scan angle (RVS). The RVS of both sidesaafntimirror was measured prior to
launch foreachMODIS instrumenf. Monitoring the on-orbit changes to the RVS has been one of the most difficult
challenges of MODIS calibration. TH&D is only able to track the instrumefitlegradation at one AOI of the scan
mirror, so no RVS lsanges can be determined from the SD measurements dhitied. efforts to trackthe on-orbit RVS
change$® combined the SD measurements (made at an AGHO&5 ) with regularly scheduled lunar observations
(made at an AQOI of 11.2 ).The MODIS instruments are also equipped with a spectroradiometric calibration assembly
(SRCA) which was designed to use a dethaogen lamps to monitor esrbit RSB gain changes at an AOI 38.25,

but lamp failures early in the mission and subsequent operational changes mean that the SRCA cannot be used for
reliable longterm calibration. Disagreement between the SD and lugain trends with time was interpreted as a
changen the RVS of the scan mirror, and a linear interpolation of the SD and lunar results was used to model the RVS
at other AOI. Thisonboard calibrator (OBC) based methisdstill used for calibration ofhe AOkdependence of the
gairs of most MODIS RSB.

After several years of operation, it became apparent thappeachbased on interpolating the SD and lunar results

was no longerproviding accurate calibration for some of the MODIS RSB, especiaflystiort wavelength bands.
Consequently, aew calibration approach was developed based on tracking the long term reflectance trends of North
African desert PICS. The desert PICS are viewed at several different AOI of the scan mirror on a repeatalg cycle
assuming radiometric stability of these sites, the RSB gains can be determined across all AOI and time. This Earth view
(EV) based method was implemented in the Collection 6 Level 1B (C6 L1B) processing of MODIS data for Terra bands
1-4, 8, and 9, ad Aqua bands 8 and*§. More recently, the C6 produatsobegan using this method for Terra band 10,

and Aqua bands-2.*°
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To calculate this gain in practice, we first rectitd desert@g at eachAOI over the entire missionWe therdivide the
resultsby the on-orbit change in gain from th@BC-based method, generating trends like those in Figure 3. The purpose
of this step is tause the SD and lunar trends to track the stesrh and detectedependentchanges in gain, sindbe
OBC datahave a better signab-noise than the desert data, and then to use the desert data to adjust the long term trend
(averaged over all detectors in a bamal)the accurate valueThese time series are fit in timesing a piecavise
polynomial,and thermultiplied by the OBGbasedgain to restore the full trend. These fitted curves are normalized to
mission starand thenfit over AOI by either a quadratic or a quartic polynomial, giving a smooth function afrthe
orbit gain as a function of AOI and time. Examples of the AOI fitting of the data are shown # FAtso plotted are
points of the ororbit gain trends of the lunatterived gain for comparison.

Figure 4. Examples of AOI fitig of the desert datrends for Terra bands 1, 3, and 8, mirror side 1, on day 6700 (May
2018). The bluediamondsmark the value of the earbit lunar gain at the same point in time.

Table2. Summary of the differences in RVS calculagdetween C6 L1B and C6.1 L1B.

L1B Initial Date Bands 12 Bands 34 Bands 89 Band 10
Collection
Terra 2012 July EV-based RVS for EV-based RVS for | EV-based RVS for | OBC-basel RVS
Collection 6 entire mission entire mission entire mission from missionstart to

2014Feband EV¢
based RVS after

Terra 2017March EV-based RVS for EV-based RVS for EV-based RVS for | OBC-based RVS
Collection 6.1 entire mission; re entire mission entire mission from mission starta
processed results for 2014-Feband EV
2012 Jan through based RVS after
2017Feb
Agua 201%Nov OBC-based RVSrom | OBC-based RVS EV-based RVS for | OBC-based RVS for
Collection 6 mission start to 2026 | from mission start to | entire mission entiremission
Julyand EVtbased 2016Julyand EV
RVS after based RVS after
Aqua 2017Aug EV-based RVS for EV-based RVS for EV-based RVS for | OBC-based RVS for
Collection 6.1 entire mission entire mission entire mission entire mission

As mentioned earliethe onorbit gain trends from the lunar calibration agree well with ¢rorbit gain trends derived

from the desert calibrationvith the exception of bands 1 anavBich show deviations of up to 2.5% he causef this

deviation isunder investigation One possibility isan orrorbit change in the detector linearigince the desert sites are

brighter than the moon, theo calibrationsDUH SHUIRUPHG LQ GLIIHUHQW SDUMYiotethawW KH VHQ
bands 1 and 2 also show other unexpected trends, e.g. the gain has inoveadbd missior{see Fig. 1), and a full
understanding of the calibration of these bands has been challefginthe bands that show good agreement between

the lunar and desert trends, the fitting over AOI is constrained to the value of-¢ibitogain of the lunar trendThis



serves to fix the gain at the lunar AOI to the lunar trend, whaghhigher signaio-noise than the desert trend$his
constraint has only a modest effect on the gain curve at small AOI values, and no real effecajfmity of the AOI
curve.

This algorithm is used in both MODIS C6 and C6.1 L1B, and more details can beifoprevious report§®*° The

current MODIS CA.1B and C6.1 L1B products use teame algorithm for the calculation &f; 4 8 Sbutthe history

of the calculationis different for the two collections Table 2 summarizes thalifference between C6 and C6.1
calibration for the MODIS RSB.The initial date indicateshe month ofLIB LUTSs initial delivery for the collection.

Prior 1o this date, the calibration over the entire mission is processed to generate smooth trends in the calibrated gains.
After this date, the gains are the results of forwamtljgtions which have been updated on a-meanthly basis The

C6 L1B initially used the OB®ased RVS for Aqua bands4land lateiswitched to the E\based RVS in July, 2016

For Terra C6, bands-4 used the EMbased RVS for the entire rsisn, but theesults from February, 20iBrough the

start of C6.1 L1B productiofor bands 1 and #ere reprocessed to generate a smoother trend that does not carry the
errors associated with forward prediction.

4. ALTERNATIVE RVS

The onorbit gairs derived from the desert targets as described above has provided a reliable calibration for the chosen
MODIS bands. The calibration has shown generally good agreement with RVS trends calaiatsttier desert sites
andfrom DCCdatg indicating the cabration is accurate. But ttdesert data havagnificantly higher noiseelative to

the onboard calibrators, and weould like to explore variations of the algorithm for calculating a ddseséd
calibration that could improve upon the accuracy or taggy of the current approach used to generate the C6.1 L1B.

An alternative method for calculating the-orbit change in the RVS wasreviously presented™? The alternative
algorithm (Alt-RVS) also relies on trends of desert P|@fait with two key differences(1) it uses data from only one
site, Libya 4(see Table 1)rather than a combination of desert sites, @dt derivesthe on-orbit gain ) :P&E; using
the on-orbit lunar gainas a reference, arnduses the desert data only to derive the RVS relative taitteg IAOL One
potential advantage is that tlipproach allows us ®omewhat relax the restriction on the ingdility of the desert site.

A major concern in the current C6 calibration approach is the reliance on thetangalibration stability of the desert

PICS, so we seek to reduce the reflectance stability requirement as much as is pBesithie. AltRVS approach, we
consider that the PICS may have a variation in their overall reflectance as a function of time, as long as the angular
dependence of the site BIR remains invariant, i.e.

GPE; L BP@r A, (8)

Since B: P, is unknown, we need anothgata source to solve for the gain. For this we use tharlmhlunar calibration
trends, and the assumption that the lunar radiance is truly invariant in time. Using this assumption and Egs. 5, 6, and 8,
we write theon-orbit gain change from theeset siteas
) PEL) .p-lE & GelPE ©
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Note that the absolute gain is still based on the initial SD calibration through Exprérasting Eq. 9 with Eq. 7 shows
the key difference thatormalization to the lunar gain has on the gain calculation for th&¥8 vs the C6 method.
For the AItRVS method it is also important to use data from only one site, since the potential variation of reflectance in
time, B:PR, could be different for derent sites. In the previous presentations of the-RYS method, therder of
processing of the dese@gwas also done somewhat differently than in the C6 method: the data was fit first over AOI
and then over time. But in principle, the methodittihg or simply smoothing the@g data points should not have an
impact on the calculated gain, to within the noise of the data. The important differences in the two algorithms are in the
input data used (3 sites vs 1 site) and the method of noatiafizo the lunar gain.

For this paper, we calculate the /WS gain as follows. fe data fromall AOI of the Libya 4 siteare corrected for
backgroundjnstrumenttemperatureeffects EarthSun distancecosine of the solaitlumination angle, and th BRDF
correction just as in the C6 algorithmWe thensplit the EV datdrom all framesinto monthly bins,and peform a
polynomial fit to the data over AOIl. Monthly bins are chosen for convenidntdins with different lengths of time
could be usedThe resultof an example fitting are shown in Fig. Again, we note that the variation i@g with AOI



is partly due to the RVS of the scan mirror and partly due to the differences in §ite Bith AOI that have not been
removed.

Figure5. Examples of thé&Ol and time fitting of the Libya 4 data in the ARVS methodor Terra band 8 mirror side 1

The vertical dashed red line in the first two panels indicates frame 17, the AOI of the lunar measurements at which the AOI
fit will be normalized. In the righpanel, the time trends (relative to the GB&sed gain) are shown for frames 100 (blue

circles), 600 (orange squares), and 1100 (black triangles). The time trends can be monitored at any arbitrary AOI since they
are based on the AQOI fitting result.

The fitted curve as a function of AOI is normalized to theodnit lunar gain, giving a set of lunaormalized curves for

every month in the mission. The data are then fit in time with the same process as in the C6 method where the fit is done
relative tothe OBCbased gain. Examples of the time fitting (relative to the @R€ed gain) are shown in Fig. 5.

Finally, the results of the time fitting are fit again over AOI in order to get the coefficients that are used in the L1B
LUTs.

5. RESULTS AND DISCUSSION
5.1 Comparisonof C6 and Alternative RVS results

Figure6 shows a comparison of tlasolutenverse gain ( 5 4 8 pfor bands 14, and 8overthe AQquaMODIS mission

for both the C6 and the ARVS calculations, as well as the relative difference betwieemesults.For bands 1 and 2,
there is aleardivergenceébetween the two methodsthe overall gaifor most AOlof up to 2% over the missiorThis

is due to the previously known divergence between the lunar trend and the desert trends at th®@llumhartide C6
method, the lunar data is igndrédut in the AltRVS method, the entire desert data set is normalized to the lunar gain, so
the difference is transferred to all AOFor bands 3, 4, an8l, the results from the two methods are within 1%axdh

other except for a few frames of band 3 late in the missibigure 7 shows the results comparison for Terra MODIS.
As with Aqua, bands 1 and 2 show a divergenceérotlerall gain over the mission for the same reasam.bands 3, 4,

and 8, thetwo methods differ by up to 2%, somewhatarger difference than is seen in Aqua MODI®/e did not
evaluate the AIRVS method for band 10 of Terra MODIS, since the Libya 4 site is saturated in the early part of the
mission. We also leave out the ARV S results for Terra and Aqua bangdvehich we discuss later.

5.2 Uncertainty comparison

Before considering the difference between the two methods in more detail, wiisfitstsan uncertainty comparison.

The method used for calculating the uncertainties oENeeflectance using th€6 method oPICSbased alibration

was recentlypresentedn detail*’ In brief, we determinethe fitting residuals of the twstep fitting process of the
corrected EV data (time fitting followed by AOI fitting)s a function of time using yearly averaged values, and then
combine the two to get a total fitting uncertainty that represents the typical noise of the data for eachhAs®
uncertainty values are then fit over AOI to get uncertainty at the 7 frames of the C6/6.1 L1B uncertainty index. The
results are shown in Figure 8 for Terra bands 3, 4, andABthe lunar frame, the uncertainty is taken to be the
uncertainty n the lunar calibration, rather than the f¥sed gain. Note that the uncertainty in Fig. 8 is just the
uncertainty in deriving the timdependent oirbit gain. The complete uncertainty of the EV reflectance product
includes other terms, such as secedapendent noise and plaunch calibration uncertaintieshich are not shown here.



Figure6. Comparison of the inverse gain trendsAquaMODIS for the C6 vs AHRVS calculations. Resultre showrfor
mirror side Ifor bands 1, 2, 3, 4, and &he results for mirror side 2 are similar.

For the AltRVS method, we use the sasteategyof simply calculating the fitting residuals of the tstep fitting (AOI
fitting followed by time fitting). The results are also shown in Figure 8. TheRXS® method has slightly higher
values, but the results are generally in agreement with each athekpected, since the three desert sites have similar
noise and the order of fitting should not have a major impact on the overall fitting residimdsresults forAqua
MODIS (not shown)have slightly lower uncertainty in general, but the differenbetween bands and methods are
similar to that seen in Terra.



Figure 7. Comparison of the inverse gain trend§&sraMODIS for the C6 vs AHRVS calculations. Resultre showrfor
mirror sidel for bands 1, 2, 3, 4, and he results for mirror side 2 are siaril

5.3 Uncertainty due tolunar normalization

The $mple uncertainty method just described leaves out at least one important consideration. A key difference in the
two methods is that the ARVS method normalizes the EV dn to the lunar frame. This normalization to the lunar frame
means that the overathlibrated gain [ 5) is dependent on the accuracy of the fitted EV dn at the lunar AOI, which is
very near the edge of the sadeginning of scan)As can be seen in Fig. 2, the Ailear the edge of scan have much
larger BRDF impact that those near ngdvhich can certainly affect therecisionof the results. Especially for the blue
bands, Rayleigiscattered light will increase the signal observed farther from nadir and this is very likely the main
reason that the corrected dn moves sharply upwavdrtbthe edges of scan (see Fig. 5). Changes in the amount of
Rayleighscattered light with time represent a possible systematic uncertaingy EMtlirends near the scan edges, even



if the desert reflectance at the surface is perfectly stable. Algoureonstrained polynomial fit will have larger
uncertainty in the fitted values near the edges of theAt#.can be seen from Fi§, the shape of theV dn ismuch
sharper at the edged the scan than it is at nadir and the tail of the quartic fitbeasignificantly changed by small
variations in points either at the beginning or at the end of scan.

Figure8. Time-dependent uncertainty for Terra bands 3, 4, and 8 using the C6 (top row) @&MS\{bottom row)
algorithms. Solid lines and filled symbols represent mirror side 1 resdtglashed lines and open symbols represent
mirror side 2 results. The legend in the upper right indicates the fetmdsch uncertainty is calculated, including the
lunar (17), nadir (677) and SD (978).

As an example of this, consider the case of Terra band 8, which had the largest disagreement between the-C6 and Alt
RVS methods in Fig 7 All frames geater than 300 diverge in nearly the same way, suggesting that the RVS between
the two methods is the same except for the first 300 frames. TH#&/Aterror in the early frames may be partly due to

the initial AOI fitting (Fig. 5) systematically undetesating the dn at the lowest frames. But because th&¥8
method normalizes the gain to the lunar frame, any error in the RVS fitting at small AOI is transferred to all AOI.
Similarly, band 9 of both Aqua and Terra has some saturation problemslbA&haarly in the mission. The lack of

data at small AOI makes the AOI fit result in this region more uncertain, and thus tR& 3lpain trends for band 9

can vary greatly with small changes in the fitting strategy, which is not i@&&ate the caliration accuracy near nadir is
more important than the accuracy at beginning or end of scan, normalizioglittrationdata to a point very near the
beginning of scan may be counterproductiveless there is strong evidence (which we have not yet gegrnhdicates

the stability of the neamadir desert trends is unreliable.

5.4 Other considerations

In all of this analysis, we have used the BRcorrected desert data@s But we can also considanalyzing the
uncorrected data directly. The effecttbe siteBRDF is to cause yedy oscillations in the response, but it does not
impact the multiyear trend.If the results are fit over time using ordgatafrom similar times of the yeae.g. only data
from the month of July as was done in Cherakt.2016,then thelong term trends can be derived without the need for
BRDF correction This idea could be applied to either the C6 orRRMS calibration method. While this idea provides
some simplification, it makes it more difficult to monitor shommechanges in the instrument and provide accurate
forward predictions while the MODIS data collection is stillgming.

When the Terra and Aqua satellitepproachend of life, the MODIS instruments may be required to maintain
calibration during a derbiting phase. In this scenario, the repeatableldbcycle for observations of desert PICS at



the same AOI will not be maintained, and viewings aep#OI will become available. The current methseparating
the data into specific AOI time series addriving a BROF correction separately for each AOI time series will
necessarily have to be-examined, and an RVS calibration based on a singlersly be more attractive.

6. CONCLUSION

We have reviewed the erbit calbration algorithms for the RSB d%rra and Aqua MODISTwo distinct methods for
calibrating the gain of select RSB using a combination of lunar calibrations and jpigeadant desert targetsere
examined The Alt-RVS method can provide atcurate calibration of the MODIS BSand shavs reasonably good
agreement with the wetested method currently used in the C6/C6.1 L1B, particularly for Aqua MODIS. THeVAt
methodhas the advantage of a less stringent requirement on the temporal stability of the reference PICS. However, the
process of normalization of gain to the luddd| creates an increasedssibility of introducingsystematic errors, due to

the difficulty in fitting and/orproperly modeling the EV data at the eslgé scan, particularly for the short wavelength

bands wherdRayleigh scattering has a significant impact. In light of this, the current C6 appsoklkély a more

reliable choice, as long as deviations between the desert and lunar trends are closely monitored and understood. We
have focused on these two methdd this paper since the algorithms have been previously published, but of course
there is a continuum of ways to analyze the data from the desert PICS to derive MODIS RSBThaindODIS
Characterization Support Team (MCS@il continue to explore mébds of Eartkbased calibration using the desert

PICS and other Earth targets with the goal of providing an accurate calibration with the lowest uncertainty possible.
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