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A recent reprocessing of AVHRR data results in a 20-yr global climate
dataset providing information on the earth's radiation budget

T

he National Oceanic and Atmospheric Administration/National Environmental Satellite, Data,
and Information Service (NOAA/NESDIS) has
generated a consistent, calibrated, dataset of atmospheric products derived from nearly 20 yr of observations from Advanced Very High Resolution Radiometers (AVHRR) on board NOAA polar-orbiting
satellites. This began as a partnership with the National Aeronautics and Space Administration
(NASA), in a program called Pathfinder, to generate
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long-term datasets from archived satellite observations. NOAA has taken the lead in generating atmospheric products from AVHRR and making them
easily accessible for climate research.
The atmospheric products derived from AVHRR
include such key climate variables as cloud amount,
aerosol amount, and the top of the atmosphere net solar and long wave radiation. Clouds modulate the
earth's radiation budget (ERB): they reflect solar
radiation—a cooling effect—and recapture some infrared radiation otherwise lost to space—a warming
effect. Uncertainties associated with how their radiative properties will evolve as the climate changes is a
major cause for the large range in greenhouse warming predictions from climate models. Aerosols from
very intense volcanic eruptions cause more sunlight
to be reflected back to space leading to reductions of
as much as 1°C or more in global temperatures that
may persist for a year or more. Both man-made and
natural aerosols reflect and absorb solar radiation. Current estimates indicate that the reflective component is
larger and that aerosols could regionally cancel the
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warming effects of increases in greenhouse gases. The
ERB, representing the input and output of energy for
the earth and its atmosphere, is a fundamental quantity and is the driver for climate variations.
Constructing a dataset useful for climate studies
from the archived AVHRR observations—representing data obtained from instruments on a series of
operational satellites—is not a trivial task. Interannual
climate variations, such as ENSOs and, particularly,
decadal climate variations, such as global warming,
are much smaller than typical weather changes. These
smaller signals are more difficult to measure and require particular attention to instrument calibration
and the long-term stability of the dataset: small, timedependent biases in the data cannot be tolerated.
This paper illustrates the problems that arise from
orbital drift. The PATMOS data sets are shown along
with preliminary efforts to remove artificial trends
and discontinuities due to the satellite orbit drift. This
is demonstrated for a large tropical band. However,
smaller regions require more sophisticated methods
to account for the drift. Researchers should still find
the Pathfinder Atmosphere (PATMOS) dataset of
value in any number of studies. For example, one can
obtain a climatological map showing the average global distribution of the earth's cloudiness (or aerosol
amount, or components of the earth's radiation budget), or a map with the global distribution of cloudiness for any month of the 20-yr time period, or a time
series showing how cloudiness has varied for any region
of the earth for any month of the year over the 20 yr.
The data can be used to study a variety of climate
phenomena, such as the annual cycle, El N i n o Southern Oscillation (ENSO), major volcanic eruptions, and monsoons. The data are also useful for exploring relationships among various atmospheric and
radiation products (e.g., Wetzel and Stowe 1999;
Jacobowitz and Ohring 2000; Nalli and Stowe 2002,
manuscript submitted to /. Geophys. Res., hereafter
NS; Knapp and Stowe 2002).

THE PATMOS PROJECT. The AVHRR is an imaging radiometer (Cracknell 1987) that has flown on
NOAA's polar-orbiting weather satellites since 1979.
It provides digital images of the entire globe twice a
day in the visible, near-infrared, and infrared regions
of the spectrum. Its five observing channels are at
wavelengths for which the atmosphere is quasi transparent. Channels 1 and 2 (0.63 and 0.83 jum) measure
reflected solar radiation in the visible and near-IR
portions of the spectrum, respectively, channels 4 and
5 (10.8 and 12 juni) measure earth-emitted IR radiation,
and channel 3 (3.7 jum) is sensitive to both sources.
786

The AVHRR Pathfinder Atmosphere Project at
NOAA was guided by a Science Working Group
(SWG) chaired by James Coakley (see acknowledgments for a list of the other working group members).
Over 3 trillion bytes of data were processed in only
7 months. Raw satellite observations from an archive of
over 100 000 magnetic tapes were transcribed to a small
number of magnetic cartridges, calibrated, and then
processed with algorithms developed by team scientists.
A separate AVHRR Pathfinder Calibration Working Group developed a calibration history for the five
observing channels. The visible and near-infrared
channels have no on-board calibration and tend to degrade with time in orbit. These channels were designed primarily to provide global imagery of the
earth's cloud, snow cover, and sea ice for meteorological applications. These applications are not sensitive
to relatively small changes in sensor response, so no
serious effort had been made to correct the calibration in the operational processing system. To observe
the smaller signals of climate variations, sensor drift
must be accounted for. A reasonably stable reflecting
target, the Libyan desert, was used as a constant vicarious calibration source to determine the degradation rate of the two channels (Rao and Chen 1995)—
if long-term trends were observed in the channel
observations, it was assumed that these were due to
degradation of the sensor, and the calibration coefficients were revised to eliminate such spurious trends.
The working group also developed an improved calibration that accounts for the nonlinearity of the IR
channels (Walton et al. 1998). Without this correction, infrared temperatures observed by the AVHRR
would be incorrect by roughly 1°C.
The P A T M O S project has reprocessed the
AVHRR data from the afternoon polar-orbiting op-

PATMOS DATASETS ON THE WEB
The unadjusted PATMOS datasets (PATMOS-1
and -2) are accessible via the W e b site
www.saa.noaa.gov. Selected PATMOS-2 monthly
mean parameters can be visualized and electronically accessed by clicking on "Product Data," then
choosing "AVHRR Pathfinder." The data are
available online in a number of different formats,
which include NetCDF, MS-Excel Spreadsheet,
and ASCII text. A number of graphs may also be
selected. PATMOS-1 datasets can be accessed by
further clicking on "Pathfinder Products" next to
"Related W e b Site." Further instructions are
given in the "README," distribution.tar and
userguide.tar files.
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erational environmental satellites
(POES): NOAA-7, -9, -11, and -14,
forming a nearly continuous record
of atmospheric and radiation products from September 1981 to June
2001 (this paper does not use data
beyond December 1999). The principal dataset products are the
reflectances of the solar channels
and radiances of the infrared channels, total cloud amount, aerosol optical thickness (AOT) over ocean,
and the components of the earth's
radiation budget at the top of the
F I G . I . (a) Time series of the ECT for the four N O A A polar-orbiting
atmosphere (TOA): outgoing longsatellites comprising the PATMOS dataset. (b) Time series of tropiwave radiation (OLR) and absorbed
cal (20°N-20°S) day-night average monthly mean PATMOS cloud
solar radiation (ASR) by the earthamount (%) for Sep 1981 through Dec 1999.
atmosphere system (equivalent to
the net incoming solar radiation at
the top of the atmosphere). The reflectances, radi- frared channel is very well correlated with the total
ances, and ERB components are determined for both outgoing longwave radiation and is used to estimate
clear-sky and all-sky conditions. All products are it.
provided on an approximately equal-area grid with
The NOAA-7 and -9 satellites initially had local
a resolution of - 1 1 0 km x 110 km. They are gener- equator-crossing time (ECT) of approximately 0230
ated twice daily, once for orbits "ascending" from and 1430 LT, while the NOAA-11 and -14 crossed the
south to north (primarily daytime) and also for or- equator about 0130 and 1330 LT. These ECT can be
bits "descending" from north to south (primarily thought of as the approximate local observing times
nighttime). These are also averaged over 5-day (pen- of most of the satellite's observations. However, the
tad) and monthly time periods. A number of other times of these crossing gradually drifted later by as
auxiliary products (e.g., land fraction in each grid box much as 3 h (Fig. la) during each satellite's mission
and viewing/solar geometry) are also processed in
(Gutman 1999). Unfortunately, this introduces temthis manner.
poral trends in the PATMOS data that vary with the
The algorithms used to derive cloud amount, total aerosol amount (over the oceans), and the components of the earth's radiation budget from the
AVHRR observations are described in the appendix
on the PATMOS processing system. The physical basis for these algorithms are briefly described. Greater
detail on the PATMOS project and the algorithms
employed can be found in Stowe et al. (2002). Clouds
generally reflect more solar radiation, reduce losses
of infrared radiation to space, and enhance the horizontal variability of both solar and infrared radiation,
compared to clear skies. These effects are captured
by the AVHRR solar and infrared channels. Aerosols
over dark surfaces increase the amount of sunlight
reflected back to space, an effect that is detectable by
the AVHRR's visible channel. The net solar radiation
at the top of the atmosphere depends on the earth's
planetary albedo. The reflected sunlight measured by
the AVHRR's visible and near-infrared channels can
be used to estimate the planetary albedo. The emitted radiance measured by the AVHRR's \2-jum inAMERICAN METEOROLOGICAL SOCIETY

ECT, complicating the detection of long-term trends.
Spurious trends in the data may also be caused by
small, residual calibration drifts after application of
the revised calibration coefficients. As an example, the
time series of the day-night average of monthly mean
cloud amount for the Tropics (20°N to 20°S) for September 1981-December 1999 is shown in Fig. lb. The
increases in cloud amount with increasing ECT and
large discontinuities between satellites are clearly
seen. Similar features appear in the time series of the
other PATMOS products. While these may seem
small—the discontinuities are no larger than 4%—the
climate signals are even smaller. For example, weather
observations indicate that cloud amount over the continental regions of the Northern Hemisphere increased by only 2% in all of the twentieth century
(IPCC 2001). These spurius trends and discontinuities
represent a major source of error in the dataset and
must be corrected, if the data are to be used for studying the smaller signals associated with decadal climate
change. Procedures for doing this are discussed in
JUNE 2003
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PATMOS data have not had the effects of the orbital

DERIVED CLIMATE PRODUCTS AND
THEIR EVALUATION. Cloud amount The cloud

drift removed.

climatology produced from 20 yr of A V H R R data

section 3. It should be clearly stated that the archived

(Fig. 2a) shows relatively large percentages of cloud
cover in the tropical regions, indicating the intertropical convergence zone (ITCZ), and off the west coasts
of continents at low- and midlatitudes, from stratus
clouds associated with cold upwelling ocean water.
Subsidence zones in the subtropics of the three major oceans and over deserts are the least cloudy. The
cloudiest regions are in the Arctic and Antarctic,
poleward of the polar fronts, along which major storm
systems and their associated clouds form. (Reduced
cloud cover over eastern Antarctica may be an artifact of the processing system.)
Time series analysis of cloud amount is potentially
useful for investigating the earth's radiance balance.
The tropical zone (20°N to 20°S) was chosen because
recent studies with ERB datasets based on measurements of the total spectrum of reflected solar radiation and outgoing longwave radiation—known as
broadband measurements—have shown that this zone
exhibits some large long-term changes in the ERB and
is highly variable both interannually (due to El Nino
and volcanic eruptions, for instance) and over the seasonal cycle each year (Wielicki et al. 2002). The time
series of cloud amounts discussed above (Fig. lb) was
analyzed in an attempt to remove the temporal trends
caused by the effect of the drift in the ETC. Fortunately, the trends can be statistically removed to a
large extent. A composite graph of the P A T M O S
cloud amounts from all four satellites versus the ECT
(Fig. 3) shows a strong linear trend. The best-fit line
obtained through regression analysis can then be used
to remove the linear trend (this process is generally

FIG. 2. Annual mean global map of (a) cloud amount,
(b) A O T over oceans, (c) OLR, and (d) RSR for the
period from Sep 1981 through Dec 1999.
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FIG 3. Scatterplot and best-fit line of the daytime cloud
amount vs the ECT for the tropical belt (20°N-20°S).
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referred to as detrending). This process is geometri-

cloud amount derived by phase 1 of the software,

cally equivalent to rotating the points on the compos-

Clouds from AVHRR (CLAVR-1) is accurate to within

ite graph about the mean until the best-fit line is par-

±5% in cloud amount units.

allel to the ECT axis (no trend). Detrending should

Although the higher ISCCP cloud amounts exist

have only a small effect on interannual trends because

for all months in the time series, the datasets show a

it is based only on the variation of cloud amount with

similar annual cycle in tropical cloud cover, with

variation in the ECT of all four satellites taken together

maxima in the July-December period, the minima in

and not on its variation with time for each satellite. This

the January-June period (with a relatively higher peak

technique was applied to the other products, which had

in 1991 present in the ISCCP data, the year of the Mt.

similar types of temporal trends. They are discussed

Pinatubo eruption). While there is a steady decrease

separately. Figure 4a shows the detrended time series,

in the ISCCP cloud amount over its 9-yr record of

in blue, with a stability that is much greater than that

about 3% (from approximately 64% to 61%) as deter-

shown in Fig. lb. For comparison with the detrended

mined from linear regression, no trend is noticeable

series, the 1985-93 time series of the cloud amount de-

in the adjusted PATMOS time series. W e do not cur-

rived from the International Satellite Cloud Climatol-

rently have an explanation for this difference.

ogy Project (ISCCP-D2); (Rossow and Schiffer 1999)
is shown in red. It has a mean value of 63% compared

Aerosol optical thickness. The global climatology of

to 50% for the P A T M O S cloud amount. The daily

aerosols over the oceans based on 20-yr PATMOS

PATMOS cloud amount is an average of two observa-

means of the AOT (Fig. 2b) shows relatively high val-

tions from the same satellite, 12 h apart, while the

ues off the southern coasts of Saudi Arabia and Asia

ISCCP-D2 data are an average of eight observations

and the western coast of Africa due to wind blown

per day from imagers on
different geosynchronous
satellites, s u p p l e m e n t e d
with A V H R R data poleward of 60°N latitude. The
large discrepancy in cloud
amount is likely due to differences in the way the two
algorithms classify partially
cloudy pixels (Stowe et al.
2002). ISCCP tends to classify the partially cloud-filled
pixels as "cloud" to accuracy
in its "clear sky" to preserve
accuracy in its "clear sky" radiances (W. Rossow 1999,
personal communication).
P A T M O S more correctly
assigns a value between zero
and 100% to these pixels.
However, overcast pixels
with variable cloud heights
and thickness are often erroneously given a partial
cloud amount in PATMOS,
while ISCCP classifies these
pixels correctly as cloudy.
C o n s e q u e n t l y , the true
cloud amount is expected
to be somewhere between
these two estimates. Stowe
et al. (1999) report that the

FIG. 4. Time series of tropical (20°N-20°S) monthly means of (a) cloud amount,
(b) A O T over oceans, (c) OLR, and (d) RSR for the period from Sep 1981
through Dec 1999 for adjusted PATMOS data (blue) and for comparison
datasets (red). Linear regression lines are included for each dataset.
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desert dust, which extends across the Atlantic into the

ditions are shown in Figs. 2c and 2d. Maxima in OLR

Caribbean. Elevated A O T values associated with

are located over desert regions of North Africa and

smoke from agricultural burning practices in south-

Saudi Arabia. Minima in the tropical regions are due

ern tropical Africa, South and Central America, and

to cloudiness associated with the ITCZ and the Indian

Indonesia are also noticeable. Plumes of aerosol gen-

monsoon circulation. Extreme minima occur in the

erated by fossil fuel burning can be observed off the

polar regions, because of little solar heating. A com-

east coasts of the United States and Asia, and around

parison of OLR with cloud amount (Fig. 2a) shows

Europe as well (cf. Husar et al. 1997). The latitudinal

corresponding areas of little cloud amount and large

band between 40° and 60°S probably results from oce-

values of the OLR. Low values in RSR are apparent

anic biological material, and wind-generated sea salt.

in oceanic and vegetated land regions with little cloud

The typical background values o f A O T over the

cover (e.g., in the tropical oceans and the Mediterra-

oceans, away from continental influences, is gener-

nean Sea and Great Plains of the United States).

ally less than 0.15 (NS).

Maxima over land corresponds to regions of maxi-

Figure 4b shows an adjusted PATMOS time series

mum cloud cover (e.g., the ITCZ) or regions with

of the tropical monthly mean AOT. The most strik-

sparse vegetation. At high latitudes, RSR increases due

ing features are the two broad maxima in PATMOS

to increasing cloud and snow/ice cover.

AOT due to increases in stratospheric aerosols from

Figure 4c shows the adjusted time series of the OLR

the eruptions of El Chichon in April 1982 and Mt.

from PATMOS. Also shown for 1985 to mid-1999 is

Pinatubo in June 1991 (cf. Stowe et al. 1992; Strong

the OLR derived from the broadband, nonscanning

and Stowe 1993; Long and Stowe 1994). As a result

instrument on the Earth Radiation Budget Experi-

of these large aerosol increases, detrending was ap-

ment (ERBE). The fixed field of view covers the earth's

plied in different manner. The AOT for each satellite

disk. ERBE is on the Earth Radiation

was first detrended excluding the 2 yr following each

(ERBS), which is in a 57°, inclined, asynchronous or-

major volcano. The entire series was then adjusted to

bit, covering all equator-crossing times in a 36-day

Budget

Satellite

have a long-term mean equal to that observed over

period. This greatly reduces the impact of diurnal

the 1981-99 time period minus the excluding years.

variability, making it more representative of a true

For comparison purposes, the AVHRR-based time

monthly mean. These observations have been shown

series from NASA/Goddard Institute of Space Stud-

to be consistent with measurements of OLR by broad-

ies (GISS; Mishchenko et al. 1999) adjusted to the

band, scanning radiation budget instruments [e.g.,

PATMOS reference wavelength of 0.63 jum (Ignatov

E R B E scanner, the Scanner for Radiation Budget

and Stowe 2002) is also shown (referred to as GISS).

(ScaRaB), and the Clouds and Earth's Radiant Energy

It spans the period from February 1985 to October

System ( C E R E S ) ; W i e l i c k i et al. 2 0 0 2 ] .

Both

1988, and has a mean value of 0.16 compared with

PAMTOS and ERBE time series show similar seasonal

0.11 for the P A T M O S nonvolcanic AOT. Possible

cycles, with maxima occurring in the NH spring/sum-

sources o f the differences between the GISS and

mer seasons and minima in the NH fall/winter sea-

PATMOS optical depths are studied in Stowe et al.

sons, which are consistent with (and negatively cor-

(2002). The smaller-scale intra-annual variations are

related to) the intra-annual cloud cover variability

due to seasonal changes in general circulation pat-

(cf. Fig. 4a). However, the long-term trends of the two

terns, which lift and transport tropospheric aerosol

datasets are very different. There is a uniform long-

from land to ocean downwind of deserts, fires, and

term increase of about 5 W m~2 in the OLR record

industrial regions. Some of this variability may also

from E R B E (about a mean value o f 253 W m~2),

originate from seasonal changes in ocean biological

whereas the OLR from P A T M O S varies seasonally

activity (Husar et al. 1997).

about a long-term mean of 246 W m~2. Wielicki et al.

Earth radiation budget. The ERB consists of two com-

from ERBE is consistent with the decrease in cloud

(2002) have argued that the increase in OLR with time
ponents: the total (broadband) outgoing longwave

amount observed with ISCCP (cf. Fig. 4a). Similarly,

radiation emitted to space at the top of the atmosphere

the lack of a noticeable long-term trend in corrected

and the net solar radiation (Jacobowitz 1991) ab-

PATMOS OLR is consistent with the lack of a long-

sorbed by the earth-atmosphere system (i.e., the ab-

term trend in corrected P A T M O S cloud amount.

sorbed solar radiation). In place of the ASR, the re-

While the PATMOS OLR data decreased by a little

flected solar radiation (RSR) is often shown.

less than 2 W m 2 for the time period from 1985 to

T h e c o m p o n e n t s o f the E R B based on 2 0 - y r

2000, due to the higher values from 1985 to 1988, only

PATMOS means of the OLR and RSR for all-sky con-

a small decrease occurred from 1988 to 2000. No con-
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sistent decrease throughout the 2 0 - y r period is
noticed.
The time series of the ERBE and the detrended

PATMOS Science Working Group (listed by name only),
Kenneth Campana, Robert Cess, James Coakely, Leo
Donner, Herbert Jacobowitz, Yoram Kaufman, Rachel

P A T M O S R S R are given in Fig. 3d. Again, the

Pinker, William Rossow, and Larry Stowe; NOAA/NESDIS

PATMOS and ERBE have very similar seasonal cycles,

personnel, Arthur Booth, Peter Topoly, Alex Kidd, and Paul

with maxima occurring in the NH fall/winter seasons

Pellegrino: and contractors, Sastri Vemury, Charles Dean,

and minima in the NH spring/summer seasons. Large

Doug Moore, Rao Anne, Gang Luo, Mojgan Sylva, Fan

increases in aerosol concentration due to intense vol-

Jing, Curt Crandall, and Greg Bowen.

canic eruptions may also have a measurable effect on
the earth's radiation budget. The RSR in both datasets

APPENDIX: PATMOS PROCESSING

show an increase of between 5 and 10 W m~2 within

S Y S T E M . The PATMOS processing system is fun-

the year following the June 1991 Mt. Pinatubo erup-

d a m e n t a l l y based on the clouds f r o m A V H R R

tion (cf. Fig. 4b; Minnis et al. 1993). The ERBE broad-

Phase-1 (CLAVR-1) algorithm (Stowe et al. 1999).

band RSR has a systematic decrease of about 3 W m - 2

CLAVR-1 pixel-level clear/cloud classifications are

over its 14-yr record, with a mean value of 93 W m~2,

used to estimate the cloud amount in each grid cell.

which is approximately the P A T M O S mean. The

The multispectral threshold algorithm classification

ERBE RSR trend is physically consistent with the long-

applies various cloud/no-cloud radiometric signature

term trends in ERBE OLR and ISCCP cloud amount.

tests (contrast, spectral, and spatial) in a sequential,

S U M M A R Y . The AVHRR Pathfinder Atmosphere

ocean, day/land, night/ocean, night/land; Stowe et al.

decision tree, for each of four scene conditions (day/
(PATMOS) program has produced a unique dataset

1999). Pixels processed by CLAVR-1 are output to a

on cloud amount, aerosols, and earth radiation bud-

statistical mapping program called PATMOS-1 where

get from 20 yr of operational satellite observations.

every pixel is placed into a grid cell and sorted into

This paper has described the program, presented

three CLAVR-1 categories (all sky, clear sky, and

samples of the data, and made comparisons with other

cloudy). The all-sky pixel is sample consists of all pix-

satellite datasets. These comparisons show that the

els in the grid cell. Means, standard deviations, and

data can be used for studying a variety of climate prob-

percentiles of the channel radiances and/or normal-

lems, such as those related to the annual cycle, ENSO,

ized albedos are computed for the three categories

major volcanic eruptions, and monsoons, and the re-

from the satellite orbit with the smallest-view zenith

lationships among various atmospheric and radiation

angle (thereby minimizing the effects of "foreshort-

products. The cause of systematic differences between

ening" on cloud amount). Statistics are also computed

P A T M O S and some o f the independent satellite

for a subset of the clear-sky sample (termed aerosol

datasets requires further research. Errors introduced

burden) whose pixels correspond to those with the low-

in the P A T M O S retrieval algorithms as a result of

est 30% of channel-2 albedos over ocean and channel-3

progressive increases in solar zenith angle (associated

albedos over land. Information on the geometry, land/

with orbital drift over each satellite's mission lifetime)

ocean and snow/ice cover, and two estimates of cloud

have been minimized as a result of a detrending analy-

cover is included (71 products in all). It should be

sis, but some error is still probable. Climate signals

noted that the documentation accompanying the prod-

associated with larger forcings should overwhelm

ucts refers to them as parameters instead of products.

those caused by any residual time-dependent artifacts

As a final step in the P A T M O S processing, the

in the dataset. Also, a resulting climate change signal

output of PATMOS-1 is input to a second program,

should be detectible by restricting analyses to regions

P A T M O S - 2 , which computes "derived" products

suspected of experiencing significant changes from a

from the grid cell mean radiance statistics. Specifically,

climate forcing. Such forcings could include changes

the clear-sky and all-sky radiance statistics are used

in biomass burning (smoke and surface radiative

to make daily daytime and nighttime estimates of

properties), cultivation and urbanization (dust and

broadband ERB products and A O T (over oceans).

surface radiative properties), and industrialization (haze

These derived products and most other daily prod-

from fossil fuel burning) practices over the past 20 yr.

ucts from PATMOS-1 (e.g., the channel radiances and
albedos), are time averaged into pentad (5 day) and

ACKNOWLEDGMENTS. The authors wish to express

monthly statistics (temporal means and standard de-

their appreciation to the following people who have signifi-

viations; 82 products for each time period).

cantly contributed to the development of the AVHRR Path-

T h e retrieval a l g o r i t h m for A O T used by

finder Atmosphere (PATMOS) dataset: members of the

PATMOS is identical to the one running operation-
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ally at NOAA/NESDIS [i.e., the second-generation
algorithm described in Stowe et al. (1997)]. It uses
AVHRR channel-1 reflectance to retrieve total-column AOT at an effective wavelength of 0.63 jum.
Clear-sky reflectance over oceans is generally very
low in regions removed from specular reflection, so
the presence of aerosols can be detected as an increase
in the reflectivity against this dark background
through their scattering of solar radiation. The algorithm assumes that the particles are spherical and
nonabsorbing.
The second-generation algorithm has been shown
to perform well compared to in situ ground truth.
Pixel-level operational retrievals of AOT show a systematic error, compared to the ground truth, that is
less than 10% and have a random error less than 0.04
relative to shipboard sun-photometer observations
(Stowe et al. 1997), using the validation procedure and
datasets described in Ignatov et al. ( 1 9 9 5 ) . In
PATMOS, this same algorithm is applied to grid-cell
mean clear-sky reflectances rather than the pixel-level
reflectances used in the operational processing.
However, no significant change in performance is expected, since the relationship between reflectance and
optical thickness is essentially linear for any given set
of illumination and viewing geometries (provided
AOT < 1). This was verified by Stowe et al. (2002) with
a statistical comparison with AERONET level-2 sunphotometer observations (Holben et al. 1998) at
22 island and coastal sites from 1994 to 1999.
The OLR is estimated from the spectral radiance
in channel 5, using models of decreasing brightness
temperature with increasing satellite zenith angle to
account for "limb darkening," and converting the
narrowband brightness temperature to the broadband
temperatures (Ohring et al. 1984). Improvements to
the algorithms for converting narrowband radiances
into these ERB components have been well documented by numerous researchers (e.g., Wydick et al.
1987; Ruff and Gruber 1988; Taylor 1990). The ASR
is computed by first estimating the broadband albedo
from a linear combination of the visible and near-IR
narrowband channels 1 and 2. Models of the angular
distribution of reflected solar radiation (Suttles et al.
1988) are then used to adjust for the anisotropy. An
estimate of the daily average value is computed using
a model of the variation of the TOA reflectance with
solar zenith angle, where the scene type is assumed
constant over the day (Jacobowitz 1991). The daily
average amount of incident solar radiant energy flux
(in Watts per square meter) at any latitude and day,
sometimes called available solar energy (ASE) can be
calculated from a knowledge of the solar constant (so792

lar irradiance at mean earth-sun distance) and the
earth's orbital parameters with respect to the sun
(relative earth-sun distance and declination angle of
the sun), corresponding to the day of the year. The
ASR is then calculated as
ASR = ASE (1 - ALBEDO).
Also, the reflected solar radiation can be calculated as
RSR = ASE (ALBEDO).
However, the twice-a-day observations of OLR and
once-a-day observations of ASR or RSE do not capture the full effect of systematic diurnal variations of
clouds and temperature.
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