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ABSTRACT

The solar reflectance bands (SRB) of the Advanced Very High Resolution Radiometers (AVHRR) flown
onboard NOAA satellites are often referred to as non-calibrated in-flight. In contrast, the Earth emission
bands (EEB) are calibrated using two reference points, deep space and the internal calibration target. In the
SRBs, measurements of space count (SC) are also available, however, historically they are not used to
specify the calibration offset (“zero count”, ZC), which does not even appear in the calibration equation. A
regression calibration formulation is used instead, equivalent to setting the ZC to a constant, whose value is
specified from pre-launch measurements. Our analyses supported by a review of the instrument design and a
wealth of historical SC information show that the SC varies in-flight and it differs from its pre-launch value.
We therefore suggest that (1) the AVHRR calibration equation in the SRBs be re-formulated to explicitly use
the ZC, consistently with the EEBs, and (2) the value of ZC be specified from the onboard measurements of
SC. This study emphasizes the importance of clear discrimination between the SC (which is a measured
quantity and therefore takes on a range of values, characterized by the empirical probability density function,
PDF), from the ZC (which is a parameter in the calibration equation, i.e. a number whose value needs to be
estimated from the measured SC as a mean, median or other statistic of the measured PDF). The ZC-
formulation of the calibration equation is physically solid, and it minimizes human-induced calibration errors
resulting from the use of a regression formulation with an un-constrained intercept. Specifying the calibration
offset improves radiances, most notably at the low end of radiometric scale, and subsequently provides for
more accurate vicarious determinations of the calibration slope (inverse gain). These calibration
improvements are important for the products derived from the AVHRR low-radiances, such as aerosol over
ocean, and particularly critical when generating their long-term climate data records.
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1. INTRODUCTION

The AVHRR carries two types of bands: the solar reflectance bands (SRB) that measure solar radiation
reflected from the Earth’s surface and atmosphere to space, and the Earth emission bands (EEB) that measure
radiation originating from the Earth emission itself. Their current operational calibration procedures are
inconsistent. In particular, the space count (SC) is measured in all bands, but it is used to specify the “zero
count” (ZC) in the EEBs only and not in the SRBs, where a regression formulation is used instead. In this
study, we evaluate the potential use of the SC data to improve the current operational AVHRR calibration in
the SRBs. Our conclusions re-iterate and elaborate on the two points made elsewhere that the physically-
based ZC-formulation is preferred over the current regression form'? and that the value of ZC should be
specified from onboard SC measurements”.
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The AVHRR/1 flown on TIROS-N and NOAA-6, 8, 10 had two SRBs centered at A,=0.63 and A,=0.83 um
(bands 1 and 2), and two EEBs at ~3.7 and ~11 um (bands 3 and 4). [Note that on the sunlit part of the orbit,
band 3 is also sensitive to reflected solar radiation. Still, it is considered an EEB here from the standpoint of
its calibration.] On AVHRR/2 flown onboard NOAA-7, 9, 11, 12, and 14, a third EEB was employed
centered at ~12 um (band 5), and on AVHRR/3 flown on NOAA-15, 16, and 17, a new SRB was added at
A;=1.61 um and termed 3A, to differentiate it from the former band 3 at 3.7 um that is newly termed 3B. The
3A/3B bands are time-shared according to the “either/or” logic which is re-programmable from Earth, so that
data in one band or the other is always available, but never both together. By default, the switch-over occurs
at the terminator (Sun angle, 6,=90°). Note that AVHRR/3 will be also employed on at least one afternoon
platform, NOAA-N (to be launched in February 2005) and three morning platforms, METOP 1 to 3 (to be
launched in December 2005, 2010, and 2014, respectively).

2. AVHRR CALIBRATION BACKGROUND

In the AVHRR, the Earth view radiance in band i is reflected by a rotating scan mirror towards the input
optics, converted to a voltage by the view electronics, digitized and transmitted to the ground as a 10-bit
count (0-1023), Cg;. [Note that the term “Earth view radiance” (and the “E” subscript) is used throughout this
paper to indicate the scan position of the AVHRR mirror, or the target at which the AVHRR is pointing - i.e.,
Earth (“E”) as opposed to space (“S”) and onboard black body (“B”). This should not be confused with the
physical origin of the radiation, i.e., photons emitted by the Sun and reflected by the Earth towards AVHRR
(in the SRBs) vs. those emitted by the Earth itself (in the EEBs)]. On the ground, the Earth radiance is
calculated from the measured count via a calibration procedure. Below, we compare the EEBs and SRBs
calibration procedures and argue that more consistency should be sought between them.

2.1 Calibration of the AVHRR Earth emission bands (EEB)
In the EEBSs, the Earth radiance Lg; [rnW/(rn2 cm’ sr)] is calculated from the 10-bit Earth count, Cg;, as

Ly = Gi_l(CEi -C, ) QY

The “zero count” (ZC), C,;, corresponds to a zero input radiance, L,=0. [Note that actually, a slightly non-
zero L,; 1s used in the current NESDIS operational procedures for bands 4 and 5, to account for non-linearity
of AVHRR sensor response4.] The calibration gain, G, is calculated using a second reference point, with a
reference count (RC), C,;, corresponding to a reference radiance, L,;, as

G—l — Lri _Loi
i Cri _Coi .

In the NOAA operations, the interpolation is linear in count in band 3B, whereas in bands 4-5, a non-linearity
correction is applied"®. [Note that users of NOAA data usually convert radiances in the EEBs to the
equivalent brightness temperatures”°.] In-flight, the ZC is estimated from the space count (SC), Cs;, and RC
is estimated from black body count (BC), Cg;. At each scan line, 10 SCs and 10 BCs are recorded in each
band, when the scan mirror points to deep space, and onboard black body (or internal calibration target, ICT),
respectively. The reference radiance, L,;, is approximated with the Planck function at ICT temperature, Lg;
(Tg), which is measured in-flight by four platinum resistance thermometers (PRTs). A nominal ICT target
temperature is Tg ~290K, but the actual Ty may be anywhere within a few Kelvins of the target value.

(2)

The calibration parameters in Egs.(1-2), C,; /C,; and L,; /L,;, should be clearly distinguished from their
onboard-measured counterparts, Cs; /Cp; and Lg; /Lp;. [Note that actually, the two radiances, Lg; /Lg;, are not
measured but assumed to be zero (L) or calculated from the PRT temperatures (Lg;), respectively. This
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terminological subtlety is not important for the subject of this study and therefore this distinction is not made
herein. |

The measured quantities (such as e.g. the SC) are subject to data errors (outliers, biases, and random errors
from digitization and noise) and/or violation of calibration assumptions (e.g., the input radiance may not be
zero), and therefore fill in a range of values characterized by its own probability density function (PDF).
Outliers and biases may result from glitches occurring during the data acquisition/ transmission/reception’, or
from occasional contamination of the space/ICT views by the Moon or Sun® (cf. section 4). Sharp anomalies
(outliers) in the measured Cs; /Cp can be removed e.g. by a Fourier transform ﬁlteringg, and the
noise/digitization suppressed by averaging/smoothing®”'’. The deep-space radiance is assumed to be zero,
and estimating L,; from Lg;, assumes that the ICT is a perfect black body, and that the four PRTs onboard
measure its true temperature error-free. These assumptions may be violated, too, and steps may be needed to

correct for these effects”'’.

The calibration parameters (such as the ZC), on the other hand, are simply numbers, whose values are to be
estimated from the measured PDFs by some kind of statistical processing. Estimating the calibration
parameters in Egs.(1-2) must thus include preprocessing and quality control of the onboard measurements, to
mitigate the data errors. Note that the resulting C,; /C,; are not necessarily integer numbers, albeit they are
estimated from the integer Cs;/Cg,.

2.2 Calibration of the AVHRR solar reflectance bands (SRB)
In the SRBs, the Earth view radiance, Lz [W m™ um™ sr™'] could be derived from Cy; via an analog of Eq.(1)
(and we argue that this generic form of the calibration equation actually should be used)

Ly = Gi_l (CEi - C()i)' (3)

In the NOAA operations, the radiance in the SRB is converted to the Earth normalized reflectance termed at
NOAA the “overhead Sun albedo” and defined as 4g;(%)=100xLg;/F;, where F; [W m> urn'l] 1s the solar flux.
It differs from the conventional reflectances (which are additionally normalized by cosine of solar zenith
angle, u,=cos0,, as pg;=Ag/11,), but is convenient for calibration purposes as it is just the scaled radiance. In-
flight, the value of ZC can be specified from the SC (Cy) that is measured in the SRBs, too, but the
calibration slope (gain, G;) cannot, because the second reference calibration point (radiance source or solar
diffuser) is missing. This is why the AVHRR SRBs are often referred to as “non-calibrated onboard”'!, which
is however only half-true, as was rightly pointed out by Mitchell (2001)’. To monitor gain in-flight via an
analog of Eq.(2), a second reference target must thus be specified vicariously'*'”. The determination of the
calibration slope is obviously improved, if the intercept is specified more accurately. Note that in the
laboratory, the space measurement is imitated when AVHRR views the external space clamp target or the
external calibrating sphere with all lamps off'". The resulting SC statistics reported in the ITT manuals'*?
have been summarized for different AVHRRs>'. In the NOAA operations, however, the ZC calibration
formulation by Eq.(3) is not used. Instead, a regression form of the SRB calibration equation is adopted™™

AE[ = Si CE[ +1i > (4)

Here, the §;and I; are channel-specific calibration slope and intercept, derived through regression analyses of
Apg; versus Cg. The pairs of points, (4., Cr;) can be measured either in laboratory (pre-flight) or vicariously
(post-launch). Parameters of the calibration Eq.(4) are summarized in Ref. 21. The formulations by Eq.(3)
(re-written in albedo units) and Eq.(4) are equivalent if [; /S;=C,;*'. However, this latter condition is not
automatically ensured and leads to significant calibration errors if violated. The “equivalent zero counts”
calculated as C,;=I;/S; may differ significantly from the mean SC measured both pre-launch and in—ﬂightﬂ.
(This is because the dark current of the silicon detector in photovoltaic mode used on AVHRR is a function
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Fig.1. Orbital (a) mean and (b) STD of space count in bands (1) 1, (2) 2 and (3) 3 of AVHRR/3 flown onboard
NOAA-17. Presently, no quality control is applied to the SC data used in calculating the two statistics. Launch date
(LN) and date platform became operational (OP) are superimposed. Shown also are pre-launch measured SC statistics
and average corrections to them needed to estimate average in-flight SCs.

of many factors such as e.g. the detector temperature.) Furthermore, the SC change in-flight over lifetime of
AVHRR instruments, and differ from their pre-launch counterparts. These conceptual inconsistencies lead to
confusion and large data errors in the low radiances and products derived therefrom such as aerosols over

3,21-25
ocean™ ", and therefore need to be resolved.

2.3 NOAA system to monitor AVHRR SC in-flight

Realizing this inconsistency has led to implementation at NOAA in 1994 of a system to monitor the orbital
and daily SC statistics in-flight. Both orbital and daily mean and STD SC are reported on the web
http://www.osdpd.noaa.gov/PSB/PPP/CALIB/home.html and archived for future use. Fig.1 plots an example
of time series of the orbital SC statistics for NOAA-17. The orbital mean SCs reveal trends of a few tenths of
a count in less than a year. These changes are sufficient to cause significant artifacts in aerosol retrievals
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IR cal target: BV (black body view) +181.03° to +18 1\.5 7°
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Fig.2. Schematic of one full AVHRR scan (not to scale). [Represents a compilation from Refs. 4,7,10,17-19]. The
direction of satellite motion is oncoming (perpendicular to the plane of the drawing). AVHRR mirror rotates clock-
wiseé] at altate of 360 rotations per minhiit€élot 6ltotations per second! Rotationlcycle begins withi lihe syhchrohization! @
-73.99° mirror angle (not shown). The relevant sectors/number of samples: CV (-70.96° to -65.56°)/1*; SV (-68.53°
to -67.99°; found exactly in the center of the CV sector)/10 SV; EV (-55.39° to +55.39°)/2048; BV (+181.03° to
181.57°)/10. *The clamp view sample has ~100 longer time constant compared to the Space/Earth/Black Body Views,
and is not recorded onboard.

from AVHRR™'®, The question is what fraction of these trends is real (and therefore should be corrected
for), and what is due to artifacts of AVHRR measurement system. Analyses below are aimed at better
understanding of the AVHRR SC measurements. Note that Ignatov et al. (2004a) document SC data obtained
with this system from 1994-on from other NOAA platforms including NOAA-9, 11, 12, 14, 15, and 16. They
also discuss the STD parameter which is shown in Fig.1 but not discussed here. Significant errors in the
mean/STD parameters may result from AVHRR digitization’*'. This source of error is not discussed here.

3. 3. AVHRR SPACE COUNT (SC) MEASUREMENT SET-UP

3.1 AVHRR data collection

The AVHRR data collection is achieved by a synergetic use of two subsystems, optical and electronic. The
optical subsystem scans cross-track by a continuous 360° rotation of the beryllium mirror in a clock-wise
direction at a speed of 6 rotations per second. This results in an east-to-west traversal when a platform
“ascends” from south to north and in a west-to-east traversal when it “descends” from north to south.
Meanwhile, the view electronics (as opposed to the clamp electronics - see below) keeps sampling the
radiation reflected from the mirror continuously, at a frequency of /~40 kHz. The samples are adjacent in
time, so that the “time window” of the AVHRR view electronics is oty = I/f ~ 25x10° sec = 25 us,
corresponding to a “mirror angle window”, 66y~0.054°. While in three sectors of the mirror angle (called the
space view, SV, Earth view, EV, and black body view, BV, respectively), the output voltage from the view
electronics is digitized and recorded. One recorded sample is called an “AVHRR count”, or “pixel”. The
system is typically fully discharged during the readout before recharged for the next pixel. [In other words,
the time constant (“memory”) of the AVHRR view electronics, Ty, is very small compared to its time window
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(Ty <01y). As a result, the view electronics fully “forgets” the previous-pixel signal by the time it gets to the
next one. |

A schematic of one full AVHRR mirror revolution is presented in Fig.2. A new cycle begins with line
synchronization when the mirror points at 6= -73.99° (not shown). An idle sector follows (N=101 samples
not recorded), then N=10 SCs are recorded while the mirror is in the angle range from 6=-68.53° to -67.99°.
A new idle sector follows from 0= -67.99° to -55.39° (N=233), after which N=2048 EV pixels are recorded
(from 6= -55.39° to +55.39°). After some more idle samples and auxiliary information sectors (such as e.g.
the PRT temperatures; not shown in Fig.2), N=10 BCs are recorded while mirror scans from 6= +181.03°
through +181.57°. This full-resolution data format is also referred to as the local area coverage (LAC). In
global area coverage (GAC) format, the same number of SCs/BCs per scan line is kept (N=10), but only 409
EV pixels per line are sampled (each representing an average of 4 LAC pixels out of every 5), and only every
3" line is saved (resulting in two GAC lines per second). The data analyzed in this study are all GAC.

3.2 Space count (SC) measurements

The location of the space view (SV) sector on the satellite right was chosen to avoid the Sun, which is always
found on the satellite left. Contamination from the solar light reflected by different elements of the satellite
body (the “stray light”) has been minimized, too. The Moon, however, appears occasionally in the AVHRR
space view sector. This is discussed in Cao et al. 2004 (in preparation) and in section 4 below. The AVHRR
has been designed to maintain an approximately constant level of SC~40 in the SRBs, and ~990 in the EEBs.
[Note that there are two different clamping electronics on the AVHRR: one circuit is used with the SRBs,
and the other with the EEBs. In the present study, the SRB clamping is of interest and analyzed below.] The
choice of the specific numbers is historical, for instance, a different value of SC~29 is used in the SRBs of
the imagers and sounders flown onboard the geostationary satellites. Setting a “pad” at the bottom/top of the
radiometric scale (the “leg/head room”) helps avoid the out-of-scale readings that may occur due to
aging/degradation of the AVHRR opto-electronic subsystem, and to enable noise measurements.

3.3 Clamping

Clamping is a feedback mechanism (similar to dark current restoral used in many calibration systems), by
which the whole AVHRR radiometric scale is continuously self-adjusted by a slow (additive) shifting in such
a way that the ZC-pedestal in the SRBs is maintained at an approximately constant level of 40 counts. First, a
“clamp count” (CC) is measured (but not recorded onboard). It differs from the SC due to (1) sampling over a
wider time/angle window, and (2) processing through a different clamp electronics. The desire to have a less
noisy CC led to setting the clamp window much wider, with §tc~1008ty ~ 2500 ps, though centered exactly
at the center of the space window (see Fig.2). The clamp electronics samples only once per mirror rotation
cycle. Next, the CC is compared to a preset value of 40, and a feedback signal proportional to the difference
is generated and propagated back, to negate the deviation. The feedback propagates slowly, so that the SC
measured in the beginning of the cycle continues to hold over at least one full mirror revolution (T~1/6 sec).
The time constant of the clamp feedback circuit is tc~11 sec > T~1/6 sec. (See section 4.3 for the detail on
how the tc was estimated).

3.4 Implications of clamping on the SC data

In a stationary mode (i.e., absence of any perturbations to the SV/CV, such as caused by the Moon), the
average SC may differ from 40, systematically. This is because the average brightness in the (wider) CV
window may differ from the brightness in the (narrower) SV window, or the two electronics may process the
same input differently, or both. Long-term trends in the SC may develop if the differences between the
clamp/space windows change systematically in time (due to e.g. systematic orbit evolution, see Ignatov et al.
2004b), or clamp/space electronics age differently, or both. Short-term perturbations in the SC may result
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Fig.3. De-trended/normalized Earth view count (see section 4.1 for definitions) in AVHRR band 1 (top) and 2
(bottom), for a ~75 sec (150 lines) fragment of a NOAA-15 GAC orbit on 19 April 2000 (1325 UTC). Image of the
East coast of the Hudson Bay in Canada (150 lines x 409 pixels centered at 60°N, 78°W). NOAA-15 descends
north(top)-to-south(bottom) and scans west(left)-to-east(right). The palette corresponds to -3 to +3 de-
trended/normalized count in step of 0.5. Depressed Earth view count in both bands over /~50 lines is due to Moon
contamination. Line numbering is arbitrary.

from a bright object (Moon) quickly traversing the space and/or clamp view. (See section 4 for detail.) We
argue that the onboard measured SC should be used during periods when the SC does not experience sharp
variations similar to those analyzed in section 4 below. The situations when the SC quickly changes from
line to line should be flagged out and excluded from the Earth view data analyses.

4. EXAMPLES OF THE MOON EFFECT ON SPACE COUNT

The (narrower) space and the (wider) clamp views are both supposed to observe deep space, free of bright
objects. Periodically, however, one of them or both point to the Moon (or part of it), which may additionally
be in different phases. Effect of lunar contamination on the calibration of the advanced microwave sounding
unit (AMSU, also onboard NOAA platforms) has been documented in Ref. 26, and similar AVHRR analyses
are currently underway (Cao et al., 2004, in preparation). Here, a few Moon examples are considered, to help
understand the AVHRR space view and clamping mechanism. The fact that the Moon-induced variations in
the SC are clearly echoed in the Earth view data illustrates the major point of this study that the in-flight
measurements of SC must be used to specify the calibration offset in the Earth view data.

4.1 Moon anomaly in the SC: Effect on Earth view data

Figure 3 maps the Earth view counts in AVHRR/3 bands 1 and 2, for a ~75 sec segment of a NOAA-15
GAC orbit on 19 April 2000. The image of LxK [L=150 lines; K=409 pixels] centered at 60°N, 78°W, was
taken over the East coast of the Hudson Bay in Canada while NOAA-15 was descending from north to south,
scanning from west (left side of Fig.3) to east (right). The local time increases across the image from ~7:15
AM on the left to ~9:15 AM on the right. To mitigate the resulting meridional trends in the scene
illumination, the image was first de-trended (by calculating mean count over L=150 lines for each pixel,
k=1,409, and subtracting it from each count in the respective column) and then normalized (by ratioing the
difference to the respective column-specific STD count). [Recall that the AVHRR/3 SRBs have dual gain,
and data from both gains are present in Fig.2 whose radiance weight differs by a factor of ~2. Nevertheless,
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Fig.4. Left: 1-minute (120 GAC lines) of space view count data (shown are 5, out of total 10) corresponding to
NOAA-15 Earth view count data in Fig.2 (line #10 in Fig.2 was reset to #0). Right: Example of NOAA-17 data. Data
in lines from /~20-70 are affected by the Moon.

the analyses here are done in counts, for simplicity.] Wide stripes (6/~50 lines) of depressed counts are
clearly seen in both bands. The scene clearly shows a dip from line /~20-70 superimposed on the general
north-to-south darkening trend. Figure 4 (left) plots a corresponding transect of the respective SCs (averaged
over 10 space views, within a scan line). The SCs are remarkably stable (Cs; ~38.1, Cs, ~39.0) before /~20,
then they dip to Cs ~10, coherently in the two bands, and recover only after /~70. The one-to-one
correspondence between the SC and the EV data clearly suggests that the onboard measured SC should be
used to normalize the EV count. The episodes with rapid changes in the SC similar to those shown in Figs.3-
4 are rare and extreme, and it is safer to flag them out and exclude the corresponding EV data from analyses
rather than attempt correcting them. At the same time, such “data anomalies” lend themselves to in-depth
understanding of the physics of the phenomena much better than “business as usual” situations extensively
considered in Ref. 21.

4.2 Two mechanisms of the Moon effect on space count

The NOAA-15 example in Fig.4a suggests that all individual SCs react to the Moon forcing identically. The
SC first drops from ~40 to ~10 in 5-7 sec, stays low for ~25 sec, and then returns to its pre-Moon level after
an approximately 1-minute “ringing”. The NOAA-17 example in Fig.4b features a different pattern. Here, the
individual SCs react to the Moon forcing quite differently. The SC1 shows a hint of NOAA15-like decline,
but all other SCs increase, some of them by as much as 80 counts over the background ~40 count level. After
a ~25 sec interval, the SC returns to its pre-Moon level after a few oscillations, similarly to NOAA-15.
Figure 5 illustrates the physics behind the two different patterns of the Moon effect on the SC. Two “swaths”
in the deep space shown with solid and broken lines correspond to the AVHRR space and clamp views,
respectively. Recall that the AVHRR angular “clamp view swath” is 5.4°, ten times wider than the “space
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Fig.5. Two mechanisms of the Moon effect on SC. NOAA satellite moves in horizontal left-to-right, AVHRR scans in
vertical top-to-bottom. Superimposed are two swaths: by clamp view (bracketed by two broken lines; angular size
~5.4°=1 clamp count) and space view (bracketed by two solid lines; angular size ~0.54°= 10 space counts, ~0.054°
each). Left: Moon (~0.5° in diameter) is in the clamp swath but not in the space swath (cf. NOAA-15 example in
Fig.4a). Right: Moon is in both clamp and space swaths (cf. NOAA-17 example in Fig.4b).

view swath” which is only 0.54° and comparable to the angular size of the Moon. The AVHRR records 10
SC pixels while traversing the space view sector (one SC coming from a ~0.054° sector), but measures only
one CC pixel while traversing the clamp view sector, which is not recorded. Figure Sa shows an example
when the clamp view sees the Moon but the space view does not. In this case, the clamp view works to set its
brighter-than-deep space target to 40 counts, while all 10 space views still point to the dark deep space. As a
result, all 10 SCs are identical and consistently lower than 40 (cf. Fig.4a). Figure Sb shows an example when
both the clamp and space views see the Moon. In this case, the inertial clamp starts working to set the CC of
the brighter background to 40 count but does not finish its job before different SCs point to different parts of
the bright Moon, and quickly react to it (cf. Fig.4b). It is clear that the scenario shown in Figs.4a and 5a is
more probable, in proportion to the clamp-to-space view sector ratio (~10).

4.3 Clamp circuit as underdamped oscillator

The SC data of both NOAA-15 and -17 in Fig.4 show two features for line numbers />70: 1) close agreement
between all 10 SCs; and 2) after-ringing. This corresponds to a period when the clamp circuit undergoes free
relaxation to the normal background space brightness, after the clamp view sector ceases seeing the Moon.
The data are well approximated with the i underdamped oscillatori equation®'

C,=C,+d&, exp(— ij Sin(zTn + ¢j (5)
T

Parameters of the clamp circuit are instrumental to work out an optimal strategy of utilizing the SC data to
calibrate the AVHRR. Eq.(5) is generic to a number of physical processes that result in fiee oscillation (1"
and 3™ terms on the left hand side) with damping (2™ term). [Examples of mechanical and thermodynamic
processes include e.g. mass-spring-friction or pendulum-gravitation-friction, and gas-piston-friction
oscillations.] The t-parameter in Eq.(5) (called the decay, or envelope time) provides a quantitative measure
of how quickly the clamp circuit forgets the Moon disturbance, and returns to the background level. The
oscillation period, T is defined by the frequency of oscillations. The amplitude of the perturbation, 6C,;, and
the initial phase, ¢, are defined at zero time, t=0, defined by convention. The decay time and the oscillation
period (t~T~11 sec; agreement between the two is apparently by coincidence) are well reproducible between
different platforms, bands, and orbits®'. This is expected because these parameters belong to the AVHRR
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clamp electronics and not to band or orbit. The amplitude of the perturbation, 6C,;, and the phase, ¢, depend
upon the initial time at which they are defined. For instance, if the initial time were specified one decay
period earlier (i.e., @ t~-1), then the value of 6C,; would be ~2.7 times larger. This explains the difference
between the 0C,; estimated in Ref.21 (~30 counts in NOAA-15 and ~80 counts in NOAA-17 data). The 6C,;
and t-estimates suggest that it takes from 50-75 sec to reduce the perturbation in the SC by two-three orders
of magnitude. Combined with a ~25 sec length of the Moon event itself, this suggests that from 1-2 minutes
of data should be discarded. Comparison of the three consecutive orbits of NOAA-15 suggests that Moon
contamination persists over a few orbits. A detailed procedure to identify and exclude moon-contaminated
data is currently being developed, and will be reported elsewhere.

5. CONCLUSION

Our analyses suggest that the 25+ year NOAA practice of discarding the AVHRR space view data ought to
be changed, and onboard measurements of space count in the AVHRR solar reflectance bands should be used
to better understand the radiometric performance of the SRBs, and improve their calibration accuracy in-
flight. This conclusion is in broad agreement with the NOAA practice of calibrating the imager and sounder
instruments onboard the geostationary satellites® and earlier AVHRR studies™*"*. Using the SC information
to specify the“zero count” affects the AVHRR calibration directly, through an improved calibration offset in
Eq.(3), and indirectly, by constraining the pre-flight and vicarious determinations of the calibration slope
(gain). The AVHRR calibration enhancement would improve all data products generated from AVHRR, with
most noticeable effect in those products generated from low radiances such as aerosol retrieval®> "2,

The terms of “zero count” (a parameter in the calibration Eq.3) and space count (onboard measurement) are
often used in the literature indiscriminately. It is felt that one should clearly distinguish between the two
terms, to emphasize the fact that the SC is a measurement, and therefore it is subject to data errors. As a
result, extensive quality control and preprocessing is needed to estimate the ZC parameter from the SC
data®™’. Note that not all data errors can be fully mitigated, even if great care is taken in the data analyses. For
instance, the digitization in the SC may introduce systematic biases in the estimated ZC. More analyses are
needed to better constrain this source of error.

The current NOAA system to monitor the SC in-flight on a per-orbit basis provides a solid working
infrastructure. It should be continued in the future, with the four more AVHRR/3 instruments that are
scheduled to fly through at least 2020, and the future NPOESS/VIIRS instrument. Additionally, the
processing should be extended back in time, to include the full AVHRR period from 1978 onward.

A few improvements may be recommended. First, the current system would benefit from supplementing a
physical model to predict the Moon events in the AVHRR space view, to identify potential problem areas. In
addition, mathematical procedures should be implemented to identify and screen out bad SC data (outliers).
A full log of those bad lines should be maintained and updated periodically, to be used to identify and
exclude from analyses the respective corrupted Earth view data. We emphasize that robust procedures to
estimate the two true orbital ZC statistics, mean and STD, from the digitized SC data should be developed.
Checking for consistency with the night counts in the solar reflectance bands is expected to provide
additional perspective to the SC data, and rule out possible out-of-band secondary peaks in the spectral filter
functions that may leak thermal radiation. Time series of the SC statistics and ZCs derived therefrom, should
be created and analyzed and quality controlled separately. Residual inter-orbital noise in the time series
should be suppressed by additional temporal smoothing and/or running averaging.

In addition to being an indispensable source of the information on the long-term stability and radiometric

performance of the AVHRR instruments, the quality-assured time series of the space and night count
statistics will provide a valuable source of the calibration offset data in historical data reprocessing and
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climate data records such as the Pathfinder Atmosphere (PATMOS®), its current successor at NOAA called
the AVHRR Stewardship (J.Bates and M.Goldberg, 2004, personal communication), or the Global Aerosol
Climatology Project™. Note that in the real-time NOAA operations, data from the future are not available for
smoothing and the estimated calibration offset may be therefore less accurate. Short-term extrapolation of the
past time series may be used as a practical solution that in any case is more accurate compared to the current
practice. The current simpler on-orbit quality control procedures used with the Earth emission bands
calibration data may be temporarily applied to the SC in the solar reflectance bands, before a more
comprehensive system is developed and implemented. Note that the currently-operational trending of the
black body count and PRT temperature data in the AVHRR Earth emission bands should be improved, and
applied consistently with the proposed SC trending. These analyses are currently underway, and their results
will be reported elsewhere.

The lessons learned with the AVHRR should be carefully taken into consideration with the future
NPOESS/VIIRS processing. A system to monitor, trend and quality control a full set of the VIIRS calibration
parameters should be planned to commence from the onset of the mission.
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