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In-¯ ight calibration of NOAA AVHRR visible and near-IR bands over

Greenland and Antarctica

N. G. LOEB
College of Oceanic and Atmospheric Sciences, Oregon State University,
Rm. 326 Strand Agriculture Hall, Corvallis, OR 97331-2209, U.S.A.

(Received 7 May 1996; in ® nal form 1 August 1996 )

Abstract. A new method for in-¯ ight calibration of NOAA AVHRR visible and
near-IR bands is presented. The approach involves using calibrated NOAA-9
near-nadir re¯ ectances over spatially and temporally uniform ice-surfaces from
Greenland and Antarctica to produce re¯ ectance calibration curves for AVHRR
instruments in all orbits. The re¯ ectance calibration curves consist of second
order polynomial regressions of re¯ ectance on solar zenith angle, derived from
observations that are spatially uniform in all AVHRR channels over sub-regions
of area 68 km by 68 km. By comparing re¯ ectances from uncalibrated AVHRR
instruments with these calibration curves, new channel 1 and 2 calibration coe� -
cients are obtained with an accuracy of #5 per cent. The main advantages of
this calibration method are: (1) calibration targets are large; (2 ) it can be applied
over multiple years; (3 ) it is applicable for a wide range of solar zenith angles,
and can therefore be used year-round. When calibration coe� cients inferred from
NOAA-11 (1994) and NOAA-14 (1995) observations over Greenland and
Antarctica are compared with those from the formulae of Rao and Chen (1995,
1996), the two methods are in excellent agreement in channel 1 (within #3 per
cent). In channel 2, they agree to within #4 per cent for NOAA-14, but are
signi® cantly di� erent for NOAA-11 (#9 per cent). When applied to NOAA-12
AVHRR observations for 1994± 95, channel 1 and 2 calibration coe� cients are
#20 per cent and #35 per cent larger than prelaunch values, respectively.

1. Introduction

In order to obtain quantitative information from satellite measurements, the
satellite radiometer must ® rst be calibrated. Calibration is crucial in applications
which use theoretical/empirical retrieval methods to infer physical variables from
measurements. For instruments such as the NOAA Advanced Very High Resolution
Radiometer (AVHRR), this is a problem since absolute calibration of channel 1
(wavelength 0 6́4 mm) and channel 2 (wavelength 0 8́3 mm) is only available prior to
satellite launch. Instrument calibration changes in time due to outgassing, launch-
associated stresses (such as vibrations and exhaust contamination), and exposure to
the harsh space environment (Rao and Chen 1995). Several investigators (Whitlock
et al. 1990, Staylor 1990, Rao and Chen 1995, Teillet et al. 1990) have conducted
post-launch calibration of the AVHRR channels by matching near-simultaneous
satellite scan spots with calibrated ground and aircraft measurements over
desert surfaces. This approach has limitations, however, since it is costly, requires
considerable e� ort, and cannot be used to calibrate historical data.

Recognizing these problems, Kaufman and Holben (1993) proposed two methods
for in-¯ ight calibration of NOAA AVHRR. The ® rst, over ocean, relies on
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comparisons between theoretical calculations and observations in the backscattering
direction and in the Sun glint region; the second involves the use of large homogen-
eous ® xed desert targets (#100 km2 ) as calibration sources. While the desert method
is more accurate, it is nonetheless sensitive to spatial and temporal variations in
aerosol and water vapor amount, clouds and dust outbreaks, and variations in the
view and solar zenith angle across the calibration site.

Here a new method for in-¯ ight calibration of the AVHRR visible and near-
infrared channels involving observations over the permanent ice-sheets of Greenland
and Antarctica is presented. The underlying assumption is the same as that over
deserts, namely, that the re¯ ectivity of the surface-atmosphere system is stable Ð
both spatially and temporally. From calibrated NOAA-9 AVHRR re¯ ectances over
uniform ice-covered regions, re¯ ectance calibration curves are derived for calibrating
AVHRR instruments in other orbits (e.g., NOAA-11, NOAA-12 and NOAA-14).
The calibration curves consist of second order polynomial regressions of near-nadir
re¯ ectance on solar zenith angle. By comparing re¯ ectances from an uncalibrated
instrument with the calibration curves, new channel 1 and channel 2 calibration
coe� cients are inferred.

The advantages of using calibration targets over Greenland and Antarctica are:
(1) these targets are very large; (2) they are permanent (allowing calibration over
multiple years); (3 ) frequent satellite passes over these regions makes the calibration
more ¯ exible ( in fact, re¯ ectance calibration curves are provided for a wide range of
solar zenith angles); (4 ) ground-based measurements are not required.

In the following, a description of how the re¯ ectance calibration curves are
constructed and how they can be used is provided. The technique is then directly
compared with that of Rao and Chen (1995, 1996) using observations from AVHRR
NOAA-11 (June 1994) and NOAA-14 (June and December 1995). Finally, calibration
of the 0 6́4 and 0 8́3 mm NOAA-12 AVHRR channels over the period from June 1994
to December 1995 is provided.

2. Observations

For a given raw pixel count C in channel i, the re¯ ectance (or equivalently, the
isotropic albedo) Ri (in per cent) at the mean Sun-Earth distance is determined from
the channel calibration coe� cient a i and o� set b i provided as part of the AVHRR
Level 1B data as follows:

R i=
(a iC +bi )ese

m0
(1 )

where m0 is the cosine of the solar zenith angle h0 , and ese= (ds/dÅ s )
2 is a correction

which normalizes observed re¯ ectances (at a given Sun-Earth separation ds ) to
the mean Sun-Earth distance dÅ s . C is related to the pixel radiance Ii (in
W m Õ 2 srÕ 1

mm Õ 1 ) through:

I i= (a iC+bi )ese (2 )

where

ai=a i A Fi

100pwiB (3 )

bi=b i A Fi

100pw iB (4 )
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In-¯ ight calibration of NOAA AVHRR visible and near-IR bands 479

Fi (in W m Õ 2 ) is the integrated solar irradiance weighted by the spectral response
function of the channel, and wi (in mm Õ 1 ) is the equivalent width of the spectral
response function (Kidwell 1994 ).

Global Area Coverage (GAC) measurements from NOAA-9, NOAA-11,
NOAA-12 and NOAA-14 over Greenland and Antarctica are considered. GAC
AVHRR data is produced by sampling AVHRR 1 km data to 4 km resolution by
averaging along-scan groups of four samples out of ® ve and using every third scan
(Kidwell 1994 ). The observations over Antarctica and Greenland are subdivided
into images consisting of 512 scan lines by 408 pixels across-track. Table 1 shows
the number of images considered for each of the NOAA AVHRR instruments. To
reduce uncertainties caused by view angle dependencies, and by variations in surface
type, only pixels with view angles <18 ß are considered, and only pixels lying well
within the interiors of Greenland and Antarctica ( i.e., away from the coastlines) are
included. The uncertainty due to changes in the anisotropy of the re¯ ectance over
this interval is estimated to be #1 per cent based on a sensitivity analysis of
measurements strati® ed by view and relative azimuth angle.

For the AVHRR instruments listed in table 1, post-launch calibration is available
for NOAA-9 and NOAA-11 from Rao and Chen (1995 ), and for NOAA-14 from
Rao and Chen (1996 ). These studies provide formulae of calibrated channel 1 and
2 radiances (and therefore a i and a i ) in terms of elapsed time in orbit, expressed in
terms of the number of days following the satellite launch. The NOAA-9 formulae
for the period of 1985 ± 86 are likely the most reliable of these since they are based
on the most extensive set of aircraft/satellite measurements (e.g., Smith et al. 1988,
Whitlock et al. 1990, Rao and Chen 1995). In fact, NOAA-9 AVHRR was used by
Rao and Chen (1995) as a normalization standard to establish relations between
AVHRR radiances from NOAA-7 and NOAA-11. Extrapolation of the Rao and
Chen (1995 ) formulae for NOAA-11 to June, 1994 is probably less reliable, however,
since the degradation rates in these formulae are based on measurements obtained
prior to 1992. In contrast, more recent data (after 1994) was used by Rao and Chen
(1996) for the NOAA-14 AVHRR formulae.

3. Methodology

Ideally, calibration of satellite radiometers requires targets whose re¯ ectances are
stable, both spatially and temporally, over large homogeneous areas. Over Greenland

Table 1. Number of images over Greenland and Antarctica for each of the NOAA AVHRR
instruments considered in this study.

No. of
Month/year Region Satellite images

June 1985 Greenland NOAA-9 20
December 1985 Antarctica NOAA-9 22
June 1986 Greenland NOAA-9 17
December 1986 Antarctica NOAA-9 12
June 1994 Greenland NOAA-11 14
June 1994 Greenland NOAA-12 13
December 1994 Antarctica NOAA-12 10
June 1995 Greenland NOAA-12 10
June 1995 Greenland NOAA-14 13
December 1995 Antarctica NOAA-12 9
December 1995 Antarctica NOAA-14 17
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and Antarctica, the temporal constraint is likely well satis® ed since the ice-sheets are
permanent and remote from any sources of pollution. The spatial homogeneity
requirement is more of a problem since, at any given time, cloud cover may be
present. At the pixel level, identi® cation of cloud over an ice covered area can be
extremely di� cult since clouds can have similar re¯ ective and thermal properties as
ice at AVHRR wavelengths. A more e� ective approach is to consider the spatial
distribution of re¯ ectances and brightness temperatures over regions that are large
compared to the pixel resolution. Here the GAC AVHRR images are divided into
sub-regions of 17 pixel by 17 pixel arrays (68 km Ö 68 km). For each sub-region, an
index of homogeneity is calculated from the following:

N=
1

4 As1

R1
+

s2

R2
+

s3

T3
+

s4

T4B 25% (5)

where s i is the standard deviation of the re¯ ectances or brightness temperatures in
the ith channel, RÅ 1 and RÅ 2 are the mean re¯ ectances in channels 1 and 2, and TÅ 3 and
TÅ 4 are the mean brightness temperatures in channels 3 (3 7́ mm) and 4 (11 mm). Small
N means the sub-region is spatially homogeneous in the visible and infrared; large
N implies that pixel re¯ ectances and/or brightness temperatures within the sub-
region are very di� erent.

Figure 1 (a) and (b) show scatterplots of calibrated (based on Rao and Chen 1995 )
NOAA-9 AVHRR near-nadir re¯ ectances in channels 1 and 2 as a function of N for
scenes over Antarctica (December 1985) with solar zenith angles h0 between 63 ß and
68 ß . When N is small, re¯ ectances appear quite stableÐ the scatter about the mean
is less than #2 per cent. As N increases, the scatter becomes much larger, and many
samples fall well below values obtained at small N. This increase in scatter is likely
associated with the presence of cloud over the sub-region. At low Sun elevations,
radiative transfer calculations show a tendency for nadir re¯ ectances to decrease at
visible wavelengths when a cloud layer (regardless of thickness) is inserted above a
highly re¯ ecting ice surface. Under these conditions, the cloud layer tends to re-direct
much of the incident solar radiation into the forward scattering direction at oblique
viewing angles, causing a reduction in the amount of radiation which can be re¯ ected
into the nadir direction from the highly re¯ ecting ice surface. Another factor which
may explain the reduced re¯ ectivities is cloud shadowingÐ shadows cast by clouds
on the surface tend to lower re¯ ectivities.

Based on ® gure 1, it is assumed that sub-regions with N<0 7́5 per cent are stable
and representative of re¯ ectances over cloud-free uniform ice-surfaces. Figures 2 (a)
to (d ) show calibrated NOAA-9 channel 1 and 2 re¯ ectances for all sub-regions
within the interiors of Greenland and Antarctica which satisfy this condition. The
gap in ® gures 2 (c) and (d ) between h0=57 ß ± 64 ß occurs because only two orbits per
day were available for NOAA-9. The cluster between h0=46 ß ± 57 ß corresponds to
the ascending orbit while the second cluster at lower Sun corresponds to the des-
cending orbit. In all cases, re¯ ectances decrease smoothly with increasing solar zenith
angle, di� erences between the 1985 and 1986 results are small, and no systematic
behaviour in the di� erences is observed. That such a smooth re¯ ectance dependence
on solar zenith exists over areas as vast as the interiors of Greenland and Antarctica
is a clear indication that these regions are spatially uniform. Factors a� ecting this
result, such as undetected cloud and changes in surface characteristics, have only a
minor in¯ uence when the N<0 7́5 per cent constraint is applied. The remarkable
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(a)

(b)

Figure 1. NOAA-9 AVHRR near-nadir re¯ ectance vs N over Antarctica (December 1985)
for solar zenith angles between 63 ß and 68 ß in (a) channel 1 and (b) channel 2.

similarity between the 1985 and 1986 re¯ ectances clearly demonstrates that these
regions are also temporally stable, so that calibration over multiple-years is possible.

The solid lines in ® gure 2 are least-squares second order polynomial ® ts of the
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(a)

(b)

Figure 2. NOAA-9 AVHRR near-nadir re¯ ectance vs solar zenith angle for N<0 7́5% in
(a) channel 1 (Antarctica, December 1985± 86 ); (b) channel 2 (Antarctica, December
1985 ± 86); (c) channel 1 (Greenland, June 1985± 86); (d ) channel 2 (Greenland, June
1985 ± 86). Dashed lines represent 95% prediction intervals.
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(c)

(d)

form:

R=c2h
2
0+c1h0+c0 (6 )

where the regression coe� cients c0 , c1 , c2 are provided in table 2. Uncertainties in
the regressions are estimated using 95 per cent prediction intervals, indicated by the
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Table 2. Regression coe� cients for re¯ ectance calibration curves constructed from calibrated
NOAA-9 AVHRR re¯ ectances in channels 1 and 2 (R= c2h

2
0+c1h0+c0 ).

Channel 1 Channel 2

Region c0 c1 c2 c0 c1 c2 h0 range

Greenland 81 3́7 0 5́202 Õ 0 0́09152 103 9́ Õ 0 6́072 0 0́01373 46 ß ± 73 ß
Antarctica 74 2́5 0 8́953 Õ 0 0́1233 60 2́9 0 8́305 Õ 0 0́09150 63 ß ± 80 ß

dashed lines. These regression curves are used as a reference in calibrating AVHRR
in orbits other than that of NOAA-9. By comparing re¯ ectances from uncalibrated
AVHRR instruments with those from the NOAA-9 calibration curves, new calib-
ration coe� cients are derived. Given a pixel count C at h0 from an uncalibrated
instrument, a new calibration coe� cient a ¾i is inferred from the following:

a ¾i=
m0R ¾i(m0 )/ese Õ b i

C
(7 )

where R ¾i(m0 ) is determined from the NOAA-9 re¯ ectance calibration curves in
® gure 2. bi is assumed to remain constant in equation (7). A quantity useful for
comparison purposes is the calibration ratio, de® ned as c i=a i/a ¾i (Kaufman and
Holben 1993 ).

The uncertainty in a ¾i over a given sub-region is calculated based on equation (7)
by assuming an uncertainty in R ¾i of Ô 2 5́ per cent (absolute re¯ ectance) . This
uncertainty in R ¾i is inferred from the 95 per cent prediction intervals in ® gures 2 (a)
and (b). The main causes for uncertainties in R ¾i (or a ¾i) are likely associated with the
presence of undetected cloud, and temporal and spatial variations in surface
re¯ ectance properties over Greenland and Antarctica. In the latter case, measure-
ments in channel 1 will tend to be more sensitive to the presence of small amounts
of absorbing impurities in the surface (Warren and Wiscombe 1980), while channel 2
re¯ ectances will tend to be sensitive to changes in snow grain size (Wiscombe and
Warren 1980 ). Other sources of uncertainty include those due to changes in the
anisotropy of the re¯ ectance over ice for viewing angles in the 0 ß ± 18 ß range (<1 per
cent), variations in atmospheric properties such as ozone, aerosol and water vapour
amounts, and instrument polarization e� ects.

4. Results

Figures 3 (a) and (b) and table 3 summarize the calibration results for NOAA-11
during June, 1994 obtained in the present study and from the Rao and Chen (1995)
formulae. Figures 4 and 5 and table 4 provide similar results but for NOAA-14
during June and December, 1995. Overall, the two methods are in excellent agreement
in channel 1. In all cases, relative di� erences in a ¾i are <3 per cent which is less than
the uncertainty (#5 per cent). In channel 2, while the two methods agree for
NOAA-14 (relative di� erences <4 per cent), signi® cant di� erences are observed for
NOAA-11 Ð calibration coe� cients inferred from Rao and Chen (1995 ) are #9 per
cent higher (relative di� erence) . The larger discrepancy for NOAA-11 may in part
be because, as noted earlier, degradation rates used in the NOAA-11 formulae of
Rao and Chen (1995 ) were derived from measurements obtained prior to 1992.
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(a)

(b)

Figure 3. NOAA-11 ratios in (a) channel 1 and (b) channel 2 for June 1994, using the
procedure described in this study and from the formulae of Rao and Chen (1995).
The error bar length is representative of the uncertainty in the ratio estimates.
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(a)

(b)

Figure 4. NOAA-14 ratios in (a) channel 1 (Greenland, June 1995); (b) channel 2 (Greenland,
June 1995); (c) channel 1 (Antarctica, December 1995); (d ) channel 2 (Antarctica,
December 1995) using the procedure described in this study and from the formulae
of Rao and Chen (1996). The error bar length is representative of the uncertainty in
the ratio estimates.
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(c)

(d)

In ® gures 3 to 5, calibration coe� cients inferred over Greenland and Antarctica
are largely independent of h0 . This implies that the NOAA-9 calibration re¯ ectance
curves provide a consistent description of the h0 dependence over these regions.
Consequently, the present technique can be implemented with measurements over
a small range of solar zenith angles. That is, it is not strictly necessary to use
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Table 3. Calibration results for NOAA-11 based on the method described in the present
study and from the formulae of Rao and Chen (1995). Absolute uncertainty for each
coe� cient is provided in parentheses.

Channel 1 Channel 2

Calibration Date a ¾1 a ¾1 c1 a ¾2 a ¾2 c2

Present study June 1994 0 1́11 0 5́7 0 8́6 0 1́12 0 3́7 0 8́1
(0 0́05) (0 0́3) (0 0́4) (0 0́07 ) (0 0́2) (0 0́5)

RC 1995 June 1994 0 1́14 0 5́9 0 8́4 0 1́23 0 4́1 0 7́3

Table 4. Calibration results for NOAA-14 based on the method described in the present
study and from the formulae of Rao and Chen (1996). Absolute uncertainty for each
coe� cient is provided in parentheses.

Channel 1 Channel 2

Calibration Date a ¾1 a ¾1 c1 a ¾2 a ¾2 c2

Present study June 1995 0 1́15 0 6́0 0 9́7 0 1́41 0 4́6 0 9́5
(0 0́05) (0 0́3) (0 0́4) (0 0́08 ) (0 0́3) (0 0́5)

Present study December 1995 0 1́18 0 6́1 0 9́5 0 1́42 0 4́7 0 9́4
(0 0́06) (0 0́3) (0 0́5) (0 0́08 ) (0 0́3) (0 0́5)

Rao 1996 June 1995 0 1́13 0 5́9 0 9́9 0 1́36 0 4́5 0 9́9
Rao 1996 December 1995 0 1́17 0 6́1 0 9́5 0 1́42 0 4́8 0 9́4

(Note: c i were determined using the a i values which appear on AVHRR data tapes after
July, 1995.)

measurements over the entire range of h0 shown in these ® gures. This, together with
the high frequency of satellite passes over Greenland and Antarctica, makes the
method more ¯ exible than those over desert regions. In the latter case, satellite
passes are much less frequent (once per day), and there can be severe restrictions on
the time of year (or day) in which calibration is possible due to vegetation cover,
water vapour and aerosol abundance. Over Antarctica and Greenland, the e� ects of
spatial variations in water vapour are likely to be small since temperatures there are
so low. Similarly, since these regions are remote and free of any dust outbreaks,
changes in aerosol abundance likely has less of an in¯ uence on the calibration than
over desert. The main temporal constraint over Greenland and Antarctica is that
due to the availability of sunlight. Given their proximity to the poles, however,
sunlight is available over at least one of these two regions any time of year.

Table 5 shows the calibration results for NOAA-12 over an eighteen month
period between June 1994 and December 1995. Over this period, changes in calib-
ration are shown to be small ( less than the uncertainty in a ¾i) . Compared to the
prelaunch calibration coe� cients for NOAA-12, however, these results represent an
increase in a1 of #20 per cent and an increase in a2 of #35 per cent.

5. Summary and conclusions

Provided clouds are not present, re¯ ectances over the ice-sheets of Greenland
and Antarctica are radiometrically stable. Re¯ ectances over these regions remain
constant from year to year, and are spatially uniform over vast areas away from
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Table 5. Calibration results for NOAA-12 based on the method described in the present
study. Absolute uncertainty for each coe� cient is provided in parentheses.

Channel 1 Channel 2

Calibration Date a ¾1 a ¾1 c1 a ¾2 a ¾2 c2

Present study June 1994 0 1́24 0 6́4 0 8́2 0 1́44 0 4́8 0 7́2
(0 0́06) (0 0́3) (0 0́4) (0 0́09 ) (0 0́3) (0 0́4)

Present study December 1994 0 1́20 0 6́2 0 8́5 0 1́37 0 4́6 0 7́5
(0 0́06) (0 0́3) (0 0́5) (0 0́07 ) (0 0́2) (0 0́4)

Present study June 1995 0 1́25 0 6́4 0 8́2 0 1́45 0 4́8 0 7́1
(0 0́06) (0 0́3) (0 0́4) (0 0́09 ) (0 0́3) (0 0́4)

Present study December 1995 0 1́22 0 6́2 0 8́4 0 1́40 0 4́7 0 7́4
(0 0́07) (0 0́3) (0 0́5) (0 0́08 ) (0 0́3) (0 0́4)

coastlines. Consequently, the interiors of Greenland and Antarctica serve as excellent
calibration targets.

A new method for in-¯ ight calibration of the visible and near-infrared channels
of NOAA AVHRR radiometers has been described. Spatially uniform near-nadir
NOAA-9 AVHRR re¯ ectances over Greenland and Antarctica were used to produce
re¯ ectance calibration curves for calibrating AVHRR in other orbits. The calibration
curves consist of second order polynomial regressions of re¯ ectance on solar zenith
angle. By comparing re¯ ectances from an uncalibrated instrument with the calib-
ration curves at the appropriate solar zenith angle, new channel 1 and 2 calibration
coe� cients are inferred with an accuracy of #5 per cent. The method is attractive
since calibration targets over Greenland and Antarctica are very large; they are
permanent, allowing calibration over multiple years; satellite passes are frequent over
these regions; sensitivity to variations in water vapour and aerosol is smaller than
over desert regions.

When calibration coe� cients inferred over Greenland and Antarctica are com-
pared with results from the Rao and Chen (1995, 1996) formulae for NOAA-11
(June 1994) and NOAA-14 (December 1994± 95), the two methods are in excellent
agreement in channel 1, with relative di� erences of less than 3 per cent. In channel 2,
consistent results are obtained for NOAA-14, but signi® cant di� erences are observed
for NOAA-11. When the method is applied to NOAA-12 AVHRR measurements
for 1994± 95, channels 1 and 2 calibration coe� cients are observed to be #20 per
cent and #35 per cent larger than prelaunch values, respectively.

In conclusion, it is recommended that the present method be used to calibrate
the AVHRR instruments in morning orbits (e.g., NOAA-10 and NOAA-12), for
which no post-launch calibration is available. The method can also be used in
comparisons with post-launch calibration results from desert regions for the after-
noon orbits (e.g., NOAA-11, NOAA-14), and with future satellite instruments lacking
on-board calibration.
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