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ABSTRACT

The 35-yr NOAA Advanced Very High Resolution Radiometer (AVHRR) observation record offers an
excellent opportunity to study decadal climate variability, provided that all participating AVHRR in-
struments are calibrated on a consistent radiometric scale. Because of the lack of onboard calibration systems,
the solar imaging channels of the AVHRR must be vicariously calibrated using invariant Earth targets as a
calibrated reference source. The greatest challenge in calibrating the AVHRR dataset is the orbit degradation
of the NOAA satellites, which eventually drift into a terminator orbit several years after launch. Therefore,
the invariant targets must be characterized over the full range of solar zenith angles (SZAs) sampled by the
satellite instrument.

This study outlines a multiple invariant Earth target calibration approach specifically designed to account
for the degrading NOAA orbits. The desert, polar ice, and deep convective cloud (DCC) invariant targets are
characterized over all observed SZAs using NOAA-16 AVHRR measurements, which are referenced to the
Aqua MODIS Collection 6 calibration via direct transfer of the MODIS calibration to the NOAA-16
AVHRR instrument using simultaneous nadir overpass (SNO) observations over the North Pole. The
multiple invariant target calibrations are combined using the inverse of their temporal variance to optimize
the resulting calibration stability. The NOAA-18 AVHRR gains derived using the desert, polar ice, and DCC
targets, as well as from SNO, were found consistent within 1%, thereby validating that the Aqua MODIS
calibration is effectively transferred to the reference calibration targets. The companion paper, Part II, applies
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the methodology across the AVHRR record to derive the sensor-specific calibration coefficients.

1. Introduction

Quantitative interpretation of satellite imager data for
scientific applications is highly dependent on accurate
and consistent calibrations of the imager’s various spec-
tral channels. Knowledge of this dependency is especially
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important for the development of climate data records
(CDRs), which are often used to monitor various aspects
of climate change. Longer records of climate parameters
are necessary for detecting meaningful trends, which can
only be established by the use of a series of satellite im-
agers that have similar characteristics. The Advanced
Very High Resolution Radiometer (AVHRR) is one
type of imager that has been operating in one of three
versions over a significant time span, having flown on the
TIROS, NOAA, and MetOp series of sun-synchronous
satellites since 1978. The AVHRR is equipped with an
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onboard calibration system for its infrared channels, but
it lacks similar capabilities for its visible and near-infrared
channels. Therefore, to enhance its utility for climate
studies, it is necessary to develop the most accurate cal-
ibrations possible for each of the AVHRR solar channels
and to achieve interinstrument consistency with un-
certainty estimates that can be used to characterize trends
in any derived climate parameter.

The AVHRR instruments were launched in both af-
ternoon and morning sun-synchronous polar orbits,
providing a continuous overlapping set of morning
(AM) and afternoon (PM) pair observations over most
of the record. The AVHRR Global Area Coverage
(GAC) format is available with a nominal pixel resolu-
tion of 4km and the sensor has four to six spectral
channels, depending on the build phase. The de-
pendence on AVHRR for environmental retrievals has
been diminished since the advent of well-calibrated sun-
synchronous imagers, such as the Moderate Resolution
Imaging Spectroradiometer (MODIS) on Terra and
Aqua, and the Visible Infrared Imaging Radiometer
Suite (VIIRS) on the Suomi National Polar-Orbiting
Partnership (SNPP) satellite. Nominally, retrievals us-
ing MODIS data should be superior to those based on
AVHRR data because MODIS employs onboard solar
diffusers to monitor and correct for the degradation of
the visible bands. MODIS data are available with a
nominal pixel resolution of 1km, and the sensor has 36
spectral bands. Additionally, the Terra and Aqua sun-
synchronous orbits are maintained at their nominal
equatorial crossing times, ensuring that there is no local
time drift in the long-term record. In contrast, the
AVHRR instrument lacks an onboard calibration sys-
tem to track the fluctuations in the solar channel signals.
The greatest challenge in quantifying the AVHRR on-
orbit calibration fluctuations is the degrading sun-
synchronous orbits of the NOAA satellites, which
eventually drift into a terminator orbit over several
years. Invariant Earth targets used for calibration must
also be characterized over the range of solar and viewing
angles encountered during the local time drift of the
NOAA satellites.

The vicarious calibration of the AVHRR visible
sensors is an ongoing 30-yr effort. In fact, many of the
modern postlaunch calibration techniques currently in
use were initiated and improved for the purpose of
calibrating AVHRR. Calibration methods were de-
veloped to utilize Rayleigh scattering and glint over
clear-sky ocean, as well as stable desert, polar ice, global
clear-sky domain, and tropical bright high-cloud Earth
targets (Brest and Rossow 1992; Kaufman and Holben
1993; Kogan et al. 1996; Loeb 1997; Masonis and Warren
2001; Staylor 1990; Vermote and Kaufman 1995; Wu and
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Zhong 1994; Nagaraja Rao and Chen 1995). Radiative
transfer models (RTMs) have been used to predict TOA
radiances over actively monitored ground sites to cali-
brate AVHRR instruments (Frouin and Gautier 1987;
Teillet et al. 1990). Simultaneous overpass ray-matched
(SOR) aircraft and AVHRR visible pairs were designed
to transfer the aircraft instrument calibration to the
AHVRR sensor (Abel et al. 1993; Holben et al. 1990;
Smith et al. 1988; Whitlock et al. 1990). Later, the
AVHRR sensors were more routinely calibrated over
desert (Nagaraja Rao and Chen 1995, 1999) and polar
ice (Tahnk and Coakley 2001, 2002) targets to provide
time-dependent calibration coefficients.

Following the launch of the well-calibrated MODIS
sensors, AVHRR and MODIS could be intercalibrated
using simultaneous nadir overpass (SNO) radiance pairs
(Heidinger et al. 2002). Furthermore, AVHRR and
Tropical Rainfall Measuring Mission (TRMM) Visible
and Infrared Scanner (VIRS), as well as AVHRR AM and
PM satellites, were intercalibrated using near-simultaneous
ray-matched radiance pairs (Doelling et al. 2001). The Hu
et al. (2004) deep convective cloud (DCC) calibration ap-
proach was successfully applied to monitor the radiometric
stability of AVHRR sensors (Doelling et al. 2004). Desert
and polar ice pseudoinvariant calibration sites (PICS)
were characterized using MODIS observations and
were applied across many AVHRR sensors (Heidinger
et al. 2010; Uprety and Cao 2011; Wu et al. 2010; Wu
etal.2013a). Concurrently, AVHRR and MODIS SNO
intercalibrations were performed over multiple platforms
(Wu et al. 2006; Heidinger et al. 2010). Remarkably, very
few studies have attempted to compare, reconcile, and
combine the various AVHRR visible gains from the nu-
merous calibration methods (Che and Price 1992; Molling
et al. 2010; Heidinger et al. 2010).

This study employs a uniform sensor calibration ap-
proach for the AVHRR channel 1 (Ch1) and Ch2 records,
combining the calibration results of multiple invariant
Earth target techniques. Arabia-1, Libya-1, Libya-4, and
Niger-1 desert PICS; Dome-C and Greenland polar
ice PICS; and tropical DCC are used to evaluate the
AVHRR sensor stability and to transfer the Aqua
MODIS reference calibration over the AVHRR satellite
record. The multiple PICS approach reduces the impact of
the natural reflectance variability of an individual target.
This is accomplished by weighting the contribution of the
individual PICS calibration by the inverse of their tem-
poral variability to produce the combined optimized cal-
ibration result. Instead of characterizing the PICS utilizing
MODIS observations, which do not encompass the entire
solar zenith angle (SZA) range of NOAA satellites
drifting into a terminator orbit, the PICS are characterized
using NOAA-16 (N16) AVHRR observations. Hereafter,
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TABLE 1. Summary of spectral coverage of AVHRR VIS, NIR, SWIR, and IR channels.

Channel AVHRR/1 AVHRR/2 AVHRR/3
No. TIROS-N (um) N6, N8,NI0 (um)  N7,N9,NII,NI2,NI4 (um)  NI5—N19, MetOp-A and MetOp-B (um)
1 0.55-0.90 0.58-0.68 0.58-0.68 0.58-0.68
2 0.725-1.10 0.725-1.10 0.725-1.10 0.725-1.00
3A _ _ — 1.58-1.64
3B 3.55-3.93 3.55-3.93 3.55-3.93 3.55-3.93
4 10.50-11.50 10.50-11.50 10.30-11.30 10.30-11.30
5 _ _ 11.50-12.50 11.50-12.50

for simplicity, the individual NOAA satellites are in-
dicated with the abbreviation Nx, where x refers to the
satellite number. The N16 AVHRR visible radiances are
first referenced to, or intercalibrated with, Aqua MODIS
using the SNO approach, which also accounts for any
temporal degradation in the responsivity of the AVHRR
sensor. Also, the N/6 AVHRR visible band spectral re-
sponse functions (SRFs) are more similar across the
AVHRR instrument record than each compared to
MODIS; thus, the required spectral band corrections are
minimal. The final overall calibration, which we are call-
ing multiple invariant targets referenced to Aqua MODIS
(MITRAM), is validated against all of the possible
NOAA and Aqua MODIS satellite pair SNO calibrations
during the MODIS era. The consistency of the multiple
independent calibration gains provides the overall un-
certainty of the MITRAM calibration.

The study is organized into two papers. This paper
describes the methodology, whereas the companion
paper describes the implementation of the calibration
methodology across the entire AVHRR record and
provides the associated calibration coefficients, uncer-
tainty, and validation results. Here, section 2 describes
the AVHRR instruments and GAC processing. Section
3 highlights the AVHRR SRFs and the derivation of
the spectral band adjustment factors (SBAFs), de-
signed to account for spectral band differences. The
SNO, PICS, and DCC calibration approaches, as well
as the combining of multiple calibration gains, are
discussed in section 4. The N/§ AVHRR calibration
results based on the SNO and multiple invariant target
approaches are discussed in section 5. Last, section 6
contains the conclusions of this study.

2. AVHRR instruments and GAC processing

The first AVHRR sensor was flown on the Television
and Infrared Observation Satellite (TIROS-N), which
was launched in October 1978. Since then, there have
been several versions of the AVHRR carried on its
successors, which include the N6-N19, MetOp-A, and
MetOp-B satellites. The AVHRR instruments were

built in three phases, which are referred to as AVHRR/1,
AVHRR/2,and AVHRR/3, respectively. The AVHRR/1
instrument was a four-channel radiometer with spectral
coverage ranging from 0.55 to 11.30um (Chl: 0.55-
0.90 um, Ch2: 0.725-1.10 wm, Ch3: 3.55-3.93 um, and
Ch4: 10.50-11.50 wm). The AVHRR/2 instrument in-
cluded all four channels of AVHRR/1 and an extra thermal
infrared channel (ChS: 11.50-12.50 m). The spectral chan-
nels of the AVHRR/3 instrument are slightly different from
those of AVHRR/2, and include an additional channel in
the shortwave infrared (SWIR) region (Ch3A: 1.58-1.64 m)
to enhance daytime snow—ice discrimination and aerosol
retrievals (Ignatov et al. 2004). The spectral details of the
AVHRR/1-AVHRR/3 channels are presented in Table 1.

The host NOAA satellites carrying the AVHRR in-
struments did not include any system to maintain their
sun-synchronous orbit. As a result, the satellites drift
from their nominal orbit over time. The drift rate in-
creases quadratically and leads to a continuously chang-
ing equator crossing time, as shown in Fig. 1 (NOAA
2015). TIROS-N, N7, N9, N11, Ni4, N16, N18, and N19
are launched in afternoon orbits, and their ascending
node continuously progresses toward later in the after-
noon. Beginning with N11, the afternoon orbiters were
launched into a 1330 equatorial crossing time (ECT)
track rather than a 1430 ECT track. Note that the satellite
orbits beginning with N16 were designed to delay the onset
of the degradation by modifying the initial inclination an-
gle (Price 1991). On the other hand, the descending
node of the morning orbiters, including N6, N8, N10,
NI2,N15,and N17, shift toward earlier in the morning.
The MetOp-A and MetOp-B satellites are maintained
in morning orbits and have a descending node time
of ~0930 ECT.

a. GAC data

The AVHRR level 1B GAC format data with a nominal
pixel resolution of 1.1 km X 4.4 km were obtained from the
NOAA Comprehensive Large Array-Data Stewardship
System (CLASS) (http://www.class.ngdc.noaa.gov/saa/
products/welcome). The binary-format GAC data were
unpacked, extracted, and interpreted according to the
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FIG. 1. Equator crossing times for the NOAA PM (ascending
node) and AM (descending node) orbiter satellites continuously
change over time due to orbital drift.

NOAA Polar Orbit Data (POD) and KLM user’s guide.
The radiometric quantization is 10 bits for all AVHRR
Sensors.

b. AVHRR/3 dual- to single-gain conversion

For the AVHRR/1 and AVHRR/2 sensors, the digital
counts are proportional to radiance and a single gain
is valid over the entire count range. However, the
AVHRR/3 sensors use a ‘“‘split gain” or ‘‘dual gain”
setting for channels 1, 2, and 3A in order to enhance
their radiometric sensitivity at low radiance levels
(albedo < ~25%). The nominal gain was set at 50% for
counts less than the “‘break count” or ‘‘switch count,” and
at 150% for greater counts (Heidinger et al. 2010).

To facilitate uniform processing across the AVHRR
record, the dual-gain counts Cgy, are first converted to
equivalent single-gain counts Cgpnge to be linearly pro-
portional to radiance. Following the methods of Heidinger
et al. (2010), and using the nominal calibration coefficients
provided by the NOAA POD and KLM user’s guides,
Cayar is converted to Cgingle. For dual-gain counts below the
break point of intersection Split,

single Coi 10.5(Cy = Cop) s (1)
where the low-gain offset C is defined by the NOAA
platform-specific nominal count gain Slope,om and off-
set Intercept, o, coefficients as

C.; = —(Intercept__/Slope_ ). @

nom
For dual-gain counts above the Split,

C =C

single high +1 S(C

quar — SPIiL), 3)
where the high-gain offset Cygp, is defined as follows:

Coign = Core + 0.5(Split — Intercept ). “4)
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The Slopenom, Intercept,om, and Split values for each
channel are listed in Tables D.1-D.6 (N15), D.2-7 (preflight
AVHRR, N16),D.3-4 (N17),D.4-4 (N18), D.5-4 (MetOp-A),
and D.6-4 (N19) within the KLM User’s Guide and
online (http://www.ncdc.noaa.gov/oa/pod-guide/ncdc/
docs/klm/html/d/app-d.htm), where they are denoted as
the low albedo range Slope, Intercept, and points of in-
tersection, respectively. For Chl and Ch2, the GAC
high- and low-gain ratios were set to 3, whereas for Ch3a
they were set to 7. The dual-to-single-gain count con-
version equations described above will still be true for
Ch3a by replacing the 0.5 in Eq. (1) and Eq. (4) with 0.25,
and the 1.5 in Eq. (3) with 1.75.

c. AVHRR space count

It has been reported that the AVHRR space count
(Cy), or the space-view zero count, does not match the
prelaunch values of either the ITT Corp. manuals or the
NOAA POD or KLM user’s guides, and instead varies
on orbit (Ignatov et al. 2005). The desert, polar ice, and
DCC Earth invariant target calibration methods do not
directly measure the Cy and must rely on an a priori Cy,.
Although the AVHRR instrument was designed with a
space clamp to dampen out any space-view count oOs-
cillations, Cy can vary by up to 0.5 counts over the sat-
ellite record (Mitchell 2001). To simplify the calibration
application, it is preferable to have a single C, value
valid over the entire satellite record.

A simple test was performed to determine C, and its
stability over time. Because it was found that Cy is within
0.1 count of the night count over the unlit portion of the
earth (Ignatov et al. 2005), Cy was computed by aver-
aging all pixels with a SZA greater than 110° over one
orbit. A near-equinox orbit was selected at the begin-
ning and end of the satellite record. The near-equinox
orbit was chosen so that Cy can be observed under the
same spacecraft solar conditions. Although a more
thorough C, analysis is warranted following Ignatov
et al. (2005), it is beyond the scope of this study.

Excepting N8, N9, and N10, the range of the pixel-
level Cy over an orbit is within three counts. For N8 Ch2,
the C, distribution over an orbit was noisier at the end
of the record (Fig. 2b) than at the beginning (Fig. 2a).
Similar results were found for N8 Ch1l and for N9 Chl
and Ch2 (not shown). Figure 2c shows that the beginning-
orbit N10 C, distribution is broad, centered at 35 counts
with low residual count noise. The end-orbit Cg is shifted
by one count from the beginning-orbit Cy (Fig. 2d). The
beginning and end-of-record C, difference is less than 0.5
counts for all satellite instruments and channels, except
for N6, N10, N15, and N16 Chl, for which the C, dif-
ference is within one count. Also, for N10 Ch2, the C,
difference is 1.5.
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also shown. The count units are 10-bit single gain.

The channel-specific sensor record C, values were
computed by averaging the beginning- and end-of-record
Co, and are listed in Doelling et al. (2016, hereafter Part
II). The Cy values are compared with the Clouds from the
AVHRR Extended (CLAVR-x) dataset, which are ob-
tained from Table 2 of Li et al. (2015), and were found to
be within 1.5 counts—excepting N10 Chl and Ch2, N6
Chl, and N8 Ch2. Figures 2a and 2b clearly show that the
N8 Ch2 C, should be closer to 41.5 than 39.4.

3. Spectral band adjustments
a. AVHRR spectral response functions

The AVHRR SRFs were obtained from the NOAA
Center for Satellite Applications and Research (STAR)
program (http://www.star.nesdis.noaa.gov/smcd/spb/fwu/
homepage/ AVHRR/spec_resp_func/index.html). They
are an improvement over the SRFs contained in the
NOAA POD and KLM user’s guides because all known
errors have been corrected on versions on the STAR
website. The AVHRR and MODIS sensor SRFs are
highlighted in Fig. 3. A simulated atmospheric trans-
mittance spectrum for a vertical path computed from
MODTRAN using the maritime aerosol model, 23-km

visibility, and the U.S. Standard Atmosphere, 1976
(COESA 1976) is also shown in the background with a
dashed line. The AVHRR imagers belonging to the
same development phase have similar spectral band
characteristics, except for the much wider TIROS-N
visible (VIS) band. Small differences also exist in the
SRFs of the AVHRR/3 and AVHRR/2 sensors. The
Aqua MODIS SRF is narrower than any of the corre-
sponding AVHRR bands, and it does not include any
water vapor absorption bands.

b. Spectral band adjustment factors

Ignoring these spectral differences can cause potential
biases in the cross calibration of AVHRR to MODIS, as
well as between pairs of AVHRR instruments. The spec-
tral band adjustment relies on the knowledge of the
spectral signature of each Earth target, which is unique and
dependent on the incoming solar irradiance, target
reflectivity, and atmospheric column absorption. A ratio of
band-specific solar constants, computed by convolving the
incoming solar irradiance spectra with the sensor SRFs,
accounts for the solar irradiance imparity at TOA but is
not adequate to capture the differences in the sensor re-
sponse due to the latter two factors. This study employs an
SBAF for each reference and target sensor pair following
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FIG. 3. SRF comparison between MODIS and AVHRR/3 sensors for AVHRR (a) Chl and
(c) Ch2. SRF comparison between N16 and AVHRR/1/2 sensors for AVHRR (b) Chl and
(d) Ch2. Atmospheric transmittance spectra for a vertical path computed from MODTRAN
using the maritime aerosol model, 23-km visibility, and the U.S. Standard Atmosphere 1976

(COESA 1976) are also shown in the background with a dashed line.

the approach of Scarino et al. (2016), in which the target-
specific footprint hyperspectral TOA radiances measured
by the Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCTAMACHY) instrument
are first convolved with the SRFs of the target and refer-
ence sensors in order to estimate pseudoimager radiance
pairs for these sensors. The SBAF is then the slope of re-
gression of the pseudoradiance pairs. The SBAF is applied
to the reference sensor radiances to arrive at spectrally
corrected radiances for the target sensor. Although the
SCIAMACHY measurements are not temporally co-
incident with either the AVHRR or MODIS measure-
ments, they are assumed to capture the same typical surface,
atmospheric, and cloud conditions over intercalibration and
PICS domains. The concept of a priori SCTAMACHY-
based SBAFs was validated by determining the consistency
of the calibration gains derived over various calibration
targets (Morstad et al. 2011; Doelling et al. 2012; Bhatt et al.
2014a; Scarino et al. 2012, 2016).

Toderive the N16 Chl and Aqua MODIS band 1 SNO
SBAF, a linear regression through the origin (force fit)

of the NI6 Chl and MODIS band 1 pseudoradiance
pairs was computed from 18886 SCIAMACHY foot-
prints acquired over the North Pole domain during
2002-10 (Fig. 4a). The computed SBAF for this sensor
pair is 1.025, which indicates that the observed MODIS
band 1 radiances must be adjusted by 2.5% to achieve
spectral consistency with N16 Chl. For this case, the
band-specific solar constant ratio is 1.027 based on the
Thuillier et al. (2003) solar spectra and is very close to
the SCIAMACHY-based SBAF. The corresponding
Ch2 SBAF equals 0.924 for the same sensor pairs over
the SNO domain and is shown in Fig. 4b. However, the
solar constant ratio, which accounts for only the in-
coming solar spectra, is 1.039 and is 12% greater than
from the SCTAMACHY SBAF. This suggests that the
snow reflectance spectra, as well as near-IR (NIR) water
vapor absorption over the SNO domain, differ signifi-
cantly between MODIS band 2 and NI6 Ch2. The
standard error of the force fit pseudoradiance pair re-
gression is 0.75% and 3.8% for Chl and Ch2, re-
spectively. The greater standard error of Ch2 indicates
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line), as well as the regressions statistics, are also shown. The standard error of the predicted
value (StdErr) and standard error of the slope (StderrSlp) of the regression are given (%).

greater variability in the NIR spectra than in the visible
spectra, mainly due to the NIR water vapor absorption.

The force fit of the TIROS-N and NI6 Chl pseudor-
adiance pairs for Libya-4 and Dome-C are 0.859
(Fig. 4c) and 0.830 (Fig. 4d), respectively. The desert and
polar ice SBAF difference is 3.5%, which clearly dem-
onstrates the need for site-specific SBAFs. The band-
specific solar constant ratio is 0.857, which is similar to
the Libya-4 SCIAMACHY SBAF. Therefore, the
TIROS-N Chl SBAF based on SCTAMACHY accounts
for both the mismatched incoming solar spectra in part
and the difference in the Earth-reflected spectra caused
by the NIR water vapor absorption bands.

4. Calibration methods

AVHRR calibration coefficients are derived using up
to three different calibration approaches, which are
summarized in the following sections.

a. SNO calibration approach

The SNO approach uses the Aqua MODIS sensor as
the reference and transfers its calibration to AVHRR by
matching coincident, collocated, and coangled radiance/
count pairs from the two instruments. The technique
relies on the assumption that the reference and target
satellites will, on average, measure the same radiance
(or count equivalent), within a small time window and
narrow angular matching tolerance. This method is ap-
plicable only to AVHRR sensors operating during the
Aqua MODIS record (2002-present) and has been
employed in the past by numerous researchers
(Heidinger et al. 2002; Doelling et al. 2004; Heidinger
et al. 2010). In this study, SNO locations—where the
AVHRR and MODIS orbits intersect within 15 min of
each other—are identified using orbital prediction
software based on North American Air Defense Com-
mand (NORAD) two-line elements (TLEs). For each
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statistics are given in the lower right. The count units are 10-bit single gain.

SNO, the AVHRR and MODIS pixel data are aver-
aged into a 50-km-diameter field of view (FOV) to
mitigate the pixel navigational error, as well as any
advective displacement of clouds due to the 15-min
difference between the two measurements (Wielicki
et al. 2008). The averaged 50-km FOV AVHRR
counts (C) and MODIS radiance (Radyopis) pairs are
linearly regressed through the AVHRR space count
Cy to compute the gain (g) on a monthly basis ac-
cording to Eq. (5),

(RadMODIS)(SBAFAVHRR/MODIS)(M’OAVHRR/MOMODIS)
=8(C—C), ©)

where SBAF is the MODIS-to-AVHRR spectral band
adjustment factor and w is the cosine of the SZA.

Figure 5a shows the linear regression through the C,
of 38.9 (force fit) for the N6 AVHRR Chl count and
Aqua MODIS band 1 radiance SNO pairs during July
2003. The force fit and linear regression slopes are within
0.1% for this case, thereby indicating that the pre-
determined C, agrees with the linear regression space
count. The force fit standard error (StdErr) is 1.61%,
which can be attributed to the changing atmospheric
conditions within 15 min and the variability of the FOV
spectra about the mean spectra as represented by the
SCIAMACHY-based SBAF. A second-order poly-
nomial fit is applied to describe the temporal trend of the
monthly N16 Chl gains computed from the SNO ap-
proach (Fig. 5b). Figure 5b reveals that the radiometric
responsivity of the sensor has diminished by ~7% dur-
ing its 12-yr operation time.

b. Pseudoinvariant calibration site approach

PICS are bright and stable natural ground targets
wherein the average reflectance during clear-sky set-
tings, and for a given set of viewing and solar angular
conditions, remains nearly stable over time. An ideal
PICS would have 1) high surface reflectance to maxi-
mize the signal-to-noise ratio (SNR), 2) high spatial
homogeneity to reduce the errors due to misregistration,
3) high elevation to mitigate the effects of water vapor
and aerosols, 4) low total column water vapor with
minimal presence of clouds and vegetation, 5) a near-
Lambertian surface to minimize the bidirectional re-
flectance distribution function (BRDF) effects, and
6) long-term radiometric stability (Cosnefroy et al. 1996;
Helder et al. 2010). The most promising PICS suitable
for postlaunch calibration and validation of satellite in-
struments have been found over the North African and
Saudi Arabian deserts (Cosnefroy et al. 1996). The ice
caps of Greenland and Antarctica are other temporally
stable targets that have been successfully used for cali-
brating AVHRR (Loeb 1997, Masonis and Warren
2001; Tahnk and Coakley 2001, 2002), the Advanced
Along-Track Scanning Radiometer-2 (AATSR-2)
(Smith and Cox 2013), and the MODIS (Wu et al. 2013b;
Doelling et al. 2015) sensors in past studies.

The 20 candidate desert sites listed by Cosnefroy et al.
(1996) were evaluated for temporal stability, clear-sky
probability, and spatial homogeneity using 13 years of
Aqua MODIS Collection 6 (C6) level 1b band 1 data.
The MODIS C6 visible calibration was found to be
stable within 1% over a decade (Doelling et al. 2015).
Clear-sky conditions are determined by a spatial
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anisotropic-corrected reflectance time series over (from top to
bottom) Libya-4, Libya-1, Niger-1, Arabia-1, Dome-C, and
Greenland using near-nadir observations from 2002-14 reveal the
excellent temporal stability of these PICS.

homogeneity test as described by Bhatt et al. (2014b).
The Aqua MODIS TOA near-nadir clear-sky re-
flectances were anisotropically corrected using a semi-
empirical approach based on a linear combination of two
kernel functions as described by Roujean et al. (1992).
The evaluation revealed that the four most suitable des-
ert sites are Libya-1 (24.42°N, 13.35°E), Libya-4 (28.55°N,
23.40°E), Arabia-1 (18.88°N, 46.76°E), and Niger-1
(19.67°N, 9.81°E longitude). Two polar ice cap regions,
Dome-C (75.1°S, 123.4°E) and Greenland (75.5°N,
39.5°W), were also selected for a total six PICS. The size
of the region of interest is 0.5°X 0.5° for all six PICS.
Figure 6 shows the Aqua MODIS band 1 (0.65 um) TOA
clear-sky anisotropic-corrected reflectance time series
derived for the six selected sites. Based on the Aqua
MODIS observations, the six PICS are found to be stable
within 1.5% for over a decade.

To use the desert and polar ice PICS for transferring
calibrations from Aqua MODIS to AVHRR, a PICS-
specific directional model (DM) is developed to char-
acterize its TOA radiance as a function of u,. Owing to
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the slowly degrading orbits of the NOAA satellites, the
DM TOA radiances must be characterized over the
entire range of observed SZA. Because the Aqua orbit is
well maintained, the MODIS observations over the
PICS have a limited SZA range. For example, the sub-
tropical deserts are observed only by Aqua or Terra
MODIS with SZA < 60°. Bhatt et al. (2015) also illus-
trated with a simple extrapolation of the radiance with
o that the MODIS-based DMs are inadequate for
characterizing desert targets for large SZAs and are
therefore not suitable for AVHRR calibration purposes.
Because the N16 satellite drifted into a terminator orbit
during its operation, the lifetime observations from its
onboard AVHRR instrument provides a unique op-
portunity to construct the PICS DMs that sufficiently
cover the required SZA range. This study first transfers
the Aqua MODIS band 1 and 2 calibrations to NI16
AVHRR Chl and Ch2, respectively, using the SNO
approach. The PICS DMs are then derived using the
site-specific TOA radiances measured by the NI6
AVHRR under clear-sky conditions during 2001-14.
For 2001, the N16 AVHRR gains are computed by
simply extrapolating the second-order temporal re-
gression of the SNO gains. The N76 AVHRR Ch1 pixel-
level spatial homogeneity thresholds used to identify
clear-sky conditions over Libya-1, Libya-4, Arabia-1,
Niger-1, Dome-C, and Greenland are 5, 8, 6, 12, 10, and
20 counts, respectively. Only near-nadir observations
having viewing zenith angles (VZA) within 10° for the
deserts and 5° for the polar ice PICS are utilized in order
to mitigate anisotropic effects. Applying the DMs to
calibrate another AVHRR operating during the
MODIS era, and then comparing the DM calibration
with its SNO-based calibration can validate the effec-
tiveness of these empirically derived DMs.

Bhatt et al. (2014b) found that under near-nadir
viewing conditions, the Agqua MODIS visible radiances
over Libya-4 are slightly brighter for backward-scattering
conditions [relative azimuth angles (RAA) < 90°] than in
the forward-scattering (RAA > 90°) direction, especially
for overhead-sun conditions. A similar observation was
also reported by Govaerts (2015), who studied the effects
of sand dune orientation on the surface bidirectional re-
flectance factor of Libya-4 using a 3D radiative transfer
model and the Libya-4 topography computed from the
30-m-resolution Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER) digital eleva-
tion model. We observed a similar effect over all four
desert PICS using N/6 AVHRR measurements. Figure 7a
displays the Libya-4 DM derived from the NI6 Chl
(0.65 uwm) calibrated radiances normalized to an Earth—
sun distance of 1 AU. The second-order regression co-
efficients define the DM, and the associated standard
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FIG. 7. Libya-4 DMs derived from near-nadir N/6 AVHRR radiances (Wm ™2 um ™ sr™!) for
(a) Ch1 and (b) Ch2. The second-order regression coefficients and StdErr (%) are also given. (c) A
BTD correction model of 11 minus 12 wm is derived to normalize the AVHRR Ch2 radiances to
zero BTD in order to account for the effect of WV variability on the DM. (d) The revised Ch2
model after applying the BTD correction shows an uncertainty reduction of ~35%.

error of the fit represents the natural variability of the site
over the N16 record. The corresponding Libya-4 N16 Ch2
DM is shown in Fig. 7b. The large standard error is a result
of the TOA radiance variability owed to the NIR water
absorption. To account for the columnar atmospheric
water vapor absorption on the Ch2 DM radiance, the
11- and 12-um brightness temperature difference (BTD) is
correlated with the observed-minus-predicted (DM in
Fig. 7b) radiance (see Fig. 7c). Previous studies have
correlated the BTD with the precipitable water vapor
content (Yu and Wu 2010). Because all of the AVHRR
11-uwm SRFs (12-um SRFs also) are comparable, and be-
cause the IR channels are calibrated with an onboard
blackbody, the BTDs are assumed to be consistent for all
of the sensors and are therefore used to approximate the
impact of the water vapor (WV) over the record. The
linear fits are used to normalize all Ch2 radiances to zero
BTD, and the DM is revised using the normalized radi-
ances. The revised N16 Ch2 DM is illustrated in Fig. 5d,
which shows a 35% reduction in the standard error. Be-
cause AVHRR/1 instruments did not carry a 12-um

channel, the Ch2 DM was applied without any BTD cor-
rection to those sensors. It was also found that Niger-1 is
not suitable, and therefore it is not used for calibrating
NOAA morning-orbit AVHRRs. Even though the sur-
face reflectance is large, the variation of water vapor over
Niger-1 is large owing to its proximity to the tropics, where
long pathlengths are common.

In contrast with the desert PICS, the TOA radiances
for polar ice targets have no clear dependency upon the
scattering direction. Also, BTD corrections to account
for water vapor variability are not required for the Ch2
DMs due to the dry atmosphere of high-altitude polar
ice regions (Uprety and Cao 2011). Therefore, only a
single DM is derived for both Greenland and Dome-C
targets. The Dome-C DMs for Chl and Ch2 are shown
in Fig. 8. The polar ice targets exhibit a larger DM
standard error compared to desert sites, which is likely
due to the lower SNR at the larger observed SZA. The
DM coefficients and associated standard errors for all six
PICS are listed in Table 2. Finally, the predicted TOA
radiances from the PICS DMs (DMpcs) are used to
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FIG. 8. Dome-C DMs derived from N16 AVHRR radiances (Wm ™2 um™'sr!) for (a) Chl
and (b) Ch2. The second-order regression coefficients and StdErr (%) are also given.

compute the gain from the AVHRR sensor count (C)
and space count (Cy) for a given uy, RAA, or scattering
direction, and BTD, where applicable, using Eq. (6),

DM RAA,BTD)SBAF , yirrivis = &(C—Cp),

(6)

where SBAF is the NI6-to-AVHRR spectral band
adjustment factor.

pics (o>

¢. DCC calibration approach

DCC are the coldest and the brightest of all terrestrial
invariant targets. They are located near the tropopause,
where the impact of water vapor and aerosols on satel-
lite measurements are minimal. With the highest SNR
and nearly flat reflected solar spectra for wavelengths
less than 1 wm, DCCs provide a more stable reflectance
than the invariant deserts and polar ice sites. Many

studies have used DCC for calibrating a wide range of
satellite sensors, including AVHRR (Doelling et al.
2004), geostationary Earth-orbiting satellite imagers
(Morstad et al. 2011; Doelling et al. 2011), Aqua and
Terra MODIS (Wu et al. 2013b; Doelling et al. 2015),
and SNPP VIIRS (Bhatt et al. 2014a; Wang and Cao
2015). The DCC method relies on the assumption that
the DCC cores produce a predictable statistical distri-
bution of reflectances for a given set of angular
conditions.

The baseline method is described by Doelling et al.
(2013). The AVHRR DCC pixels are identified over the
tropical domain (*30° in latitude) by an 11-um bright-
ness temperature threshold of 205K. To ensure a uni-
form cloud top and to reject optically thin clouds, a
spatial homogeneity test is performed on both visible
radiance and IR BT measurements. A DCC pixel passes
the uniformity test if the given pixel and the surrounding

TABLE 2. PICS DM coefficients and associated standard errors.

Ch1 DM parameters (forward/backscattering)

PICS a0 al a2 StdErr (%)
Libya-4 —8.424/-7.063 226.153/218.83 11.182/22.42 1.1/1.3
Libya-1 —15.451/—-13.675 268.626/258.975 —12.786/-0.135 1.3/1.3
Arabia-1 —9.241/-8.646 213.144/209.862 —3.504/3.326 1.6/1.6
Niger-1 —2.354/—1.685 212.557/208.980 28.661/36.191 2.9/2.7
Dome-C —10.859 390.934 175.696 2.0
Greenland —25.585 420.203 141.331 21

Ch2 DM parameters (forward/backscattering)

PICS a0 al a2 StdErr (%)
Libya-4 —9.065/-7.162 149.875/144.131 19.579/25.934 2.6/2.9
Libya-1 —13.429/-10.591 179.852/162.761 7.503/25.95 2.6/2.3
Arabia-1 —7.067/—6.125 145.1/137.569 3.634/13.578 4.0/3.9
Niger-1 —4.723/-5.99 147.206/151.435 25.722/23.432 4.5/5.8
Dome-C —6.391 258.265 49.071 2.5
Greenland —9.445 249.466 49.501 4.0




2510

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY VOLUME 33
010 Pixels MEAN MODE Kumosis Skew 1 525
o T S Y N16 AVHRR Ch1 DCC Radiance b)
188676 4641 4845 396 184 c
.08 furoos 1oeery sso sors 215 red | 2500
@an2004 140270 4563 4845 153 -1.24 ©
5ep2004 150800 4698 4845 354 1.54 { —
‘‘‘‘‘‘‘‘ 195224 4351 4755 012 0.83 @
5. D08 oots tman sy ims im aa | B 475
g jan2007 87710 4581 4635 047 0.61 E
o Sep2007 104056 4567 4545 |
g Lo e an! e L
@
5 O A i o s a 450
d 2 272311 4687 4815 2'
Soei Teed: i | 5 y =3762.7x* - 10106x> + 9861.9x2 -
002 | 5425 4069.8x + 1058.1
| =2 Std. Error = 0.76%
000 . - | 400
50 125 200 275 350 425 500 575 0.35 0.55 0.75 0.95

NOAA1B, VIS radiance, 0.65um

COS(SZA)

FIG. 9. (a) Monthly PDFs of N/6 AVHRR Ch1 (0.65 um) DCC radiances (Wm 2 um ™ 'sr™1).
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(b) N16 AVHRR Chl DCC monthly PDF mode radiance as a function of the cosine of the
monthly mean SZA. The corresponding fourth-order regression coefficients and StdErr are

also given.

eight-pixel standard deviation (Std) are less than 3%
in the visible and 1K in the IR. DCCs are nearly
Lambertian and require minimal anisotropic corrections.
The filtered AVHRR DCC pixels are normalized to
nadir-viewing and overhead-sun conditions using the
angular distribution model (ADM) developed by Hu
et al. (2004). The baseline method restricts the SZA and
VZA to be less than 40° to take advantage of the most
isotropic part of the DCC reflectivity. The normalized
DCC radiances are then compiled as monthly proba-
bility distribution functions (PDFs). The modes of the
monthly histograms are tracked over time to monitor
the stability of the sensor. It is assumed that a perfectly
calibrated sensor will have consistent monthly mode,
anisotropic-corrected DCC radiances.

For this study, the SZA constraint is increased to 75°
in order to allow DCC calibration to be utilized over a
longer time record of AVHRR data, during which the
satellite orbit is degrading. To determine whether the
monthly mode DCC radiances are consistent, the N16
AVHRR s first calibrated using Aqua MODIS SNOs.
Figure 9 (left panel) shows the monthly PDFs of the
calibrated DCC radiances from NI6 Chl. During the
first few years after launch, the monthly PDF shape re-
mains consistent. However, the monthly PDF shapes
during near-terminator conditions (2007-08) are not
similar. This is probably due to the inadequacy of the
DCC ADM model. The monthly PDF DCC mode ra-
diances are plotted as a function of the monthly mean
Mo in Fig. 9 (right panel). A fourth-order polynomial fit
is used to predict DCC mode radiance as a function of
1o- The fit is the reference DM for the DCC calibration
approach in this study. The DCC DM indicates that the
monthly DCC PDF mode radiances are relatively flat
for wo > 0.7 or for SZA < 45°, which means that the

Hu et al. (2004) ADM anisotropic corrections are robust
for SZA < 45°.

To calibrate the AVHRR sensors, the same baseline
DCC calibration, with an extended SZA range of 75°
utilizing the DCC DM, is followed. The predicted
monthly DCC PDF mode radiance is obtained from the
DCC DM [DMpcc(po)] and is spectrally adjusted (see
section 3b) for the given AVHRR sensor (SBAF avurr/n~i6)
to compute g from the monthly DCC mode count (Cniopg)
with the Cy removed using Eq. (7),

= gainC

DMy, (ko)SBAF wope: (7

AVHRR/NI6

To calibrate AVHRR Ch2 radiances using the DCC
calibration, the same Chl DMpcc(uo) is used but the
SBAF converts the same Chl radiance to the given
AVHRR Ch2 radiance. This method is followed be-
cause MODIS band 2 saturates for large radiances, such
as from DCC, and is therefore unable to provide a DCC
mode radiance for Ch2. Because DCC are spectrally flat
within 1 um and are not impacted by water vapor ab-
sorption in the NIR, the AVHRR Chl-to-Ch2 SBAF
correction uncertainty should be small. This approach
was validated using the DCC measurements from the
SNPP VIIRS 11 (0.65 um) and M7 (0.86 wm) bands. The
observed DCC mode radiance for the M7 band, and
the same predicted from the I1 band using the I1-to-M7
DCC SBAF factor, agrees within 0.3%.

d. Temporal trending and combining of gains

The computed AVHRR invariant target monthly gains
are tracked over time to derive temporal trends that are
characterized by a quadratic fit. Second-order temporal
fits were also used to approximate the AVHRR sensor
degradation in the Heidinger et al. (2010) and Li et al.
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(2015) studies. The monthly gains (g) are regressed as a
function of day since launch (dsl) using Eq. (8),

g=m,+mdsl +m,dsl’, (8)

where the coefficients my, m1, and m, are given in units
of Wm st 'um™! per count, Wm ?sr 'um™! per
count per day, and Wm ?sr ' um ™! per count per days
squared, respectively.

In this study, the resulting PICS calibration gains are
further combined using an inverse-variance weighted
regression approach in order to derive optimal mission-
long calibration coefficients for the AVHRR sensors.
The combined desert monthly gain (gcomp) time series is
computed from weighting factors (w;) based on the in-
verse of the variance (1/07) using the individual PICS
monthly gains (g;) and Eq. (9),

Seomn = Z8W,, Where w = (1/0})/E/o7.  (9)

A second-order least squares regression [Eq. (8)] is
then performed through the combined desert monthly
gains to derive the desert-based AVHRR gain trend.
The same process is repeated with the Dome-C and
Greenland monthly gains to derive the combined polar
ice monthly gains from which the polar ice trend is
computed. Finally, a similar inverse-variance weight-
ing approach is followed to combine the DCC, desert,
and polar ice monthly gains and derive the optimal
MITRAM trend. For consistency throughout the AVHRR
record, the SNO-based AVHRR gains (MODIS era
only) are not used in computing the MITRAM
AVHRR gains. However, during the MODIS time
frame, the SNO results serve as a reference for evalu-
ating the MITRAM gains.

5. Results and discussion

In this section, N18 is used to demonstrate the MITRAM
calibration approach. Figure 10 demonstrates good agree-
ment between the individual PICS measurement gains.
The agreement is greater during the beginning of the
record than at the end due to the increasing SZA over
time as the NI8 orbit degrades. The standard errors are
based on the individual site trends (not shown).

The combined desert monthly gains derived from the
four PICS, using the inverse-variance weighted approach
and the corresponding second-order regression, are
shown in Fig. 10. The combined desert standard error is
0.81%, which is less than any of the individual desert sites,
which range between 0.95% and 1.52%. Combining the
PICS calibration gains using an inverse-variance weight-
ing approach reduces the impact of the least stable desert
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single gain and Wm ™2 um ™ 'sr™!, respectively.

sites and increases the contributions from the more stable
desert sites. The desert site stability may change over
time; thus, this method does not rely on the most stable
desert site over the whole record, but rather the most
stable site only over the sensor record. Similar to Ch1, the
Ch2 combined desert standard error is also less than those
from the individual desert sites, which have a similar
standard error of ~1.7%, except for Niger-1. The inverse-
variance weighting approach has effectively reduced the
contribution of Niger-1 to derive the combined desert
calibration coefficients.

Figure 11 shows plots of N/§ AVHRR Chl and Ch2
gains derived using the Dome-C and Greenland PICS
measurements. Because the observations over these two
polar ice sites occur in opposite seasons, the measure-
ments do not overlap and therefore the inverse-variance
weighted approach is not beneficial here. Thus, the
Dome-C and Greenland monthly mean gains are simply
combined. Target temporal variability and inadequate
referencing to the Aqua MODIS calibration impact the
standard error of the gain. As expected the combined
polar ice standard error is greater than the individual
site standard error. The polar ice Chl standard errors
are larger than for those deserts, as are the standard
errors of the corresponding PICS DM. This is likely due
to poor SNR over the poles, where the solar illumination
is low and the sample size is lacking. There also seems to
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FIG. 11. As in Fig. 10, but using the Dome-C and Greenland PICS.

be a seasonal cycle in the Ch2 gains, which could be
attributed to an increase in the snow grain size as the
summer sun melts the snow. This cycle is not accounted
for in the polar ice DM. An increase in the snow grain
size reduces the surface reflectivity, especially for Ch2
(Nolin and Dozier 2000). However, the N18 mean gain
differences between Dome-C and Greenland are within
0.3% and 0.7% for Ch1 and Ch2, respectively. In fact the
corresponding standard deviations of all six desert and
polar ice PICS mean gains are 0.43% and 0.65%, re-
spectively, which suggests that all six PICS DMs have
successfully transferred the Aqua MODIS reference
calibration.

The monthly desert-, polar ice—, DCC-, MITRAM-, and
SNO-based gain trends for N/I§ AVHRR are shown in
Fig. 12. The MITRAM monthly gain trends are com-
puted from the inverse-variance weighted average of the
monthly desert, polar ice, and DCC gains. The second-
order temporal regression statistics for the five time series
are also shown. The gains show good agreement in both
magnitude and trend. The differences among the mission-
long mean gains computed from the desert, polar ice,
DCC, and SNO approaches are minimal, within 1%,
which implies two things: First, the PICS and DCC DMs
based on N16 AVHRR are accurately referenced to Aqua
MODIS C6 calibration. Second, the SCIAMACHY-
based SBAFs have effectively accounted for the spectral
differences between the analogous AVHRR and MODIS
channels, considering that each PICS has its own unique
Earth-reflected spectra. The disadvantage of the polar
AVHRR and MODIS SNO visible intercalibration ap-
proach is that the results are only available for half of the
year. On the other hand, the MITRAM approach has the
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FIG. 12. NI8 AVHRR (top) Chl (0.65 um) and (bottom) Ch2
(0.86 um) MITRAM monthly gains plotted as green “A” derived
from desert-, polar ice—, and DCC-based monthly gains using an
inverse-variance weighting approach. The associated MITRAM
quadratic regression is shown as the solid green line. The Aqua
MODIS SNO monthly gains (magenta “X’’) and quadratic re-
gression (solid magenta line) are also plotted for consistency
analysis. The desert, polar ice, and DCC invariant targets,
MITRAM, and SNO second-order regression coefficients; mean

time line gains; and StdErr (%) are also given.

advantage of providing continuous monthly gains with a
comparable or smaller temporal standard error, and
therefore it is more suitable for accurately quantifying the
AVHRR sensor calibration drift over time. The excellent
agreement between the multiple approaches suggests that
the PICS and DCC DMs discussed in this study have great
potential to uniformly calibrate the historical AVHRR
VIS and NIR record referenced to the Aqua MODIS
calibration. The details of the calibration results for the
complete AVHRR sensor series, associated uncertainties,
and their comparison with other published studies are
discussed in Part II.

6. Conclusions

Nearly four decades of continuous daily global obser-
vations from AVHRR reflective solar channels are in-
valuable for climate change studies and environmental
applications. For quantitative utilizations of the AVHRR
data in such studies, it is critical that the AVHRR sensors
are uniformly calibrated by way of postlaunch, vicarious
means. In this paper, we have presented three vicarious
approaches of tracing the AVHRR VIS and NIR record
to an Aqua MODIS C6 reference calibration. The SNO
cross calibration utilizes near-coincident (within 15 min)
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nadir matches between MODIS and AVHRR over the
North Pole, and is a relatively simple and robust method
for determining calibration coefficients of the AVHRR
sensor. However, its application is limited to the AVHRR
sensors during the MODIS time frame. Therefore, we
have formulated two more generalized approaches—one
based on the use of six PICS and a second that employs
the tropical DCC invariant Earth target—that are used to
consistently calibrate the historical and present AVHRR
sensor record. The methods utilize the N/6 AVHRR-
based DMs that characterize TOA radiances observed
over the PICS and the DCC target as a function of SZA.
Owing to the fact that the N16 satellite gradually drifted
into a terminator orbit and therefore encompasses all
possible SZA as viewed by any AVHRR sensor over any
Earth target, the proposed DMs are robust and can ef-
fectively account for the degrading orbits of the NOAA
satellites during the calibration time frame. Prior to the
construction of the DMs, the N16 AVHRR Chl and Ch2
are cross calibrated with analogous MODIS bands using
the SNO approach, thereby referencing the DMs to the
Aqua MODIS calibration. The calibration results ob-
tained from the six PICS and the DCC DMs are combined
using an inverse-variance weighted averaging method in
order to compute optimal MITRAM AVHRR gains.

The use of hyperspectral reflected solar spectra ob-
tained from the SCIAMACHY instrument has been a
key element in our study to account for the spectral
differences between the AVHRR and MODIS bands.
The spectral band adjustment relies on the knowledge of
the spectral signature of the Earth target, which is
unique and dependent on the incoming solar irradiance,
target reflectivity, and atmospheric column absorption.
Our studies have shown that not accounting for NIR
absorption can cause a 12% bias in the MODIS band 2
and N16 Ch2 SNO calibration slopes compared with
only taking into account the solar incoming irradiance
spectra. A unique SBAF was found for each calibration
site or domain. For example, the TIROS-N and N/6 Chl
SBAFs for Libya-4 and Dome-C are 0.859 and 0.830,
respectively, a difference of 3.5%.

The N18 AVHRR desert, polar ice, DCC invariant
target and SNO gains were found to be consistent within
1%, which validates the invariant target N/6-based DM
approach for transferring the Aqua MODIS calibration
reference obtained from the MODIS and N16 SNOs. A
thorough assessment of the calibration coefficients de-
rived for all AVHRR sensors is provided in Part II.
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