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ABSTRACT

The NOAA-9 Earth Radiation Budget Experiment (ERBE) scanner measured broadband shortwave,

longwave, and total radiances from February 1985 through January 1987. These scanner radiances are re-

processed using the more recent Clouds and the Earth’s Radiant Energy System (CERES) unfiltering

algorithm. The scene information, including cloud properties, required for reprocessing is derived using

AdvancedVery High Resolution Radiometer (AVHRR) data on boardNOAA-9, while no imager data were

used in the original ERBE unfiltering. The reprocessing increases the NOAA-9 ERBE scanner unfiltered

longwave radiances by 1.4%–2.0% during daytime and 0.2%–0.3% during nighttime relative to those derived

from the ERBE unfiltering algorithm. Similarly, the scanner unfiltered shortwave radiances increase by;1%

for clear ocean and land and decrease for all-sky ocean, land, and snow/ice by ;1%. The resulting NOAA-9

ERBE scanner unfiltered radiances are then compared with NOAA-9 nonscanner irradiances by integrating

the ERBE scanner radiance over the nonscanner field of view. The comparison indicates that the integrated

scanner radiances are larger by 0.9% for shortwave and 0.7% smaller for longwave. A sensitivity study shows

that the one-standard-deviation uncertainties in the agreement are 62.5%, 61.2%, and 61.8% for the

shortwave, nighttime longwave, and daytime longwave irradiances, respectively. The NOAA-9 and ERBS

nonscanner irradiances are also compared using 2 years of data. The comparison indicates that the NOAA-9

nonscanner shortwave, nighttime longwave, and daytime longwave irradiances are 0.3% larger, 0.6% smaller,

and 0.4% larger, respectively. The longer observational record provided by the ERBS nonscanner plays

a critical role in tying theCERES-likeNOAA-9ERBE scanner dataset from themid-1980s to the present-day

CERES scanner data record.

1. Introduction

To better understand the earth radiation budget and

its effect on climate, it is essential to monitor, as accu-

rately as possible, the exchange of shortwave and
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longwave radiation at the top of the atmosphere (TOA)

over many years. Recognizing this need, the Earth Ra-

diation Budget Experiment (ERBE) was initiated in the

late 1970s and conducted during the second half of the

1980s (Barkstrom 1984; Barkstrom and Smith 1986).

ERBE instruments were on board three Earth-orbiting

satellites: the National Aeronautics and Space Admin-

istration (NASA) Earth Radiation Budget Satellite

(ERBS) and two National Oceanic and Atmospheric

Administration (NOAA) satellites (NOAA-9 andNOAA-

10). Each satellite in the ERBE mission carried a scan-

ning radiometer and a nonscanner package (Barkstrom

1984). The ERBE scanners had three detectors: total,

shortwave, and longwave channels. The nonscanner in-

struments had Earth-viewing detectors and a total solar

irradiance monitor (Luther et al. 1986). The wide field-

of-view (WFOV) nonscanner had a limb-to-limb Earth

view, while it was limited to about 1000 km in diameter

(Barkstrom 1984) for the medium field-of-view (MFOV)

instrument. Each set of MFOV and WFOV detectors

consisted of a shortwave channel and a total channel.

Together, the three scanners measured the regional ra-

diation budget between 1985 and 1989, while theWFOV

and MFOV nonscanners operated much longer. The

ERBS nonscanners produced the longest record, mea-

suring the large-scale nonpolar radiation budget from

1985 to 1999.

A more sophisticated scanner and methodologies

for interpreting the measurements were developed for

the Clouds and the Earth’s Radiant Energy System

(CERES), the NASA successor to ERBE (Wielicki

et al. 1998). The first CERES scanners were launched in

1998 on the Tropical Rainfall Monitoring Mission, but

acquired data for only 9 months. However, CERES in-

struments have been operating successfully on the Terra

andAqua satellites since 2000 and 2002, respectively. To

study long-term changes in the earth radiation budget, it

is necessary to normalize, as accurately as possible, the

ERBE and CERES data to cover the period from 1985

to the present. To effect that normalization, it is neces-

sary to account for instrument and measurement inter-

pretation differences. One approach is first to process

the ERBE scanner data using CERES methodologies

and then to normalize nonscanner measurements to

collocated scanner data. This method should yield a da-

taset that is consistent as possible with CERES, save for

calibration differences. This paper takes the first step in

normalizing the CERES and ERBE scanner data.

To estimate TOA irradiance from ERBE scanner

radiance observations, two steps are involved: spectral

correction (unfiltering) and conversion of radiance to

irradiance (inversion). Radiances entering the instrument

are modified by the spectral response of each channel.

The method used to retrieve radiance from the mea-

sured value, by removing the effects of nonuniform spec-

tral response along the optical path of the instrument, is

called unfiltering (Green and Avis 1996). This unfiltered

radiance is then converted to TOA irradiance, the in-

version process, using scene-dependent anisotropic di-

rectionalmodels that account for the angular dependence

of the radiances leaving a given scene (Suttles et al. 1992).

Both unfiltering and inversion depend on the scene type

(surface and cloud). Thus, the accuracy of these two steps

depends upon proper identification of the scene viewed in

the ERBE scanner footprints. This paper addresses the

unfiltering process.

Our knowledge of unfiltering techniques and treating

scene-type anisotropic dependency has advanced since

the ERBE data were originally processed. In addition,

recent advances in data processing technology allow us

to adopt more accurate algorithms that were neither

available nor possible to utilize at that time. Application

of the algorithms used by CERES has the potential to

significantly improve the ERBE-derived TOA irradi-

ances. For example, Loeb et al. (2001) showed that ap-

plying the CERES unfiltering scheme to observed ERBS

scanner all-sky shortwave radiances increased the un-

filtered radiance by 1.7%. Similarly, the all-sky relative

differences between CERES and ERBE were reduced

to 0.6% (1.9%) from 1.1% (2.1%) for day (night) long-

wave. A study by Wong et al. (2006) suggested that the

tropical TOA shortwave and longwave irradiance changes

over a decade are 22.1Wm22 (22.2%) and 0.7Wm22

(0.3%), respectively. It is clear that differences in the un-

filtering process must be removed as much as possible to

determining decadal variations in the radiation budget

from CERES and ERBE scanner observations. For this

reason we plan to process ERBE data with algorithms

similar to those used by CERES and minimize algorithm

differences.

The flow diagram of the proposed process is shown in

Fig. 1. While Fig. 1 outlines the entire proposed pro-

cessing scheme, this paper focuses on the unfiltering

process of ERBE scanner radiances using the CERES

unfiltering algorithm as described in Loeb et al. (2001).

The details of the ERBE instruments are discussed in

section 2. Section 3 briefly discusses the CERES un-

filtering algorithm and its difference with the ERBE

algorithm. Section 4 compares unfiltered radiances de-

rived using these two algorithms. Section 5 addresses the

calibration of the NOAA-9 ERBE scanner by compar-

ing its measurements with irradiances observed by

NOAA-9 nonscanner, following the approach described

in Green et al. 1990. Because ERBS nonscanner ob-

servations overlap with CERES TRMM observations,

and its calibration was evaluated in earlier studies (Rutan

844 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 31



et al. 2001), NOAA-9 nonscanner observations are also

evaluated by comparing them with ERBS nonscanner

observations in section 6.

2. ERBE scanner, nonscanner, and Advanced
Very High Resolution Radiometer imager
instruments

The ERBS was launched 5 October 1984 in a pre-

cessing orbit at an altitude of 610 km with an inclination

of 578 (Green andAvis 1996).NOAA-9was launched 12

December 1984 into a polar sun-synchronous orbit at an

altitude of 812 km, an inclination of 998, and an equa-

torial crossing time of 1430 UTC (Kopia 1986). The

NOAA-10 was launched 17 September 1986 in a

988-inclined sun-synchronous orbit at an altitude of 833km
with an equatorial crossing time of 0730 UT. Both

NOAA satellites were in ascending node (Luther et al.

1986). The operational period of various instruments on

these three satellites is shown in Table 1 (Barkstrom and

Kibler 2013; Vincent 2013). As previously mentioned

each satellite in the ERBE mission carried a narrow

field-of-view (FOV) ERBE scanner and nonscanner

(Barkstrom 1984) instruments. The ERBE scanners had

three detectors: a total (TOT) channel that had no filter

and absorbed radiation in a wavelength range from ap-

proximately 0 to 200mm; a shortwave (SW) channel that

had a fused silica filter that transmitted wavelengths

from approximately 0.2 to 5mm; and a longwave (LW)

channel that had a multilayer filter on a diamond sub-

strate, which transmitted radiation at wavelengths from

5 to 50mm (Kopia 1986). Each detector scanned the

Earth perpendicular to the satellite ground track from

horizon to horizon. All detectors were thermistor bo-

lometers and received radiation gathered by an f/1.84

Cassegrain telescope, whose aluminum-coated mirrors

were overcoated to enhance ultraviolet reflectivity. To

enhance the spectral flatness of the detectors, each

thermistor chip was coated with a thin layer of black

paint. All three ERBE scanner channels had a field stop

located at the focal plane of the telescope that gave an

instantaneous hexagonal FOV angular size of 38 3 4.58,
the longer dimension being along the satellite ground

track (Barkstrom 1984). Because of the altitude differ-

ences among the ERBS, NOAA-9, and NOAA-10 orbits

mentioned earlier, the respective ERBE scanner nadir

footprint sizes at the surfacewere approximately 32 km3
48km, 43km 3 64km, and 43km 3 66km, respectively

(Barkstrom 1984).

In addition to the earth-viewing WFOV and MFOV

instruments, the nonscanner on each satellite included

a total solar irradiance monitor (Luther et al. 1986). The

desired earth-emitted longwave measurement is ach-

ieved by subtraction of the signal detected by the non-

scanner shortwave channel from total channel radiance

(Luther et al. 1986). Similar to the ERBE scanners, the

total channel was sensitive to all wavelengths and the

shortwave channel used a high purity, fused silica filter

dome to transmit only radiation from 0.2 to 5mm. Be-

cause of the concern for spectral flatness and high ac-

curacy, all four channels on the nonscanners were

active cavity radiometers (Barkstrom 1984). We only

useWFOV nonscanners in this study and hereafter refer

to the WFOV instruments as nonscanners.

Also on board the NOAA-9 and NOAA-10 is an

Advanced VeryHigh ResolutionRadiometer (AVHRR),

a cross-track scanning imager. The AVHRR recorded

narrowband measurements in five spectral channels

with a spatial resolution of about;1 km at nadir, which

were subsampled and averaged to produce a ;4-km

FIG. 1. Flow diagram of ERBE data processing with

CERES algorithms.

TABLE 1. Operational dates of ERBE instruments.

Satellite

ERBE scanner Nonscanner AVHRR

From To From To From To

ERBS Oct 1984 Feb 1990 Oct 1984 Oct 1999 No AVHRR instrument

NOAA-9 Jan 1985 Jan 1987 Jan 1985 Nov 1990 Feb 1985 Nov 1988

NOAA-10 Oct 1986 May 1989 Oct 1986 Oct 1994 Nov 1986 Sep 1991
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global areal coverage dataset. The AVHRR dataset is

used in this study (Gruber et al. 1994) to characterize the

scene in each ERBE scanner FOV. The spectral char-

acteristics of all fiveAVHRR channels forNOAA-9 and

NOAA-10 are listed in Table 2 (USGS 2013).

3. Method

All original ERBE products register footprint loca-

tions and their viewing geometry at a 30-km altitude

using geocentric coordinates, while CERES products

are registered at the surface using geodetic coordinates.

To be consistent with the CERES products, ERBE

footprint locations and their viewing geometry are reg-

istered at the surface using geodetic coordinates.We use

the ERBE S8-Processed Archival Tape (PAT) daily

product to generate an ERBE instrument Earth scan

(IES) product (Kusterer 2013) that contains footprint

geolocation. Radiances observed by the ERBE scanner

are stored chronologically by footprints in the S8-PAT

and are divided into 16-s records (Wong 2013). As

mentioned earlier, the effect of instrument spectral re-

sponse needs to be removed and the reflected (short-

wave) and emitted (longwave) radiance need to be

separated before the radiance is converted to irradiance.

This spectral correction procedure, which handles both

processes, is historically called the unfiltering and is

discussed in detail in the following section.

a. Unfiltering ERBE scanner filtered radiance

Both the CERES (Loeb et al. 2001) and ERBE

(Green and Avis 1996) unfiltering algorithms remove

the effect of instrument spectral response from observed

radiances but use different techniques. Both techniques

require knowledge of each channel’s spectral response

as well as the spectral nature of observed scene. The

ERBE unfiltering technique derives scene information

from broadband radiances using a maximum likelihood

estimation (MLE) method described in Wielicki and

Green (1989). The CERES unfiltering technique derives

scene information from imager narrowband radiances

collocated inside the larger CERES FOV, providing

amore robust scene identification. In this study,NOAA-9

AVHRR observations are used to derive the scene

information. The scene information such as cloud frac-

tion is derived from the NOAA-9 AVHRR using the

techniques of Trepte et al. (2003) and Minnis et al.

(2008), while other cloud parameters such as cloud op-

tical depth and phase were retrieved using the methods

of Minnis et al. (2011).

As described by Green and Avis 1996 and Loeb et al.

2001, the filtered radiance mf is expressed as

m
j
f 5

ð‘
0
S
j
lIl dl , (1)

where l is the wavelength, S
j
l is the normalized spectral

response function of the instrument (0# S
j
l $ 1.0), Il is

the spectral radiance incident on the instrument, and the

superscript j represents the shortwave, longwave, and

total channels.

Both the CERES and ERBE unfiltering algorithms

derive the unfiltered radiance mu from filtered radiance

mf using coefficients derived from modeled spectral ra-

diances (database) of various scenes. However, the

spectral database used by Green and Avis (1996) for

ERBE (see Arduini 1985) is very different from that

used by Loeb et al. (2001) in CERES. The CERES un-

filtering uses an updated and substantially larger theo-

retical spectral radiance database, including a large

range of cloud optical thickness and cloud-top heights,

thus providing significantly improved coefficients. In

addition to different methods to derive scene informa-

tion, including improved coefficients, the CERES algo-

rithm uses a quadratic term in deriving the shortwave

unfiltering radiance (Loeb et al. 2001), while ERBE al-

gorithm assumes a linear relationship.

Following Loeb et al. (2001), the unfiltered radiances

for shortwave SW and longwave LW at dayD and night

N are expressed in Eqs. (2)–(4), given as

mSW
u (D)5 a01 a1m

SW
f 1 a2(m

SW
f )2 , (2)

mLW
u (D)5 b01 b1m

SW
f 1b2m

TOT
f 1b3m

LW
f , and (3)

mLW
u (N)5 c0 1 c1m

TOT
f 1 c2m

LW
f , (4)

respectively. The coefficients a0, a1, a2, b0, b1, b2, b3, c0,

c1, and c2 are all theoretically derived by regressing

modeled unfiltered and filtered radiances. The short-

wave coefficients (a0, a1, a2) are derived as a function of

viewing zenith angle, relative azimuth angle, and solar

zenith angle, respectively, while the longwave coefficients

only depend on viewing zenith angle. In addition, scenes

TABLE 2. Spectral characteristics of AVHRR instruments on board ERBE.

Satellite Channel 1 (mm) Channel 2 (mm) Channel 3 (mm) Channel 4 (mm) Channel 5 (mm)

NOAA-9 0.58–0.68 0.725–1.10 3.55–3.93 10.3–11.3 11.5–12.5

NOAA-10 0.58–0.68 0.725–1.10 3.55–3.93 10.3–11.3 Channel 4 repeated
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for both shortwave and longwave are separated by clear

and overcast conditions, and surface type is separated by

snow, land, ocean, and desert. The coefficients for partly

(cloud fraction 5 0.275) and mostly (cloud fraction 5
0.725) cloudy conditions are derived by interpolating

between the clear and overcast coefficients. Both the

CERES and ERBE algorithms discretize the viewing,

relative azimuth, and solar zenith angles to apply the

unfiltering coefficient. However, the CERES algorithm

uses a linear interpolation of coefficients to minimize a

discretization error, while no angular interpolation is

used in the ERBE algorithm (Loeb et al. 2001).

Figure 2 shows the NOAA-9 ERBE scanner spectral

response functions. The response function for the

longwave portion of the total channel is relatively flat

compared to that of the longwave channel. For this

reason unfiltered longwave radiance is derived using

measurements from the total and shortwave channels.

However, the nominal shortwave bandpass allows ra-

diation at wavelengths greater than 50mm in addition to

the nominal spectral interval between 0.2 and 5mm, thus

affecting its reflected measurements. Since this addi-

tional radiation is entirely terrestrial in origin, it must be

removed from the filtered shortwave radiance to obtain

a radiance that is purely solar in origin. The next section

discusses our approach to remove the effect of emitted

radiance from the shortwave filtered radiance.

b. Subtraction of emitted radiance from shortwave
filtered radiance

The CERES algorithm subtracts the longwave con-

tribution to the shortwave channel, caused by a small

sensitivity at wavelengths larger than 50mm. To esti-

mate this contribution, the CERES algorithm uses

a second-order fit between the CERES window filtered

radiances WN and nighttime shortwave filtered radi-

ances as shown in Eq. (5), defined as

mSW
e 5 k0 1k1m

WN
f 1 k2(m

WN
f )2 , (5)

where mSW
e is the emitted radiance detected by the

shortwave channel. The resulting coefficients are then

applied to the daytime window radiances to estimate the

longwave contribution to the coincident SW filtered

radiances, which is then subtracted during the unfiltering

process (Loeb et al. 2001). ERBE scanners however

lack the window channel and their longwave channel is

noisier than the total channel (Green and Avis 1996).

Hence, we reformulate Eq. (5) using computed long-

wave nadir-view radiances calculated from the Principal

Component-based Radiative Transfer Model (PCRTM;

Liu et al. 2006). This radiance is then used to estimate

the longwave contribution to the shortwave channel

theoretically. The temperature and humidity profiles

required for this estimation are obtained from the God-

dard Earth Observing System Data Assimilation System,

levels 4 (GEOS-4) and 5 (GEOS-5), reanalyses (Bloom

et al. 2005). Cloud properties are extracted from the

Cloud–Aerosol Lidar and Infrared Pathfinder Satellite

Observations (CALIPSO)–CloudSat–CERES–Moderate

Resolution Imaging Spectroradiometer (MODIS) da-

taset (Kato et al. 2010). We use four seasonal days of

cloud properties to cover a realistic range of cloud types

for the computations. The ERBE (NOAA-9 in this

study) spectral response functions for the shortwave and

longwave channels are applied to the modeled spectral

radiances to simulate filtered longwave radiances and

the thermal component of the filtered shortwave radi-

ances. Following Loeb et al. (2001), we use a second-

order polynomial, defined as

mSW
e 5 k01 k1m

LW
f 1 k2(m

LW
f )2 , (6)

to fit the shortwave radiances as a function of longwave

radiance for four seasonal months independently. We

further fit these resulting four seasonal month curves

by a second-order polynomial to obtain the final co-

efficients. Figure 3 shows these second-order polynomial

fits between nighttime filtered shortwave and filtered

longwave radiances. The final coefficients k0, k1, and k2
are 0.188 894 10, 20.009 721 260, and 0.000 214 334, re-

spectively. These coefficients are then used to estimate

the thermal component mSW
e present in the ERBE

daytime shortwave filtered radiance. This thermal com-

ponent is then subtracted from the shortwave filtered

radiance to estimate proper shortwave filtered radiance

mSWr

f as

mf
SW

r 5mSW
f 2mSW

e , (7)

FIG. 2. NOAA-9 scanning radiometer spectral response functions.
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where mSW
f is the daytime filtered shortwave (SWDT)

radiance. We compute the thermal component for all

footprints individually based on the instantaneous

ERBE longwave filtered radiance. When the filtered

longwave radiance is not available, a default value of

0.173 75Wm22 sr21 (mean value of the nighttime fil-

tered shortwave radiance) is used for subtraction. Note

that the thermal component is approximately 0.26%

relative to the global mean unfiltered radiance detected

by the shortwave channel.

4. Comparison of ERBE-SSF and S8-PAT
unfiltered radiances

In this section we compare unfiltered radiances from

the CERES and ERBE algorithms to quantify the dif-

ferences between the algorithms. For the comparison we

compute the average unfiltered radiances over 4 months

for clear ocean, clear land, all-sky ocean, all-sky land,

and all-sky snow/ice backgrounds. To obtain all-sky

snow/ice, we use all footprints in the latitude ranges of

608–908Nand 608–908S. Results of these comparisons are

summarized in Tables 3–5.

Tables 3 and 4 show that daytime and nighttime

longwave unfiltered radiances, respectively, derived us-

ing the CERES unfiltering algorithm [labeled ERBE

Single Scanner Footprint (SSF)] are, on average, larger

than those derived from the ERBE algorithm (la-

beled ERBE S8) for all scene types mentioned earlier.

The CERES algorithm increases the unfiltered daytime

longwave (LWDT) radiance by 1.5% and 1.7% for clear

and all-sky ocean, respectively; 1.4% and 2.0% for clear

and all-sky land, respectively; and 1.5% for all-sky snow/

ice. Similarly, the unfiltered nighttime longwave (LWNT)

radiances increase by 0.2% for clear ocean, all-sky ocean,

and land, and by 0.3% for both clear ocean and all-sky

snow/ice.While a larger unfiltered longwave radiance by

the CERES method is consistent with that reported by

Loeb et al. (2001), the relative differences for daytime

longwave are larger than that reported by Loeb et al.

(2001), who reported average differences of 0.5% and

0.2% for daytime and nighttime, respectively. The av-

erage unfiltered shortwave radiance (Table 5) increases

for clear ocean, clear land, and all-sky ocean by 1.1%,

1.2%, and 1.0%, respectively, while it decreases for all-

sky land and all-sky snow/ice backgrounds by 0.6% and

0.4%, respectively. Loeb et al. (2001) reported a 1.6%

increase for the shortwave radiance by the CERES un-

filtering algorithm. A possible reason for the discrep-

ancy may be that footprints used by Loeb et al. (2001)

are predominately from the tropics, while footprints

frompolar regions are included in this study. In addition,

Loeb et al. (2001) used the 12 standard ERBE scene

types in both ERBE and CERES algorithms, while

imager-derived scene information and cloud properties

are used here.

5. Comparison of NOAA-9 ERBE scanner
unfiltered radiance with nonscanner
measurements

The results described in section 4 show that unfiltered

radiances derived using the CERES unfiltering algo-

rithm differ from those derived by the ERBE algorithm,

and those differences depend on scene type. Further,

comparisons of ERBE scanner unfiltered radiances with

nonscanner measurements presented in earlier studies

are not applicable to radiances obtained by the CERES

algorithm. Thus, to evaluate theNOAA-9ERBE scanner

unfiltered radiances derived from the CERES unfiltering

algorithm, we compare them to NOAA-9 nonscanner

observations.

The footprint size of the NOAA-9 ERBE scanner is

approximately 50 km, while the footprint size of the

FIG. 3. Relationship between filtered SW and LW radiances for

theNOAA-9ERBE scanner instrument. The monthly relationship

is derived by fitting a second-order polynomial to nadir-view

modeled filtered radiances.

TABLE 3. NOAA-9 ERBE scanner unfiltered radiance derived by ERBE unfiltering algorithm (labeled S8) and CERES unfiltering

algorithm (labeled SSF) averaged over 4 months (April, July, October, and December 1986) for LWDT. All sky (608–908) includes the
Northern and Southern Hemispheres.

Unfiltered radiance Clear ocean Clear land All-sky ocean All-sky land All sky (608–908)

Unfiltered radiance ERBE–S8 63.40 58.85 76.21 84.46 62.27

ERBE–SSF 64.33 59.68 77.50 86.11 63.21

(SSF 2 S8) % 1.5 1.4 1.7 2.0 1.5

848 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 31



NOAA-9 nonscanner is about 2600 km (Green and

Smith 1991). For the comparison, therefore, first we

need to identifyNOAA-9ERBE scanner footprints that

fall within a NOAA-9 nonscanner footprint; second,

estimate the radiance from each footprint observed

from the nonscanner position, and third, integrate the

estimated ERBE scanner radiances over the nonscanner

FOV (Green et al. 1990). The second step requires

changing the viewing geometry observed from the

ERBE scanner position to the nonscanner position.

The time for the ERBE scanner to cover the entire

nonscanner footprint is approximately 16min. There-

fore, we need to account for the solar zenith angle

change that occurs within that 16-min period for the

shortwave irradiance comparison (Green et al. 1990).

This section describes the process for calibrating the

NOAA-9 ERBE scanner against its nonscanner.

a. Collocation of ERBE scanner
and nonscanner footprints

To obtain independent samples, we use only consec-

utive nonscanner footprints that are separated by at

least 16min. We identify all ERBE scanner footprints

observed within 68min of the nonscanner observation

time and fall within the nonscanner FOV.

b. Simulation of nonscanner irradiance with ERBE
scanner radiance measurements

The method to estimate nonscanner irradiances by

integrating ERBE scanner radiances over the non-

scanner FOV was developed by Green et al. (1990) and

has been applied to the ERBS nonscanner data by Bess

et al. (1999) and by Rutan et al. (2001). The nonscanner

measurement m at colatitude Q and longitude F is the

integral of the radiances, weighted by the angular re-

sponse function g(a) of the sensor, over its FOV:

m(Q,F)5

ð2p
0

ða
c

0
L(a,b)g(a) sin(a) dadb , (8)

where L is the radiance, b is the azimuth angle relative

to north, a is the nadir angle, and ac is the nadir angle

limit or cutoff (62.018 forNOAA-9) that define the FOV

of the nonscanner.

The angular response function of the sensor g is

modeled as cosa (Green et al. 1990). The collocated

ERBE scanner radiances are used to estimate the cor-

responding value of m by

ms(Q,F)

5

ð2p
0

ða
c

0
Ls(as,bs)f (a,b jas,bs)g(a) sin(a) dadb ,

(9)

where L(as, bs) is the radiance observed by the ERBE

scanner and subscript s indicates the ERBE scanner

observation. The ERBE scanner measures the radiance

at its footprint resolution on both sides of the spacecraft

ground track. However, the radianceL(a, b) in Eq. (8) is

observed from the nonscanner location. Even though

the ERBE scanner and nonscanner are on the same

spacecraft, the viewing geometries of a given ERBE

scanner footprint viewed from the ERBE scanner and

nonscanner positions are typically not the same. In Eq.

(9) the conversion function f(as, bs ja, b) accounts for
the change in the radiance observed from the ERBE

scanner’s viewing geometry to the nonscanner viewing

geometry for all collocated ERBE scanner/nonscaner

footprints. To estimate f(as, bs j a, b), we use the CERES

Aqua angular distribution models (ADMs; Loeb et al.

2003) that have a collection ofmean radiances as a function

TABLE 4. NOAA-9 ERBE scanner unfiltered radiance derived by ERBE unfiltering algorithm (labeled S8) and CERES unfiltering

algorithm (labeled SSF) averaged over 4 months (April, July, October, and December 1986) for LWNT. All sky (608–908) includes the
Northern and Southern Hemispheres.

Unfiltered radiance Clear ocean Clear land All-sky ocean All-sky land All sky (608–908)

Unfiltered radiance ERBE–S8 63.96 60.72 76.36 78.54 54.60

ERBE–SSF 64.14 60.86 76.54 78.69 54.77

(SSF 2 S8) % 0.3 0.2 0.2 0.2 0.3

TABLE 5. NOAA-9 ERBE scanner unfiltered radiance derived by ERBE unfiltering algorithm (labeled S8) and CERES unfiltering

algorithm (labeled SSF) averaged over 4 months (April, July, October, and December 1986) for SWDT. All sky (608–908) includes the
Northern and Southern Hemispheres.

Unfiltered radiance Clear ocean Clear land All-sky ocean All-sky land All sky (608–908)

Unfiltered radiance ERBE–S8 91.53 132.54 60.07 82.28 64.36

ERBE–SSF 92.57 134.14 59.61 81.44 64.09

(SSF 2 S8) % 1.1 1.2 20.8 21.0 20.4
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of viewing zenith (shortwave and longwave), relative azi-

muth (shortwave), and solar zenith (shortwave) angles for

a given scene type. Footprint location and AVHRR-

derived cloud properties are used to choose ADMs for

a given ERBE scanner footprint. Therefore, using the

ADMs, the conversion function f is

f (a,b jas,bs)5
L(a,b)

L(as,bs)
5

r(a,b)

r(as,bs)
, (10)

where the overbar indicates the mean radiance for

a given scene type extracted from the CERES ADMs

and r is the anisotropic factor.

In addition to the direction change, the solar zenith

angle changes during the time when the ERBE scanner

observes within the nonscanner FOV. We therefore in-

clude the effect of solar zenith angle change to the

conversion function for shortwave as

f (a,b jas,bs)5
L(a,b) cos§

L(as,bs) cos§s
5

r(a,b) cos§

r(as,bs) cos§s
, (11)

where z is the solar zenith angle at the nonscanner ob-

servation time and zs is the solar zenith angle at the

ERBE scanner observation time for each footprint.

To integrate Eq. (9), we discretize it using 10 zenith

and 10 azimuth angular bins, the same number of bins

used byGreen et al. (1990). The resulting bin size is 6.28 3
368. The discretized version of the integral form of Eq.

(9) is

m̂5 �
i510

i51
�
j510

j51

L̂s,ij cosaiDVij , (12)

where L
L

s,ij is the average of all fLs in the ijth angular bin,

and DVij is the solid angle subtended by the ijth angular

bin viewed from the nonscanner. To avoid large differ-

ences caused by undetected portions of the nonscanner

FOV by the ERBE scanner, we require the scanner to

fill at least 90% of the total angular bins (i.e., 90 bins). A

sensitivity study by Green et al. (1990) shows that the

total number of bins (i.e., angular bin size) affects the

integrated ERBE scanner radiance m̂ by less than 0.5%.

c. Comparison of integrated radiance from
NOAA-9 ERBE scanner with NOAA-9
nonscanner observations

Following the approach discussed above, we compute

the integrated ERBE scanner radiance over the collo-

cated nonscanner FOV forNOAA-9. Bothm and m̂ are

converted from irradiance at the nonscanner observa-

tion altitude to 30 km. The conversion factor, historically

known as shape factor, depends on the angular distri-

bution of the radiance. We apply the same shape factor

for both m and m̂, so that the relative difference is in-

dependent of the shape factor. In the remaining part of

this paper, we refer to the irradiance at 30 km as the ir-

radiance at TOA. Figure 4 shows a comparison of ob-

served NOAA-9 TOA nonscanner irradiance m on the

x axis and theNOAA-9 TOA-integrated ERBE scanner

radiance m̂ on the y axis for the longwave channel at

night for April, July, October, and December 1986. The

least squares fit lines have slopes of 0.98, 0.99, 1.00, and

1.01 for April, July, October, and December 1986,

respectively, while the corresponding intercepts are

1.09, 1.20, 0.12, and 25.04Wm22, respectively. Table 6

summarizes the irradiance derived from the ERBE

scanner (SC) and nonscanner (NS) and their differences.

The nocturnal 4-month average longwave irradiances

for the nonscanner and ERBE scanner are 229.4 and

227.8Wm22, respectively, and the difference is 1.7Wm22,

indicating that the mean integrated ERBE scanner radi-

ance is 0.7% less than the average nonscanner irradiance.

Similar to Fig. 4, Fig. 5 shows a comparison between

nonscanner irradiances and integrated ERBE scanner

radiances for shortwave. The least squares fit line slopes

are 1.03, 1.02, 1.03, and 1.02 for April, July, October, and

December, respectively, while the corresponding in-

tercepts are 27.81, 23.54, 24.09, and 0.51Wm22, re-

spectively. Table 6 suggests that the integrated ERBE

scanner radiances are consistently higher than non-

scanner irradiances for all 4 months. Averaged over 4

months, the integrated ERBE shortwave scanner radi-

ance is 0.9% greater than the nonscanner irradiance.

As mentioned earlier, the unfiltered daytime long-

wave radiance is derived using filtered radiances from

both the total and shortwave channels. To remove the

shortwave irradiance affecting the longwave irradiance

difference, we apply the coefficients derived for the

shortwave comparison shown in Fig. 5. We then com-

pare the total irradiance (shortwave 1 daytime long-

wave), so that the difference is only due to the longwave

irradiance. Figure 6 shows the comparison of daytime

total irradiance derived from the ERBE scanner and

nonscanner. The average difference over the 4 months is

1.6Wm22, which corresponds to 20.3% of the total ir-

radiance or 20.7% of the longwave (total minus short-

wave) nonscanner irradiance.

Figure 7 shows the dependency of ERBE scanner and

nonscanner irradiance differences as a function of the

integrated ERBE scanner radiances. The difference is

almost constant, suggesting no strong dependence of the

difference on the integrated ERBE scanner radiance. In

addition, we use the Student’s t test for paired data at the

5% significance level to check if two sample means are
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different. To perform this test, we divide the mean dif-

ference by the standard deviation of the differences

between the matched footprints over 4 months of data.

The numbers of matched samples are 2255, 1842, and

1825 for nighttime longwave and shortwave, and day-

time total irradiances, respectively. The standard de-

viations of the matched differences are 3.34, 5.21, and

5.18Wm22 for nighttime longwave and shortwave,

and total irradiances, respectively. The test resulted

in the absolute z values of 24.3, 16.9, and 12.6 for the

nighttime longwave and shortwave, and daytime total

channels, respectively. Because the z values are quite

large for all three channels at the 5% significance

level, this test rejects the null hypothesis of equality

of means with 95% confidence, indicating the differ-

ences between the nonscanner irradiances and in-

tegrated ERBE scanner radiances are statistically

significant.

In addition to instrument uncertainty, there is un-

certainty associated with the ADMs used in the process

of changing the observation position of the ERBE

scanner to the nonscanner. We quantify the uncertainty

due to the use of ADMs in the next section.

d. Uncertainty in the comparison result

The CERES ADMs are built based on the scene

identification used in the edition 2 (Ed2) CERES cloud

algorithm (Minnis et al. 2008, 2011). Even though the

anisotropic factors in ADMs contain error, the error in

the irradiance is relatively small whenmean irradiance is

computed using irradiances over a wide range of viewing

geometries because angle-dependent errors partially

cancel each other. However, when the direction of radi-

ance is changed from theERBEscanner to the nonscanner

viewing geometry, the viewing angle is systematically

changed from a smaller viewing angle of the ERBE

scanner to a larger viewing angle toward the nonscanner

(Fig. 8). Therefore, estimating the irradiance over the

nonscanner FOV from ERBE scanner radiances us-

ing ADMs is more vulnerable to the ADM error. To

examine the effect of theADMerror to the comparisons

discussed in the previous section, we assume that the

anisotropic factor in the CERES ADMs contains a 5%

error. When applying Eq. (9), we increase the ADM

radiance by 5% when the anisotropic factor is greater

than 1 (i.e., oblique view for shortwave and nadir view

FIG. 4. Scatterplots of NOAA-9 WFOV nonscanner irradiance (Wm22) at the TOA vs integrated NOAA-9

ERBE scanner radiances (Wm22) over the FOV of the nonscanner for LWNT. Each data point represents one

collocated sample in a month. The gray line is the one-to-one line with the slope and intercept indicated with gray

letters in the plots.
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for longwave) and decrease it by 5% when the aniso-

tropic factor is smaller than 1 (i.e., near-nadir view for

shortwave and oblique view for longwave), causing the

scenes to be more anisotropic. Because ADMs are used

to change the direction from a smaller viewing zenith to

a larger viewing zenith, we expect that the integrated

radiance from the ERBE scanner would decrease (in-

crease) for shortwave (longwave). Table 7 shows the

mean differences between the nonscanner irradiance

and integrated ERBE scanner radiance after perturbing

the ADM radiance. When the anisotropic factor is

changed by 5%, the 4-month mean differences between

the nonscanner irradiance and integrated ERBE scan-

ner radiance are 6.7% and 22.5% for shortwave and

longwave, respectively. This translates to a 5.8% in-

crease for shortwave and 1.8% decrease for longwave

from the unperturbed results.

We interpret this sensitivity result in the context of the

uncertainty of the scanner–nonscanner irradiance com-

parison in the following way. Loeb et al. (2007) show

that the irradiance derived fromnear-nadir view (viewing

zenith angle less than 58) and oblique view (viewing ze-

nith angle between 508 and 608) differ, on average, by

5.3% for shortwave and by less than 3% for longwave.

Because the relative difference of the ADM-derived

irradiance is equivalent to the relative error in the an-

isotropic factor, the relative errors in the anisotropic

factor at the nadir and oblique views can be ;5% for

TABLE 6. NOAA-9 nonscanner irradiance and integrated ERBE scanner radiance comparison for different months.

Month

Longwave nighttime Shortwave daytime Total daytime (SWDT 1 LWDT)*

NS mean SC mean % diff NS mean SC mean % diff NS mean SC mean % diff

Apr 1986 240.6 237.9 21.1 229.2 229.3 0.0 472.0 469.7 20.5

Jul 1986 220.9 219.7 20.5 281.5 282.5 0.3 522.2 521.2 20.2

Oct 1986 254.7 254.0 20.3 201.2 204.0 1.4 463.8 464.8 0.2

Dec 1986 201.2 199.2 21.0 268.9 274.4 2.0 505.8 501.4 20.9

Mean 229.4 227.7 20.7 245.2 247.5 0.9 490.9 489.3 20.3

* The 4-month average relative difference for LWDT irradiance is obtained by subtracting the SWDT irradiance from total irradiance

during the day [(489.3 2 245.2) 2 (490.9 2 245.2)]/(490.9 2 245.2) 5 20.0065, i.e., 20.7%.

FIG. 5. As in Fig. 4, but for SWDT.
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shortwave and ;3% for longwave. A 5% perturbation

of the anisotropic factor in the opposite direction at

nadir and oblique views used in the sensitivity study

corresponds to a 10% anisotropic factor difference be-

tween the nadir and oblique views. Therefore, the un-

certainty envelope due to the ADM error is 2.9% (half

of 5.8%) for shortwave and 0.6% (one-third of 1.8%)

for longwave. Because the sign of the bias error in the

anisotropic factor is unknown, we split the envelope

equally so that half is on the positive side and the other

half is on the negative side. This argument leads to the

range of the relative difference between nonscanner ir-

radiance and integrated ERBE scanner radiance being

0.9%6 1.5% for shortwave and20.7%6 0.3% for night-

time longwave. We assume that the uncertainty in the

daytime longwave is (1.52 1 0.32)1/2 5 1.5% because the

daytime longwave measurements are derived from total

and shortwave measurements. The range of relative dif-

ference for daytime longwave is therefore20.7%6 1.5%.

Another possible source of error is the uncertainty

associated with scene identification. The ADM is de-

termined based on the scene type of the ERBE scanner

footprint derived from AVHRR. To assess the un-

certainty due to cloud properties, we perturb the cloud

fraction by60.05 (5%) and the logarithmic mean cloud

optical thickness by 0.1 (approximately 10% increase of

the optical thickness). The result averaged over 4 sea-

sonal months is shown in Table 8. Increasing (decreasing)

the cloud fraction by 0.05 decreases (increases) the in-

tegrated ERBE scanner radiance by 0.1% (0.01%) for

nighttime longwave and 0.2% (0.01%) for daytime

longwave. Similarly, increasing and decreasing the cloud

fraction by 0.05 increases the integrated ERBE scanner

radiance by 0.5% and 0.1% for shortwave. The in-

tegrated ERBE scanner radiance changes by a similar

magnitude when optical thickness is perturbed by 10%.

A 0.05 cloud fraction and 10% optical thickness

are realistic uncertainties in these retrieved variables

(Kato et al. 2011). The result shows that the irradiance

change is one order of magnitude smaller than the

change caused by the anisotropic factor. In addition,

cloud fraction and optical thickness error affect the se-

lection of ADMs, hence the anisotropic factor. We

therefore conclude that the uncertainty in the integrated

ERBE scanner radiance is dominated by the uncertainty

in the anisotropic factor. Estimated uncertainties are

60.3% for nighttime longwave and 61.5% for short-

wave and daytime longwave.

The calibration uncertainty (k5 1 or 1s) of theERBE

scanner is 1% for total and longwave channels and 2%

for the shortwave channel (Wielicki et al. 1995).We take

theERBS andNOAA-9 nonscanner differences discussed

FIG. 6. As in Fig. 4, but for the total.
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in section 6 as the uncertainties in the NOAA-9 non-

scanner irradiances. If we add uncertainties due to in-

strument calibrations and the anisotropic factor, then

the nonscanner and ERBE scanner irradiances agree

to within (12 1 0.62 1 0.32)
1/2

5 1.2% for nighttime

longwave, (12 1 0.42 1 1.52)
1/2

5 1.8% for daytime

longwave, and (221 0.321 1.52)
1/2

5 2.5% for shortwave.

We need to make several assumptions to conclude that

the NOAA-9 ERBE scanner unfiltered radiance is bi-

ased by 0.9% for shortwave and20.7% for both daytime

and nighttime longwave: 1) footprint matching un-

certainty that causes the difference between nonscanner

irradiance and integrated ERBE scanner radiance is

negligible and 2) the uncertainty of the difference is

dominated by instrument calibrations. Though we have

not quantified the effect of the first assumption, the sign

of the difference is consistent for 4months, implying that

the difference is bias and increasing the number of

matched samples may not reduce the difference. In fact,

the relative difference averaged over 12 months in 1986

is 1.0%, 20.2%, and 20.1% for shortwave, nighttime

longwave, and daytime longwave, respectively. The rel-

ative differences have the same sign as the corresponding

4-month average, and the difference between the 4- and

12-month averages are within the instrument uncer-

tainty. For the second assumption, although other com-

ponents are not negligible, we showed in this section that

the calibration uncertainty is the largest component for

nighttime longwave and shortwave. Therefore, calibra-

tion is more likely to cause the difference than the un-

certainty due to ADMs.

FIG. 7. A 2D histogram of matched footprints between NOAA-9 ERBE scanner and nonscanner with ERBE

scanner integrated radiance on the abscissa and the difference of ERBE scanner integrated radiance and nonscanner

irradiance on the ordinate. All 4 months of data are combined for these plots.

FIG. 8. Probability distribution function of viewing zenith angle

difference defined as viewing zenith angle viewed from the ERBE

scanner position minus the viewing zenith viewed from the non-

scanner position for the same ERBE scanner footprint.

854 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 31



If we treat these uncertainties as the envelope of a bias

error with unknown sign in theNOAA-9ERBE scanner

unfiltered radiances, and assume that the stability of the

nonscanner is much better, then we could adjust ERBE

scanner-derived irradiances by the relative difference

averaged over the 4 or 12 months to be consistent with

the ERBS and NOAA-9 nonscanners to within their

uncertainties; that is, the adjustment calibrates the

NOAA-9 shortwave and longwave unfiltered radiances

against theNOAA-9 nonscanner. Note that the result of

this study does not depend significantly on cloud prop-

erties derived from AVHRR used for scene identifica-

tion of ERBE scanner footprints. This is because cloud

optical thicknesses derived from AVHRR are adjusted

so that the relationship of the ERBE radiance as a

function of the logarithm of the product of cloud frac-

tion f and cloud optical thickness t log( ft) for a given

viewing geometry is forced to be the same as the re-

lationship between CERES radiance and log( ft) derived

from MODIS. In other words, AVHRR-derived cloud

properties are corrected to agree with cloud properties

derived from MODIS. For the absolute calibration of

the nonscanners, constraining the global and annual

mean TOA net irradiance by a long-term mean ocean

heating is necessary, as demonstrated by Loeb et al.

(2009), for CERES-derived global annual mean TOA

shortwave and longwave irradiances.

6. Comparison of NOAA-9 and ERBS nonscanner
measurements

The ERBS nonscanner measurements overlap with

CERES TRMM measurements, providing a long-term

record that has been analyzed by Wielicki et al. (2002)

and Wong et al. (2006). In addition, Smith et al. (2006)

compared the radiation budget measured from different

instruments. Therefore, comparisons between theNOAA-9

and ERBS nonscanners can be used to assess NOAA-9

nonscanner and ERBE scanner calibrations relative to

ERBS and, in turn, TRMMCERES. Rutan et al. (2001)

showed that the ERBS nonscanner irradiances are con-

sistent with the CERES TRMM scanner measurements

to better than 1.5%, 2%, and 1% for shortwave and

longwave at day and night, respectively. This study

compares 2 years (January 1985–December 1986) of

nonscanner observations from the NOAA-9 and ERBS

S7 data products. The ERBE S7 data product is a

monthly product and contains instantaneous irradiances

derived from nonscanner observations (Barkstrom and

Wong 2013). Similar to theNOAA-9ERBE scanner and

nonscanner comparison performed above, the non-

scanner comparison also requires collocation of their

footprints. To ensure the footprint collocation, matched

footprints are observed within 8min apart, and the angle

between the lines connecting the center of the footprints

and the center of the earth computed from ERBS and

NOAA-9 nonscanner footprints (the earth central an-

gle) is within 58. According to Green and Smith (1991),

the irradiance derived from nonscanners is equivalent

to ERBE scanner-derived irradiances averaged over 78
and 118 of the earth central angle for the ERBS and

NOAA-9 nonscanners, respectively. These correspond

to approximately 1600- and 2400-km footprint sizes.

Restricting the earth central angle between the center

of collocatedNOAA-9 and ERBS footprints to less than

58 ensures that the ERBS nonscanner footprint falls

TABLE 7. Anisotropic factor sensitivity to LW and SW irradiance comparisons using CERES ADMs.

Month

LW nighttime LWDT SWDT

(NS 2 SC) % diff (NS 2 SC) % diff (NS 2 SC) % diff

Apr 1986 26.9 22.9 26.8 22.8 12.7 5.5

Jul 1986 25.2 22.4 25.4 22.3 14.2 5.0

Oct 1986 25.1 22.0 23.6 21.4 17.3 8.6

Dec 1986 25.7 22.8 28.6 23.6 20.1 7.5

Mean 25.7 22.5 26.1 22.5 16.1 6.7

TABLE 8. Cloud property sensitivity to LW and SW irradiance comparisons using CERES ADMs.

4 months’ avg diff

LWNT LWDT SWDT

(SC 2 NS)

(NS 2 SC)/

(SC) % (SC 2 NS)

(NS 2 SC)/

(SC) % (SC 2 NS)

(NS 2 SC)/

(SC) %

0.05 increase in cloud fraction 21.7 20.8 22.1 20.9 3.3 1.4

0.05 decrease in cloud fraction 21.6 20.7 21.7 20.7 2.5 1.0

0.1 increase in cloud fraction 21.6 20.7 21.6 20.7 1.8 0.7

0.1 decrease in cloud fraction 21.7 20.8 21.7 20.7 2.8 1.2
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completely within its NOAA-9 counterpart. When the

ERBS nonscanner footprint is completely within the

NOAA-9 nonscanner FOV, the ERBS nonscanner foot-

print covers only 44%of the area covered by theNOAA-9

FOV. As a result, the comparison of instantaneous

irradiances is noisy. Therefore, instantaneously matched

irradiances are averaged over a month and monthly-

mean values from NOAA-9 and ERBS nonscanners are

used for the comparison.

ERBS and NOAA-9 nonscanner irradiance

Monthly-mean daytime and nighttime longwave and

shortwave irradiances for both the ERBS and NOAA-9

nonscanner are computed separately after collocating

footprints. Figures 9a–c show the monthly-mean night-

time longwave, and daytime longwave and daytime

shortwave irradiances, respectively. The ERBS non-

scanner irradiance is on the x axis, and the NOAA-9

nonscanner irradiance is on the y axis. The relatively large

scatter arises for several reasons. First, as mentioned

earlier, the ERBS FOV covers only 44% of theNOAA-9

nonscanner FOV. Second, the effect of the shape factor

discussed inGreen and Smith (1991) is not accounted for

in this comparison because we used irradiances mea-

sured at satellite altitudes and simply scaled theNOAA-

9 irradiance to the ERBS altitude by the ratio of the

inverse square of the distance from the center of the

earth.

To estimate the impact of these issues, we usemultiple

(at least two) ERBS nonscanner footprints within a

NOAA-9 nonscanner footprint to estimate the vari-

ability of the scene. We then use a 5% standard de-

viation of ERBS nonscanner irradiance relative to their

mean as a threshold to select footprints with a relatively

uniform scene. This screening reduces the total number

of footprints to 36% for shortwave, 76% for nighttime

longwave, and 69% for daytime longwave relative to

those without screening. Table 9 shows that the absolute

value of relative differences changes minimally with

the screening, while the sign of the relative difference

FIG. 9. Matched ERBS (abscissa) and NOAA-9 (ordinate) nonscanner-derived irradiances for (a) LWNT,

(b) LWDT, and (c) SWDT. Instantaneous irradiances are averaged over a month and each point represents monthly-

mean irradiance. Two years of data, from January 1985 through December 1986, are used. Irradiances are computed

at the satellite altitude. The line is the linear regression line, and the slope and intercept are shown in the plot; R2 is

the correlation coefficient.
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changes for shortwave. This is probably caused by

scenes that affect the shape factor needed to convert

nonscanner irradiance from satellite altitude to a differ-

ent altitude. A simple scaling by the square of the dis-

tance assumes the scene is Lambertian and introduces

a bias error of about22%when converting irradiance at

an altitude of 580 km to that at 30 km (Green and Smith

1991). If the error changes linearly with the distance,

then the NOAA-9 irradiance at the satellite altitude of

812 km needs to be increased by 0.7% when converting

it to the ERBS satellite altitude at 610 km. Therefore,

a 0.7% increase in the shortwave irradiance might be

caused by selecting more uniform scenes. For this rea-

son, we conclude that the relative differences between

ERBS and NOAA-9 nonscanners are 0.3% for short-

wave, 20.6% for nighttime longwave, and 0.4% for

daytime longwave.

7. Summary and conclusions

Four months (April, July, October, and December

1986) of the NOAA-9 ERBE scanner S8 data prod-

uct were used to generate an ERBE IES similar to a

CERES IES. The CERES unfiltering algorithm was

then applied to the ERBE IES to derive a new set of

unfiltered radiances. The unfiltering process eliminates

the effect of the instrument response function and sep-

arates the earth reflected solar radiance from the earth

emitted thermal radiance. Cloud properties derived

from AVHRR observations were collocated within the

ERBE scanner footprints and used to identify the scene

type required for the CERES unfiltering algorithm. The

CERES algorithm increases the unfiltered longwave

radiances by 1.4% to 2.0% and by 0.2% to 0.3% for

daytime and nighttime, respectively. Similarly, the un-

filtered shortwave radiance increases by ;1% for clear

ocean and land, while it decreases for all-sky ocean, land,

and snow/ice by 0.8%, 1.0%, and 0.4%, respectively.

We compared the ERBE scanner and nonscanner on

board NOAA-9 by collocating their footprints and in-

tegrating ERBE scanner radiances over the nonscanner

FOV. In the comparison process, the radiance observed

from the ERBE scanner position is turned to that ob-

served from the nonscanner position using CERES

Aqua Ed2 ADMs. The scene type is determined using

the AVHRR cloud property dataset. The integrated

ERBE scanner radiance is larger by 0.9% compared

to the nonscanner irradiance for shortwave, while it is

lower by 0.7% for both daytime and nighttime long-

wave. In addition, we investigated the uncertainty

caused by the uncertainty in the anisotropic factor in the

Aqua ADMs caused by the error in the cloud fraction

and cloud optical thickness through sensitivity studies.

Based on the sensitivity study, we conclude that the 1s

uncertainty range by this process is 61.5%, 60.3%

and 61.5% for shortwave, and nighttime and daytime

longwave, respectively.

In addition, we compared the NOAA-9 nonscanner

irradiances with the ERBS nonscanner irradiances using

2 years of data, from January 1985 through December

1986. The mean relative difference in the irradiance was

computed by using collocated footprints with relatively

uniform scenes. The uniform scenes were selected based

on the standard deviation of irradiance obtained from

the ERBS nonscanner footprints, which are within a

NOAA-9 nonscanner footprint. The NOAA-9 non-

scanner irradiances are larger by 0.3%, smaller by 0.6%,

and larger by 0.4% relative to the ERBE nonscanner,

for shortwave, and nighttime and daytime longwave,

respectively.

Taking into account the instrument calibration un-

certainty for both the ERBE scanner and nonscanner,

the NOAA-9 ERBE scanner unfiltered radiance un-

certainties are 62.5%, 61.2%, and 61.8% in the

shortwave, nighttime longwave, and daytime longwave,

respectively. If we assume a negligible uncertainty due

to collocating the NOAA-9 and ERBS nonscanner

footprints and that the ERBE scanner calibration error

predominately causes the ERBE scanner and non-

scanner irradiance difference, then theNOAA-9 ERBE

scanner radiances in the shortwave, nighttime longwave,

and daytime longwave are biased by 0.9%,20.7%, and

20.7% respectively, relative to NOAA-9 nonscanner

observations.

TABLE 9. Comparison of 2 years (from January 1985 through December 1986) matched ERBS and NOAA-9 nonscanner irradiances

averaged over a month. Screening means that the standard deviation of ERBS irradiance within a NOAA-9 footprint is used to select

uniform scenes.

Avg irradiance over 2 yr without

screening (with screening)

NOAA-9 2 ERBS without

screening (with screening)

(NOAA-9 2 ERBS)/ERBS without

screening (with screening)

ERBS (Wm22) NOAA-9 (Wm22) Diff (Wm22) RMS (Wm22) Relative diff (%) Relative RMS (%)

LWNT 211.3 (215.3) 210.3 (214.0) 21.0 (21.4) 1.4 (1.6) 20.5 (20.6) 0.6 (0.7)

SWDT 181.1 (158.0) 180.3 (158.3) 20.8 (0.4) 4.0 (4.7) 20.4 (0.3) 2.2 (3.0)

LWDT 216.6 (220.0) 217.6 (220.8) 1.0 (1.0) 2.0 (2.0) 0.5 (0.4) 0.9 (0.9)
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The unfiltering of NOAA-9 ERBE scanner radiance

using the CERES algorithm discussed in this study is a

first step in the reprocessing of ERBE data using CERES

algorithms to eliminate the algorithm inconsistency be-

tween the ERBE and CERES data. In addition, com-

parisons of NOAA-9 ERBE scanner and nonscanner

observations and NOAA-9 and ERBS nonscanner ob-

servations performed in this study can be used to bring

the NOAA-9 ERBE scanner unfiltered radiances to the

same radiometric scale of the NOAA-9 nonscanner

and, in turn, with the ERBS nonscanner, which has an

overlap with the TRMM CERES instrument. Further,

improving the unfiltering process of ERBE nonscanners

based on what we learned from the CERES project is

currently taking place. By making these various mea-

surements more consistent, it will be possible to better

characterize the variations in the radiation budget over

long time scales and how they impact the climate.
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