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Abstract
Based on a comprehensive radiative transfer model, algorithms suitable for axctic
conditions are developed to retrieve broadband surface albedo and water cloud
properties from National Oceanic and Atmospheric Administration (NOAA) Ad
vanced Very High Resolution Radiometer (AVHRR) narrowband measurements.
Reflectance anisotropy of snow surfaces is first simulated by a discrete ordinates
radiative transfer formulation, and is then included in the comprehensive model
for the retrieval. Ground-based irradiance measurements made by NOAA Climate
Monitoring and Diagnostics Laboratory (CMDL) in Barrow, Alaska are compared
with retrieved albedo and downwelling irradiances computed from retrieved cloud
optical depth and effective radius. The good agreement found between satellite
estimates and ground-based measurements indicates th at the retrieval algorithms
proposed in this thesis are suitable for arctic conditions. It is found th at the ef
fects of snow bidirectional reflectance on the retrieval of the broadband albedo are
significant, and that the Lambertian approximation could lead to a 30% under
estim ate of the surface albedo. It is also found that cloud effective radius in the
Arctic is generally smaller as compared with mid- and low-latitudes.
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Chapter 1
Introduction
It is well known th at clouds strongly modulate the energy balance of the Earthatm osphere system through their interaction with solar and terrestrial radiation.
Clouds reflect part of the solar energy back to space and thus have a cooling
effect on the Eaxth-atmosphere system. On the other hand, clouds can also have
a greenhouse effect. They absorb part of the longwave radiation from the E arth’s
surface, re-emit about half of the absorbed energy back to the E arth’s surface and
thus warm the Earth’s surface and lower atmosphere. The polar regions constitute
a radiative energy sink whereas the equatorial region is a source. The persistent
presence of snow/ice cover in the Arctic may change the cooling effect of clouds to
a slight heating due to the generally higher albedo of snow/ice as compared with
clouds ( Tsay et al., 1989).
Surface albedo controls the amount of incident solar energy absorbed by the
ground surface. While remaining high for much of the year, the surface albedo
in the Arctic decreases dram atically during the spring and summer and becomes

1
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highly variable both spatially and temporally.
Surface albedo and cloud properties are of great interest for understanding the
global radiation budget and climate change. The arctic region has received more
and more attention by climate researchers because it is believed to be particularly
sensitive to clim ate change due to greenhouse warming.
However, the spatial coverage of ground-based radiation measurements in the
arctic is sparse as compared with mid- and low-latitudes. Cloud measurements
by aircraft are also sparse. With their considerable spatial and temporal vari
ability, clouds are among the most difficult components of the climate system to
study. Satellite-bom e sensors, on the other hand, can, at least in principle, provide
continuous and global measurements with high tem poral and spatial resolution.
The E arth ’s lower atmosphere is composed of gas molecules, cloud droplets
and aerosol particles.

The interaction between solar radiation and the Earth-

atmosphere system includes absorption, scattering, and reflection. Figure 1.1 il
lustrates the m ost im portant physical processes occurring when solar radiation
interacts with the Earth-atmosphere system. The radiation from the Sun is partly
absorbed by aerosols, clouds, and molecules (mainly H 2 O and

O 3 ),

on its way

through the atmosphere. Part of the solar radiation is scattered back to space by
clouds, aerosols and molecules in the atmosphere. The rest of the solar radiation
reaches the E arth surface. The surface absorbs part of the incident energy and
reflects the remainder. The solar radiation reflected by the surface also interacts
with the molecules, cloud droplets and aerosol particles in the atmosphere which
transm its a fraction of it to space, reflects another fraction of it back to the surface,
and absorbs the remaining portion. The Earth surface emits thermal radiation,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

which is partly absorbed by molecules, mainly H 20 , C 0 2 , and O3 , and partly
scattered and absorbed by cloud droplets and aerosol particles before it reaches
the top of the atmosphere. Clouds, aerosols and molecules in the atmosphere also
absorb and em it therm al radiation.
Satellites sensors detect a combination of radiation em itted and reflected from
the surface of the earth and transm itted by the atmosphere, as well as radiation
em itted by the atmosphere or scattered into the field of view of the satellite sensor
by particles and molecules in the atmosphere. The task is to determine what part
of the radiation comes from the ground and what part comes from various regions
in the atmosphere, and to use this information to deduce surface and atmospheric
conditions from satellite measurements.
The above physical processes of absorption, emission and scattering determine
the transport of radiation throughout the Earth-atmosphere system. This trans
port of solar and terrestrial radiation is described quantitatively by the radiative
transfer equation. The radiance measured by satellite sensors can be used in con
junction with radiative transfer calculations to infer some im portant features of
the underlying surface and cloud particles.
Based upon radiative transfer theory, the purpose of this thesis is to study the
reflectance anisotropy of snow surfaces under arctic conditions, and further to de
velop retrieval algorithms, suitable for arctic conditions, to infer surface albedo and
water cloud properties from Advanced Very High Resolution Radiometer (AVHRR)
measurements. The retrieved results are tested against ground-based field mea
surements.
Rather them relying on the Lambertian (isotropic) approximation which is com-
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Satelite

F ig u re 1.1

Interaction mechanisms between electromagnetic radiation and the atmosphere.
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monly used in the remote sensing of surface and cloud properties from satellite
measurements, the bidirectional reflectance of snow is taken into account in this
thesis, based on Mie theory which assumes (1) spherical snow particles and (2) well
separated snow particles. Although these assumptions may not be representative
of natural snow surfaces on some occasions, the retrieval results show th a t this
snow model offers a clear advantage over the Lambertian approximation.
In chapter 2, background information is briefly reviewed, including AVHRR
instrum entation, field irradiance measurements, and existing knowledge about re
mote sensing of surface albedo and water cloud parameters.
In chapter 3, an improved physical model is developed to compute bidirectional
reflectance based on the radiative transfer code DISORT (DIScrete Ordinate Ra
diative Transfer), which precisely accounts for multiple scattering processes. A
comparison is m ade between it and Hapke’s model which relies on a simplified
treatm ent of multiple scattering. The results show th at the improved model per
forms much better than Hapke’s model for media with large single scattering albedo
and asymmetry factor.
In chapter 4, an algorithm is developed to infer broadband surface albedo us
ing NOAA AVHRR channel 1 and 2 measurements over arctic snow and tundra
under cloud-free conditions. This algorithm obviates the need for “anisotropic cor
rections” which axe also commonly used for retrieval of the surface albedo from
AVHRR data. Comparisons of satellite-retrieved surface albedo, upwaxd, down
ward and net irradiance with ground-based field measurements made by NOAA
CMDL in Barrow, Alaska show good agreement. It is also found th at the Lamber
tian approximation can lead to an underestimation of surface albedo by as much
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as 30 %.
In chapter 5, algorithms axe developed to retrieve visible optical depth, effective
radius and cloud top temperature for liquid water clouds in the Arctic using NOAA
AVHRR images obtained under overcast conditions. For water clouds over dark
surfaces (tundra and ocean), channel 1 (0.64 fxm), channel 3 (3.75 fim ) and channel
4 (11 fxm) axe used.

For water cloud over bright surfaces (snow and ice), the

reflectance in channel 1 is not sensitive to cloud optical depth due to the multiple
reflection between cloud base and the underlying surface, so that channel 2 (0.85
/j,m) is used, together with channel 3 and 4 to infer cloud optical depth, effective
radius and cloud top temperature. As shown in chapter 5, the snow model adopted
in this thesis does not yield multiple solutions as the Lambertian approximation
does at large solax zenith angles. Downwelling irradiances at the surface computed
using th e retrieved cloud optical depth and effective radius agree well with field
irradiance measurements.
Finally, a summary of the thesis is given in chapter 6 .
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Chapter 2
Background
In this chapter, the definitions used in discussions of radiation, AVHRR instru
m entation, field irradiance measurements, and existing knowledge about remote
sensing of surface albedo and water cloud parameters will be briefly reviewed.

2.1

D efinitions

In a radiation field where the light is uncollimated, the amount of power at position
r crossing unit axea perpendicular to the direction of propagation Q, traveling into
unit solid angle about fl, is called the radiance and will be denoted by / ( r , fl).
Radiance is often also called specific intensity, or simply intensity, or brightness.
Note the difference between irradiance F , which refers to power per unit area of a
beam , and radiance I, which is the power per unit axea per solid angle (Figure 2.1).
F is simply a flow of energy, and it may or may not have an implied direction.
Irradiance F is given by the integration of the normal component of radiance

7
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/ ( r. fi) over the entire solid angle Q.
F =

J /( r , fi) cos{ )d£t

(2 . 1)

0

where 9 is the zenith angle of the beam, which is the angle between the normal
direction of the area and the beam. For an isotropic (Lambertian) radiation field,
I is independent of angle fi, so that F = rr/ . Satellite sensors measure reflected
or em itted radiances (I) by Earth-atmosphere system. The ground based instru
ments, described in section 2.3 measure irradiances (F).

I

F-

Irradiance = power/unit area

Radiance = power/unit area/unit solid angle

F ig u re 2.1 Irradiance and radiance.
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T a b le 2.1 Spectral band widths (pm) of the AVHRR .

Channel
1
2

3
4
5

NOAA- 6, - 8 , -10
0.58-0.68
0.725-1.10
3.55-3.93
10.5-11.5
10.5-11.5

NOAA-7, -9, -11, -12, -14
0.58-0.68
0.725-1.10
3.55-3.93
10.3-11.3
11.5-12.5

2.2

A V H R R Instrum entation

2.2.1

G eneral Inform ation

IFOV (mr)
1.39
1.41
1.51
1.41
1.30

Since 1978, regular satellite coverage of the polar regions has been provided by
the National Oceanic and Atmospheric Administration (NOAA) polar orbiters
equipped with AVHRR instruments. The NOAA series satellites were designed to
operate in a near-polar, sun-synchronous orbit (with an inclination of around 99°).
The orbital period is about 102 minutes which produces 14.1 orbits per day. The
sub-orbital tracks do not repeat on a daily basis because the number of orbits per
day is not an integer, while the satellite passes at the same local solar tim e for any
latitude.
The AVHRR is a cross-track scanning system, featuring four or five channels.
The spectral band widths (in ^m) of the AVHRR channels are shown in Table 2.1.
In addition, the Instantaneous Field of View (IFOV) in milliradians is included
for each channel in Table 2.1. According to Table 2.1, the IFOV of each channel
is approximately 1.4 milliradians leading to a resolution at the satellite subpoint
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F ig u r e 2.2 AVHRR spectral response functions. [Adapted from Kidwell (1995)].

of 1.1 km for a nominal altitude of 833 km. The spectral response functions for
N0AA-9 AVHRR are shown in Figure 2.2. The two-wavelength descriptions in
Table 2.1 indicate the range of wavelengths to which a radiometer is sensitive. By
convention, these wavelengths are specified by the half-power points of the response
functions.
All meteorological data on the NOAA series satellites are continually broadcast
to Earth. These direct broadcasts are called high-resolution picture transmission
(H RPT). In addition to the HRPT mode, about ten minutes of d ata may be selec
tively recorded on each of two recorders on board the satellite for later playback.
These recorded d ata are referred to as LAC (Local Area Coverage) data. LAC and
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H R PT data have identical formats. The full resolution d ata is also processed on
board the satellite into GAC (Global Area Coverage) data. GAC d ata contains
only one out of three original AVHRR lines and the data volume and resolution are
further reduced by averaging every four adjacent samples and skipping the fifth
sample along the scan line. H R PT data are used in this thesis. They are archived
digitally at the Arctic and Antarctic Research Center (AARC) at the Scripps Insti
tution of Oceanography, and processed by the TeraScan software (SeaSpace, Inc.)
installed at the Alaska D ata Visualization and Analysis Laboratory.
More details on the AVHRR instrumentation are given by Kidwell (1995).

2 .2.2

Calibration and A ccuracy

AVHRR channel 1 and 2 are calibrated in the laboratory before launch by com
parison with a known input. Twelve matched, quartz-iodide lamps, which emit
known radiance, are used. By turning on combinations of the lamps, a plot of
radiance versus output digital count is constructed for each channel. The slope
Si and intercept Li of the straight line that best fits this plot is used to linearly
convert digital counts C returned by the satellite into albedo (percent) Ai at the
top of the atmosphere
Ai = SiC + Li.

(2.2)

A spectrally averaged radiance can be calculated by

1 = ATmw

( 2 ' 3 )

where F is integrated solar spectral irradiance, weighted by the spectral response
function of the channel, and W is equivalent width of the spectral response func
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tion. Until now, there are no on-board calibration capabilities. There is evidence
that pre-launch calibration coefficients (the slope Si and intercept Li in equation
(2.2)) of the AVHRR visible (channel 1) and near-infrared (channel 2) channels
have changed in orbit. Many attem pts have been made to estim ate the degrada
tion rates through ground-based experimental techniques (Brest and Rossow, 1992:
Kaufman and Holben, 1993; Rao and Chen, 1995). As part of NASA’s AVHRR
Pathfinder program, investigations of Rao and Chen indicated that the relative
annual degradation rates for the two channels are 1.2 % and 2.0 % (NOAA-11),
respectively.
AVHRR channel 3, 4, and 5 are calibrated in flight by viewing hot and cold
objects. During each rotation of a mirror, a telescope views both cold space and the
instrument housing, which is painted black and equipped with platinum resistance
thermometers to accurately measure the housing tem perature (roughly 290 K). The
radiance of the instrum ent housing (calculated from its measured tem perature)
plus the digital counts for the housing and for space (essentially zero radiance)
allow digital counts for Earth scenes to be linearly converted to radiance (Lauritson
et al., 1979). The equivalent blackbody tem perature of the scene can then be
determined from the Planck function. Due to instrum ent aging and the variation
of thermal environment in the orbit, the linearity of response may change slightly.
To account for nonlinearities, NOAA National Environmental Satellite, D ata, and
Information Service (NESDIS) provides corrections in channel 4 and 5 using a
quadratic function of radiance.
NOAA specifications for AVHRR channels 3-5 require the equivalent blackbody
tem perature of a 300 K scene to be determined within ±0.12 K. This is equivalent
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to radiance errors of 2.1, 16.9, and 14.6 m W m ~ 2sr~ lfim ~l at 3.7, 11, and 12 ^m ,
respectively. Because the sensors measure radiance, the radiance error for each
channel is approximately constant. The tem perature error, however, varies with
scene tem perature as specified by the Planck function. At 250 K, for example, the
tem perature error will be approximately 1.1, 0.20, and 0.18 K at 3.7, 11, and 12
(jlvd., respectively.

2.2.3

A tm osph eric A ttenuation in A V H R R Channels

The interaction of electromagnetic waves with the atmosphere involves different
processes in different spectral regions. The scattering by particles which are small
compared with the wavelength of the light is called Rayleigh scattering. Rayleigh
scattering by molecules depends inversely on the forth power of the wavelength
and is therefore im portant for solar radiation (A < 3.5 /zm), but negligible for
thermal infrared radiation (A > 3.5 fim). When the scattering particle is compa
rable to or larger than the wavelength of the light, a diffraction peak is formed
in the forward direction. In this case, the interaction of light with the particle
is described in term s of Maxwell’s equations. Solutions to Maxwell’s equation for
the electromagnetic wave interacting with a spherical dielectric particle is usually
referred to as Mie Scattering. Scattering of solar radiation by aerosols and cloud
droplets is characterized by strong forward scattering.
Figure 2.3 illustrates a diagram of atmospheric transmission in the visible and
infrared regions. Gases responsible for atmospheric absorption are also shown in
Figure 2.3. In AVHRR channel 1 and 2, absorption by H 2 O, CO 2 , 0?, and O3
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F ig u re 2.3 Atmospheric transmission, in the visible and intrared regions. Gases responsible for atm o
spheric absorption are shown. [Adapted from Sabins (1987)].
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axe weak, while Rayleigh scattering by molecules and Mie scattering by aerosols
are significant. For channel 3 water vapor line absorption is the principal mech
anism but several minor constituents, notably CO 2 as well as the water vapor
continuum, also have a significant effect on the attenuation of solax radiation. Mie
scattering by aerosols is highly variable depending on the turbidity of the atmo
sphere. AVHRR channel 4 and 5 axe located within an atmospheric window where
the atmospheric transm ittance is high. The water vapor continuum absorption is
the main absorption mechanism. Rayleigh Scattering by molecules is negligible in
channel 4 and 5. CO 2 has a significant absorption band in channel 4.

2.3

Instrum entation for Ground-based Irradiance
M easurem ents

Surface solar radiation measurements in Barrow, Alaska (71°18/ N, 156°A7' W)
provided by the NOAA Climate Monitoring and Diagnostics Laboratory (CMDL)
axe utilized in this thesis for th e testing of satellite-inferred albedo and irradiance
at the surface. Broadband solar radiation measurements by Eppley pyranometers,
covering the wavelength range 0.3 - 2.8 /zm, include upward and downward global
solax irradiances. The thermopile detector of the Eppley pyranometer is made
from a coiled constantan wire which is partially plated with copper to produce a
set of junctions. Half of the junctions axe thermally connected to the blackened
detector surface and half to th e instrument body which acts as a heat sink. The
detector is covered with a double glass dome arrangement which serves two pur-
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poses. Firstly it protects the surface of the thermopile, and secondly it defines the
operating wavelength range. The inner dome improves the stability of the instru
m ent by reducing the longwave radiation exchange between the outer dome and
th e thermopile. A removable dessicant holder contains silica gel to keep the inside
of the instrum ent dry, thus avoiding condensation on the inside of the dome.
The sensitivity of the thermopile is tem perature-dependent and the manufac
turers incorporate a thermistor-resistor compensation circuit. According to the
Eppley d ata this reduces the variation to better than ±1 % for the sink tempera
ture range 233 K to 303 K.
The decrease of sensitivity for clear sky downwelling radiation with the angle
of incidence of direct radiation on the pyranometer is well known from laboratory
measurements (e.g. Foot et al., 1986). Differences of up to 10 % arise for zenith
angle of 80° but are < 2% for zenith angle of < 60°. A variation in sensitivity
w ith azim uth angle exists in the instrument because its sensitivity is not isotropic.
Ground-based laboratory measurements have shown the effect to be less than 1 %
for 9 < 60°. All these effects become negligible in conditions of diffuse illumination
which applies to upwelling radiative irradiance measurements and downwelling
irradiance measurements under an overcast sky. An annual calibration is necessary
to measure any significant changes in zenith angle and azimuth angle dependences
of the sensitivity under clear skies.
A recent estimate of the accuracy of the shortwave irradiance measurements is
2% according to Saunders et al. (1991).
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2.4

P revious Work on R em ote Sensing of Surface
A lbedo

Previous investigators have developed techniques for retrieving surface albedo
and solax irradiances from satellite-measured radiances (e.g.

Saunders, 1990;

Stuhlmann and Bauer, 1991; Pinker and Laszlo, 1992; De Abreu et al., 1994). Most
of this work, however, has concentrated on lower latitudes. On the other hand,
most methods (Pinker and Laszlo, 1992; Stuhlmann and Bauer, 1991; De Abreu
et al., 1994) apply an “anisotropic correction” to TOA bidirectional reflectance to
account for target-Sun-satellite geometry. The anisotropic correction depends on
solar zenith angle, satellite zenith angle, and relative azimuth angle between the
Sun and the satellite. This is usually done by multiplying the TOA albedo obtained
by assuming th at the reflected radiation is isotropic, with an anisotropic correction
factor. Taylor and Stowe (1984) determined anisotropic correction factors for the
TOA reflectances over various surface types, using broadband NIMBUS 7 Earth
Radiation Budget (ERB) data. The investigation by De Abreu et al. (1994) re
vealed that estim ated visible and near-infrared AVHRR albedo values at the TOA
derived from Taylor and Stowe's (1984) anisotropic coefficients axe about 25 %
laxger than those derived under the assumption th a t the TOA radiation field is
isotropic over snow-covered sea ice in the Arctic. This study also indicated that
the accuracy of surface albedo values derived from AVHRR data is very sensitive to
the anisotropic coefficient employed. However, it is difficult to assess the accuracy
of Taylor and Stowe’s (1984) anisotropic coefficients. Besides the anisotropic cor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

rection, it is also customary to assume that the underlying surface is a Lambertian,
(isotropic) reflector (Stuhlmann and Bauer. 1991).

2.5

P revious work on R em ote Sensing o f Liquid
W ater Cloud Param eters

Liquid water p ath (LWP), effective particle radius and cloud top tem perature are
three im portant parameters for liquid water clouds. In the visible the optical depth
is proportional to the ratio of the liquid water content, LWC, and the effective
radius. Thus, knowledge of LWC and effective radius allows us to infer th e optical
depth. Optical properties of water clouds depend almost exclusively on their liquid
water path and effective radius (Hu and Stamnes, 1993). In addition, outgoing
longwave radiation is mainly determined by the temperature at cloud top.
The climatic effects of clouds are difficult to estimate due to their tem poral and
spatial variability. Cloud microphysical properties are usually measured through
field experiments. Satellite remote sensing techniques are also needed for a global
knowledge of these parameters. Field experiments can provide necessary tests of
the satellite retrieval algorithms. Several investigators have attem pted to deter
mine cloud optical depth and effective particle radius from visible and near-infrared
measurements using radiometer deployed on aircraft (Hansen and Pollack, 1970;
Twomey and Cocks, 1982, 1989; King, 1987; Foot, 1988; Rawlins and Foot, 1990;
Nakajima and King, 1990; Nakajima et al., 1991) and satellites, such as AVHRR
onboard the NOAA polar orbitors (Curran and Wu, 1982; Arking and Childs, 1985;
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Durkee, 1989; Rossow et al., 1989; Platnick and Twomey, 1994; Han et al., 1994;
Nakajima and Nakajima, 1995; and Platnick and Valero, 1995). The principle be
hind these techniques is based on the fact th a t the reflection function of clouds at a
nonabsorbing channel in the visible wavelength range is primarily a function of the
cloud optical depth, whereas the reflection function at a water absorbing channel
in the near-infrared is primarily a function of cloud droplet size. The channel at
3.7 fim on AVHRR is ideal for inferring cloud particle size because the water ab
sorption is greater as compared with shorter near-infrared wavelengths, although
the therm al component at this channel has to be taken into account. However,
AVHRR becomes more and more popular due to its long-time availability.
A num ber of field observations of clouds, aerosols, and radiation have been
conducted since 1986, such as FIR E-I/II Cirrus (First ISCCP Regional Experi
ments, 1986 and 1991, respectively), ASTEX (Atlantic Stratocumulus Transition
Experiment, 1992). Most of these cloud retrieval algorithms and field experiments,
however, have focused on low- and mid-latitudes. To date only a few studies have
been carried out for high latitudes. Field observations include the Arctic Stratus
Cloud Experiment (1980), Leads Experiment (LEADEX) in the Beaufort Sea north
of Alaska during April 1992, Beaufort and Arctic Storms Experiment (BASE),
and the Arctic Radiation Measurements in Column Atmosphere-surface System
(ARMCAS) conducted on the North Slope of Alaska and over the Beaufort Sea
area during June, 1995.
At high latitudes, the surface is covered by snow/ice most of the time through
out a year. Solar elevation is low so that the solar zenith angle is generally greater
than 50°. Precipitation is mainly in the form of snow, which implies th at the atmo
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spheric humidity is low. Temperature inversions occur over snow/ice surfaces even
in summertime. Solar radiation reflected by clouds in the visible is not sensitive
to cloud optical depth for clouds overlying snow/ice surfaces because of the low
contrast between cloud and surface albedo, and the multiple reflections between
cloud base and th e underlying snow/ice surface.
Key (1995) used the AVHRR near-infrared channel 2 (0.85 fim) to infer water
cloud optical depth for clouds over snow/ice surfaces, based on the premise th at the
reflected solar radiation at 0.85 /xm is primarily a function of water cloud optical
depth which is nearly independent on wavelength in the visible and near-infrared
regions. Because of the weak wavelength dependence, the value of cloud optical
depth inferred from channel 2 is almost the same as th at inferred in the visible.
The Lambertian approximation is adopted for snow surfaces under cloudy condi
tions in A'et/’s (1995) algorithm. Key (1995) found th at multiple solutions occur
at small optical depths and large solar zenith angles. This method was applied to
AVHRR images over the Beaufort Sea in the Arctic. The reflected solar radiation
at channel 3 (3.7 /xm) was used by Key (1995) to retrieve cloud effective radius
over snow/ice surfaces, while the thermal component at channel 3 was removed by
using the measurement of channel 4. Lubin et al. (1994) proposed an empirical
parameterization for cloud optical depth as a function of the brightness tem pera
ture difference between AVHRR channel 3 and 4 (11 /xm), which was derived for
cloud fields over th e ocean and applied to nearby cloud fields over snow and ice.
This technique was applied to three test AVHRR images over Antarctica.
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Chapter 3
A Model Study on Bidirectional
Reflectances
Virtually all natural surfaces are now known to exhibit reflectance anisotropy.
Some highly-reflecting materials, such as snow and ice, have relatively strong re
flectance anisotropy. In particular, snow and ice surfaces in the Arctic show strong
bidirectional reflectance due to large solar zenith angles. A satellite sensor col
lects reflected radiances within a small field-of-view. There is evidence th at the
visible and near-infrared radiances at the top of the atmosphere are sensitive to
surface reflectance anisotropy and its diurnal variation (Roujean et al., 1992). To
retrieve surface and cloud properties from satellite radiance measurements, as we
will in chapters 3 and 4, it is important to estim ate the effect of surface bidirec
tional reflectance precisely. On the other hand, accurate values of hemispherical
reflectances or albedos are needed to assess the net earth radiation budget and
climate change. Computation of albedo also requires complete knowledge of the

21
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angular reflectance characteristics of the surface.
In recent years several models have been constructed for the computation of
the bidirectional reflectance (see Barnsley et al., 1994 for a review). Among them
Hapke’s physical model (Hapke, 1981; Hapke, 1984; Hapke, 1986; Hapke, 1993) is
popular and has been applied to a variety of planetary surfaces, such as vegetation
canopies and soil surfaces (P inty et al., 1989; Verstraete et al., 1990). The basic
assumption is th at the surface can be treated as a scattering and absorbing semi
infinite medium in much the same way that we treat the atmosphere (discussed
later in chapter 4 and 5). Thus, the surface is described in terms of a semi-infinitely
deep slab which is assigned a single scattering albedo and a phase function. The
bidirectional reflectance can then be computed by solving the corresponding ra
diative transfer problem. Based on fundamental radiative transfer theory, Hapke
developed a simple analytical approach which calculates single scattering exactly,
but assumes an isotropic phase function for multiple scattering based on the twostream approximation.
However, for surfaces with strong bidirectional reflectance like snow and ice, a
model which treats multiple scattering accurately is needed. In the early 1980’s, a
rigorous numerical multiple scattering code DISORT (DIScrete Ordinate Radiative
Transfer) was developed by Stamnes and colleagues (Stamnes and Swanson, 1981;
Stamnes and Dale, 1981; Stamnes and Conklin, 1984). It allows for an arbitrary
phase function and an accurate multi-stream approximation and thus removes
the restrictions inherent in Hapke’s model. Its abilities to return flux as well as
radiance at arbitrary user-defined zenith and azimuth angles make it a useful tool
for computing surface bidirectional reflectance.
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In this chapter, we develop an accurate bidirectional reflectance model based
on DISORT, which is suitable for handling snow and ice surfaces in the Arctic.
We start with the pertinent radiative transfer theory in section 3.1. Hapke’s bidi
rectional reflectance model and the opposition effect are described in section 3.2
and 3.3, respectively. In section 3.4, Hapke’s model is generalized to allow for
anisotropic m ultiple scattering. Our model is introduced in section 3.5. In section
3.6, bidirectional reflectances computed with our model are compared with those
resulting from Hapke’s model.

3.1

R adiative Transfer Equation

Consider a plane parallel medium (Figure 3.1a) containing irregular, randomly
oriented, absorbing particles which are large compared with the wavelength. The
lower boundary z\ extends to minus infinity so th at the medium becomes semi
infinite. Initially, it is assumed that the particles are so far apart th at shadowing
of one particle by another can be neglected. This assumption will be relaxed
in section 3.3. It is also assumed that the medium in which the particles are
imbedded has a refractive index equal to unity. The medium is illuminated by
collimated light of flux F s (normal to the beam) traveling in a direction which
makes an angle Oq (incident zenith angle) with the vertical direction. The medium
is observed by a detector making an angle 6 (viewing zenith angle) with the vertical
direction. In Figure 3.1b, <j>is the relative azimuth angle between the incident beam
and the viewing direction, 0 is the scattering angle and cos 0 = cos 6 cos do +
sin 6 sin Oq cos d>.
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F ig u re 3.1 (a) Geometry of a plane-parallel medium (top); (b) Reflection geometry (bottom ). F ‘ is
incident solar irradiance, / is reflected radiance, do is solar zenith angle, 8 is viewing zenith angle, <j>is
relative azimuth angle betw een incident solar beam and viewing direction, and 6 is scattering angle.
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In Figure 3.1b /(r;0,d>) is the spectral radiance. I is defined as the radiant
energy per unit wavelength interval at level r passing in unit time through unit axea
perpendicular to direction of travel per unit solid angle. I can be separated into
the direct incident radiance /*> and diffused radiance /<*,/. /*> obeys Lam bert’s
law, which states th at the extinction along the path ds is linearly dependent on
the radiance and on the amount of matter, provided th at the physical state (i.e.,
tem perature, pressure, composition) is held constant
dldir = -kldirds

(3.1)

where k is the extinction coefficient. Integrating over the path ds = sec 9odz (see
Figure 3.1a), for a plane-parallel slab of thickness Sz = z2 — z\ orthogonal to the
vertical direction, we have
I dir = F sS(0 - 9q)5{4> -

(3.2)

where yuo = cos 90, <p0 (= 0) is the azimuth of the incident beam, and r is the
vertical extinction optical depth or opacity defined as r = f** kdz. Thus t / / j 0,
the optical distance along the path s is a measure of the extinction strength per
particle and number of optically active particles along a beam.
The behaviorof the diffuse or scattered intensity I dij in a scattering and ab
sorbing plane-parallelmedium for the case of no sourcesimbedded in the medium
is described by the following radiative transfer equation ( Chandrasekhar, 1960;
Stamnes et al., 1988; Thomas and Stamnes, 1996):

= /(r; y., 4>) -

jf J ^ /(r; //, 4>')p{n, <f>\ p ,<j>)d/i'd<j>

~ j - F sp { p ,4 > \ - n o , 0 ) e " ^
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where /z = cos 9. The vertical extinction optical depth r of a medium consisting
of a m ixture of absorbing/scattering molecules and particles is the sum of the
individual scattering optical depth, rsc, and the absorption optical depth, ra.
T

=

Tsc

+

(3.4)

Ta .

a in equation (3.3) is the single scattering albedo, which is defined as
TsC

Tsc

T

Tsc + Ta

/ 0 -\
(3.o)

a = — = ----------.

In equation (3.3) p{p, 0; p i, 4>) is the scattering phase function, which describes
the probability that a photon traveling in direction (ft ,<f>) will be scattered into
direction (/z,0). The second term on the right side in equation (3.3) is due to
multiple scattering, the third is a consequence of the diffuse-direct distinction and
is called the solar pseudo-source. The subscript 'di/ ’ is omitted in equation (3.3).
The bidirectional reflectance r(p 0, p, cj>) (in unit sr_1) is the ratio of the total
reflected radiance I in the direction of (9, 0 ) to the incident irradiance F s, th at is
Pi/J.o, ft, 0) =

yrs

.

(3.6)

A variety of techniques exits for solving equation (3.3). A review of such methods is
given by Stamnes (1986) and Thomas and Stamnes (1996). An analytical solution
based on the two-stream approximation used by Hapke (1981) and an accurate
solution based on the discrete ordinate method described by Stamnes et al. (1988)
are briefly reviewed in sections 3.2 and 3.5, respectively.

3.2

H apke’s B idirectional R eflectance M odel

Hapke (1981) derived an analytical equation for the bidirectional reflectance of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

27

a medium composed of particles. The total radiance I is the sum of the singlyscattered radiance Is and the multiply-scattered radiance / m, i.e. / = I 3 + / m. The
singly-scattered radiance is given by
= 47t-t J1°
I T ' «/—i
t Z & ( r ;/i'> ') p ( e ) V < « ,] e '<T“ )/' -t
— oo J o

(3.7)

and the multiply-scattered radiance is given by
/» = -4 tt
r /7 -o
° o i7or

[

'

7 -i

r

(3.8)

By substituting (3.2) into (3.7), we may solve directly for Is
I. = F* y —

—p(®)-

47t p o + p

(3.9)

The m ultiple-scattered radiance Im is evaluated by solving equation (3.3) through
a two-stream approximation and the assumption that the particles making up the
surface medium scatter isotropically (p(Q) = 1). For a semi-infinite isotropically
scattered medium the total radiance may be expressed in terms of Chandrasekhar’s
H-function ( Chandrasekhar, 1960) as
l =

47T P q +

p

(3.10)

Using equation (3.9) with p (0 ) = 1 and solving for Im = / — Is we find

4?r p o + p

(3-n >

Therefore, by adding equation (3.9) and (3.11) the bidirectional reflectance can be
expressed as
p f a 'l i A ) = T
r i r x - w e ) + H M B W - !]•
47T Po + p
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(3.12)

Chandrasekhar (1960) has derived the following expression for the H-function
N

n f c +/**•)
( 3 -1 3 )

nn a + M
/=i
where kj are N positive roots (or eigenvalues, see section 3.5) of the associated
characteristic equation and pi are zeros of Legendre’s polynomial P2n{p). In the
two-steam approximation, we have N = 1, p\ = 1/2, ki = \J 1 —a /p i. Therefore,
the H-function may be approximated by

= T71~7T=t

<3-14»

Equation (3.12) is the bidirectional reflectance derived by Hapke (1981) and used
by many investigators (e.g. P inty et al., 1989; Vertraete et al., 1990) to study
reflectance from planetary surfaces.

3.3

H apke’s Treatm ent of th e O pposition Effect

So far we have assumed th at the particles in the medium are far apart. Thus,
shadows caused by any scattering element can be seen in any direction. However,
if the dimensions of the scattering elements are considerably larger than the wave
length of the incident radiation and the elements are sufficiently close together, the
scattering elements cast a shadow on each other. If such a medium is viewed for
backscattered radiation from the direction of incidence (scattering angle 0 = 7r),
no shadow is seen since each element hides its own shadow. As a result a pro
nounced increase in the brightness is observed within a small angle about the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

29

antisolar direction. This phenomenon is referred to as the shadowing effect or the
opposition effect in planetary physics and as the hot spot effect in optical remote
sensing.
The opposition effect applies only to singly-scattered radiation, because multiplyscattered radiation bathes all the particles in a volume element uniformly and
tends to smooth out this effect, such that bright surfaces (with large a) show less
anisotropy in the backscattered direction. This conclusion is supported by a numer
ical calculation by Esposito (1979), who finds th at the inclusion of an opposition
effect in second-order scattering has a negligible effect.
The opposition effect has been observed for powdered soil surfaces (Pinty et
al., 1989), vegetation canopies (Myneni and Kanemasu, 1988) and snow surfaces
( Tsay and King, 1994). According to van de Hulst (1957), no shadows are cast
if the distance between the particles is greater than about 3r, where r is the
width of the scattering element. Hapke (1963) was the first to model the hot spot
phenomenon for the planetary surfaces. Hapke’s formulation takes into account
most of the observed surface reflectance characteristics and can be applied to a
wide variety of surfaces.

It characterizes the hot spot as a function of single

scattering albedo, phase function and surface compactness. The model leads to a
modification (Hapke, 1986) to equation (3.12)
= £ -* £ -[(1 + s m
47t p o + p

m

+

b (i* ) b w

- 1]

(3.i5)

where p ( 0 ) 5 ( 0 ) gives the phase function for the hot spot
5 ( 0 ) = ---- ;g ( 0 ) --eV
v '
l + i t a n ( 2=a )
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In equation (3.16), 5 ( 0 ) is called the shadowing function. 5(0) is a measure of
the am plitude of the hot spot peak, which is the ratio of the near-surface contri
bution 5(0) to total scattering at 0=180°; that is, 5(0) = 5(0)/(ap(180°)). The
am plitude is large for dark surfaces since 5 (0 ) is inversely proportional to a. If the
surface is completely opaque, all of the light comes from the surface; in th at case,
5(0) reaches its maximum, 5(0) = ap(180) then 5(0)= 1. For a plowed field, the
typical value of 5(0) is around 0.37 in the visible band (Pinty et al., 1989). h is
a measure of the angular width of the hot spot peak, and it relates to the gap in
the scattering elements or interparticle spacing in the surface layer. A lower value
of h implies a more loosely spaced medium, and a higher value of h corresponds
to a comparatively compact surface. For a plowed field, the typical value of h is
around 0.25 in visible band (Pinty et al., 1989).

3.4

Generalization o f H apke’s M odel to A llow
for Anisotropic M ultiple Scattering

In general, reflected radiance at the top of the medium I (po, p, <j>) may be expressed
as
/ ( r = 0; po, p, 0 ) = F s j — ^ — R (p0, p, 0)
47r po + p

(3.17)

where R(po,p,<f>) is the reflection function. Considering the opposition effect and
relaxing the assumption of isotropic multiple scattering and use of two-stream
approximation adopted in Hapke’s formulation in equation (3.15), the bidirectional
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reflectance may be generally expressed as
# > (* ,,/£ »

= ^~^5-[(i
+ B(e))?(e) + flOio,<i,«-p(e)]
47T Po ■+■p
47T p o +
=

7

-

—

p

T - B ( e ) p ( 0 ) + / ( ’- = O;w , ^ « ) / F s

4x p0 + p

(3.18)

where I ( r = O;po,p,d>) is the radiance, including multiply-scattered and singlyscattered radiance without the correction of opposition effect, and 5 ( 0 ) is ex
pressed as in equation (3.16).
In this chapter, the Henyey-Greenstein phase function is used for its simplicity
and its reasonable approximation to an actual Mie scattering phase function

P (0) = (l + p2 - 2 p cos 0 ) 3/2

(3' 19)

where g is asymmetry factor, ranging from -1 to 1. For g — 0, p (0 ) = 1, which
corresponds to an isotropic scattering. For g — 1, the Henyey-Greenstein phase
function yields complete forward scattering, and for g = —1 it yields complete
backward scattering.

3.5

C om putation of the B idirectional R eflectance
B ased on th e D iscrete-O rdinate R adiative Trans
fer Code

The discrete ordinate method of solving the radiative transfer equation (3.3) was
developed by Chandrasekhar in the 1940’s. The approach is to reduce the integro-
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differential equation by means of Gaussian quadrature to a set of ordinary dif
ferential equations.

However, difficulties in finding eigensolutions (Lion, 1973;

Asano, 1975), and in finding the constants of intergration for multi-layered media
(Samuelson, 1969), were encountered. In the early 1980s, an unconditionally stable
solution was developed by Stamnes and colleagues (Stamnes and Swanson, 1981;
Stamnes and Dale, 1981; Stamnes and Conklin, 1984). Subsequently this approach
was implemented into a robust computational code (Stamnes et al., 1988) which
is referred to as DISORT (DIScrete Ordinate Radiative Transfer).
The radiance / ( r ; p ,0 ) in equation (3.3) can be expanded in a Fourier cosine
series as
2 J V -1

f ( r ; p , 0 ) = £ / m(r,/z)cos(m 0)
m=0

(3.20)

where N is the number of streams. The general discrete ordinate solution for I m
at any angle is given by Stamnes and Dale, 1981 and Thomas and Stamnes, 1996
/ m(r, +p) = £

G?{p){e~kT T -

(3.21)

:= -N

and
£

G f ( - n ) { e - kT* - e-*!*}

(3.22)

i= -N

where G 'f(p)

= L j g f ( p ) for j

0, rjv is the total optical depth of the medium.

The k j1 and the g j’ip) are the eigenvalues and eigenvectors, and the L™ are con
stants of integration to be determined from the boundary conditions. For j = 0,
_

G™(p) = Z™(p) and fcj1 = l/p o , where Z™(p)e **o is the particular solution. The
solution of / from equation (3.20)-(3.22) therefore may be applied to equation
(3.18) to obtain the bidirectional reflectance.
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3.6

Comparisons of Bidirectional R eflectance D e
rived from Hapke’s and Our M odels

Figure 3.2 shows a plot of the simulated bidirectional reflectances as a function of
viewing zenith angle
6

6

in the principal plane, in which the relative azimuth angle

= 0° (as 9 < 0) or 180° (as 9 > 0). In this Figure the results from our model

are represented by solid lines while those from Hapke’s model are represented by
dotted lines. The upper-left, upper-right, lower-left, and lower-right panels are for
asym m etry factor <7 = 0, 0.3, 0.6, and 0.9, respectively. Results for three different
incident zenith angles axe plotted in each of the panels. In the calculation, we
set single scattering albedo a = 0.5, opposition effect parameters 5(0) = 2.0, and
h = 0.6.
A Lambertian surface yields constant reflectances for various viewing angles.
As shown in Figure 3.2, the reflectance is far from uniform. Even for an isotropic
scattering phase function (g = 0), the reflectance is not constant. The larger
the value of g , the more drastic is the reflectance variation. A local maximum
in reflectance occurs exactly when the viewing angle equals the incident angle,
which is the hot spot peak discussed in the previous section. As the viewing angle
approaches ±90°, the reflectance increases to very high values.
For isotropic scattering phase functions (g = 0), our result is about the same
as th a t from Hapke’s model as shown in the upper-left panel. For an anisotropic
scattering phase function g ^ 0, the reflectance resulting from our model is different
from th a t produced by Hapke’s model. The larger the value of g, the greater is
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VIEWING ANGLE

VIEWING ANGLE

VIEWING ANGLE

VIEWING ANGLE

F ig u re 3.2 Com puted bidirectional reflectances as a function of viewing angle 0 in the principal plane
for three different incident zenith angles and four different asymmetry factors. The solid lines are results
computed by our model, and the dotted lines are those by Hapke’s model. The single scattering albedo
a is assumed to be 0.5, opposition effect parameters S(0) to be 2.0, and h to be 0.6.
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the difference, as expected. When g = 0.9 as shown in the lower-right panel, the
difference is over 0.01 sr_1 in the reflectance for some viewing angles.
In the plane perpendicular to the principal plane, the reflectance as a function of
viewing angle is shown in Figure 3.3. The bidirectional reflectances are symmetric
about the 0 = 0 line. When the incident angle is zero, the results is exactly the
same as in the principal plane shown in Figure 3.2. When g = 0, the results from
our model (dotted lines) axe very close to those from Hapke’s model. Otherwise,
they are different. The larger the value of g, the larger is the difference.
For viewing angles away from the principal plane, there is no local maximum
at 0 = 0o (the hot spot peak) in the perpendicular plane. The variation of the
reflectance is less drastic than th at in the principal plane.
In order to illustrate the effects of single scattering albedo a on the difference
between our model, a more complete physical model, and Hapke’s model, we show
in Figure 3.4 the reflectance as a function of viewing angle for various values
of a in the principal plane. Our model and Hapke’s model are represented by
solid and dotted lines, respectively, for comparison. In the calculation, we set the
asymmetry factor to g = 0.6, the incident zenith angle to 0O = 40°, and we ignore
the opposition effect (S(0) = 0). It is obvious from the figure th at the larger the
value of a, the larger is the difference between the two models. Theoretically, this
is quite understandable since the larger the value of a, the stronger is the multiple
scattering effect, and the difference between our model and Hapke’s model is due
entirely to the treatm ent of multiple scattering.
In the plane perpendicular to the principal plane, the reflectance as a function
of viewing angle is shown in Figure 3.5 for various values of a. In the perpendicular
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VIEWINC ANCLE

VIEWINC ANCLE

F ig u r e 3.3 Same format as Figure 3.2 but

the plane perpendicular to the principal plane.

REFLECTANCE

VIEWINC ANCLE
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a= 0 .2

a= 0 .5

VIEWING ANGLE

VIEWING ANGLE

a= 0 .7

a= 0 .9

VIEWING ANGLE

VIEWING ANGLE

F ig u re 3.4 Same form at as Figure 3.2 but for different single scattering albedo a. The asymmetry
factor g is fixed as 0.6. The solar zenith angle 8q is assumed to be 40°. The opposition effect is not
included.
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a=0.2

a = 0 .5

VIEWING ANGLE

VIEWING ANGLE

a=0.7

a = 0 .9

VIEWING ANGLE

VIEWING ANGLE

F ig u re 3.5 Same as Figure 3.4 but in the plane perpendicular to the principal plane. The opposition
effect is not included.
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plane, similar to th e result in principal plane, the laxger the value of a, the larger
the difference between the two models. However, the difference is not as strong as
in the principal plane.
The percentage deviation of reflectance in the principal pine between our model
and Hapke’s model is shown in Figure 3.6 for several values of the asymm etry factor
g and the single scattering albedo a. In the computation, we set 0q = 60°, 5(0) = 2,
and h = 0.6. When a is small as in the upper-left panel where a = 0.2, there is
not much difference between our model and Hapke’s, regardless of what the value
of g is. As a becomes larger, the deviation between the two models increases and
the effect of increasing anisotropy (larger g) becomes significant. Thus, the larger
the value of g, the laxger the difference between the two models. When a = 0.98
and g = 0.9 as shown in the lower-left panel, the reflectance from our model can
be more than 30% different from Hapke’s model.

3.7

Sum m ary

An extension of Hapke’s bidirectional reflectance model for planetary surfaces to
account more rigorously for multiple scattering effects is discussed. A numerical
model based on a rigorous multiple scattering code DISORT is used to compute the
bidirectional reflectances of planetary surfaces. In the model, the opposition effect
is taken into account in the same way as in Hapke’s bidirectional reflectance model
which has been widely used in studies of vegetation canopies and soil surfaces.
A comparison of bidirectional reflectance produced by the two models may be
summarized as follows:
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F ig u r e 3.6 Deviations on bidirectional reflectance between our model and Hapke’s model as a function
of viewing angle in the principal plane for various asymmetry factors and single scattering albedos. Solar
zenith angle do is assumed to be 60°, opposition effect parameters S(0) to be 2.0, and h to be 0.6.
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(1) The larger th e single scattering albedo a, the larger the difference between
the two models.
(2) The larger the asymmetry factor g, the larger the difference between the
two models.
(3) The deviation between the two models is significant. When both a and g
are large, which is the case for snow surfaces, the deviation can be larger than
40%.
The reason for these differences can be ascribed to different treatm ents of mul
tiple scattering in th e two models. In Hapke’s model, the single scattering is calcu
lated exactly, while an isotropic multiple scattering phase function is assumed to
obtain an analytical expression for bidirectional reflectances in the two-stream ap
proximation. In our formulation, the phase function and the number of streams can
be arbitrary and do not have the restrictions that apply to Hapke’s model. For il
lustration purposes, we adopted a Henyey-Greenstein phase function, and used the
accurate DISORT algorithm to solve the radiative transfer problem which allows
us to assess the implications of the physical (isotropic scattering) and numerical
(two-stream only) shortcomings of Hakpe’s model.
For pure snow surfaces, both a and g are close to unity in the visible and nearinfrared wavelengths ( Wiscombe and Warren, 1980). In this parameter range, the
comparison between our model and Hapke’s model shows a very significant differ
ence. The complete knowledge of the bidirectional reflectance for snow surfaces
is required to retrieve surface and cloud properties in the arctic from satellitemeasured radiances (see in chapters 4 and 5). We will employ the model developed
in this chapter to compute bidirectional reflectance for snow surfaces in order to
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allow for a more realistic treatm ent of the underlying surface.
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Chapter 4
Retrieval of Surface Albedo in
the Arctic from AVHRR
Clear-sky Measurements
In chapter 3 we developed an accurate bidirectional reflectance model which is
suitable for snow/ice surfaces in the Arctic. Bidirectional reflectance is a very im
portant feature for the interpretation of satellite data because satellite sensors with
narrow fields of view measure reflected radiances within only a narrow angle. The
anisotropy of the reflected radiation is particularly significant for low solar eleva
tions, which at high latitudes occur most of the tim e throughout the year. Previous
investigators have developed techniques for retrieving surface albedo and solax irradiances from satellite-measured radiances (e.g. Saunders, 1990; Stuhlmann and
Bauer, 1991; Pinker and Laszlo, 1992; De Abreu et al., 1994). Most methods rely
on the use of an “anisotropic correction” to the TOA albedo to account for the bidi-
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rectional reflectance, while the underlying surface is assumed to be a Lambertian
(isotropic) reflector. The anisotropic correction is usually done by multiplying the
TOA albedo obtained by assuming that the TOA reflected radiation is isotropic,
w ith an empirical anisotropic correction factor, which is based on results from the
E arth Radiation Budget Experiment (ERBE) studies of anisotropic reflectance
over various surfaces {e.g. Taylor and Stowe, 1984; Suttles et al., 1988). However,
ERBE is a broadband instrum ent so it is assumed th at the correction factor is the
same in AVHRR channels 1 and 2 (De Abreu et al., 1994).
In this chapter, we attem pt to develop an algorithm that is specifically tailored
to Arctic conditions. The bidirectional reflectance of snow surfaces is included in
a comprehensive radiative transfer model instead of assuming a Lambertian reflec
tor. This algorithm is different from the traditional methods based on empirical
anisotropic corrections. Instead, it relies on a comprehensive radiative transfer
model in which radiative transfer simulations are carried out by the DISORT code
applicable to a plane-parallel atmosphere. This approach obviates the need for
“anisotropic corrections”. The surface properties are adjusted in the model until
the computed TOA radiance matches the satellite observation. In this study, we
retrieve broadband albedo and upward, downward, and net solar irradiances at the
surface from AVHRR-measured narrowband radiances in channel 1 and 2.
This chapter is organized as follows. In section 4.1, the related satellite data
and field measurements, including their calibration and accuracy, are described. In
section 4.2, we briefly describe the comprehensive radiative transfer model adopted
in this study. Under cloud-free conditions, the retrieval procedures are introduced
for tundra and snow surfaces in section 4.3. The retrieval results are presented in
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section 4.4. The retrieved results are discussed in section 4.5. A summ ary is given
finally in section 4.6.

4.1

S atellite and Field D ata in the A rctic

AVHRR data are used to retrieve surface albedo and the surface radiation budget,
and the results are compared with 1992 CMDL field measurements from Barrow,
Alaska.
The satellite data used in this chapter axe from channel 1 (0.58-0.68 /xm) and
channel 2 (0.72-1.lpm ) of the AVHRR instrument launched on NOAA polar or
biting satellites. Both NOAA-10 and NOAA-11 were in operation in 1992. More
details on the AVHRR instrum entation axe given in Kidwell (1995).
There is evidence th at pre-launch calibration coefficients of the AVHRR visible
(channel 1) and near-infrared (channel 2) channels for which there axe no on-board
calibration capabilities, have changed in orbit. Investigations of Rao and Chen
(1995) indicated that the relative annual degradation rates for the two channels
are 1.2 % and 2.0 % (NOAA-11), respectively. In this study we adopt Rao and
Chen’s post-launch calibration equations, which have been recommended to users
by the NOAA/NASA AVHRR Pathfinder Calibration Working Group, as follows:
Rx = 0.5496(Cio(l) - 40)exp(0.33 * 10"4 * d)

(4.1)

R 2 = 0.3680(Cio(2) - 40)esp(0.55 * 10“ 4 * d)

(4.2)

and

where R i and R 2 are calibrated radiances for each channel in W m ~ 2sr~ l(j,m~l , d
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is the day after launch, Cio(l) and Cio(2) are measured signals in 10-bit counts
for channel 1 and 2, respectively. For NOAA-IO, we adopt post-launch calibration
coefficients proposed by Teillet et al. (1990) in the following formulae
_ C M 1)
35.3
R' ~ T e T ~ m

( 4 '3 )

a

ru t

and
Clo(2)

338

R2- T IT " 23o'

(4'4)

Surface solax radiation measurements in Barrow, Alaska (71° 18* N, 156°47/
W) provided by the CMDL axe utilized in this study. Broadband solar radiation
measurements by Eppley pyranometers, covering the wavelength range 0.3 - 2.8
fj,m, include upward and downward global solar irradiances. The uncertainty in
the measurements is less than 2.0% for solar zenith angle 6 q < 60° (see section 2.3).
The hourly-averaged measurements from March to August 1992 are used in this
study for comparison with the satellite-derived irradiances. The underlying surface
changes from snow to melting snow to tundra. Clear pixels in the Barrow area
are identified based on the climatological records by National W eather Services
(NWS) for Barrow with cloud cover of 0. A total of 19 sets of co-located TOA
AVHRR and CMDL surface measurements at Barrow, Alaska in 1992 is selected
in this study. They are listed in Table 4.1.

4.2

Radiative Transfer M odel

We use a comprehensive radiative transfer model that considers radiative interac
tions with atmospheric gases, such as C 0 2, O3 , 0 2, and water vapor, and scat-
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T ab le 4.1 Observing conditions of AVHRR measurements.

No
1*
2*
3*
4
5
6
7*
8

9
10*
11*
12*
13*
14
15*
16
17
18
19

Day
107
117
118
159
160
181
181
187
189
189
190
191
191
197
209
209
209
242
242

Date
April 16
April 26
April 27
June 7
June 8
June 29
June 29
July 5
July 7
July 7
July 8
July 9
July 9
July 15
July 27
July 27
July 27
August 29
August 29

01

62

67.5
69.5
68.2
75.7
52.7
49.4
66.2
50.9
50.2

5.1
24.7

67.6
62.2
56.6
63.9
51.4
61.9
52.7
56.3
62.9
66.7

32.3
21.5
38.3
2.4
20.3
18.8
4.5
25.9
38.8
5.4
2.7
6.8
12.6
18.1
37.1
17.2
38.3

<f>3
186.4
159.8
6.5
50.6
33.3
35.4
22.3
35.7
37.0
21.5
43.1
178.1
176.5
36.7
1.8
139.5
34.8
141.3
34.9

Surface Type
Snow
Snow
Snow
Melting Snow
Melting Snow
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra
Tundra

* NOAA-IO data, the rest is from NOAA-11.
1 solax zenith angle
2 satellite zenith angle
3 relative azimuth angle
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tering and absorption/emission by stratospheric aerosols, haze particles, and tro
pospheric aerosols. Radiative transfer simulations are carried out by a discreteordinates m ethod (DISORT) applicable to a plane-parallel vertically inhomogeneous atm osphere-Earth system (Stamnes et al., 1988), which has previously been
used for rigorous theoretical studies of both the troposphere and stratosphere {e.g.
Tsay et al., 1989; Stamnes and Tsay, 1990; Wang and Lenoble, 1994; Zeng et al.,
1994; Forster and Shine, 1995). For computational efficiency the exponential-sum

fitting of transmissions (ESFT) method {Tsay et al., 1989) is adopted to simulate
the gaseous absorption in a multiple scattering atmosphere. Molecular scattering
is computed from Rayleigh scattering theory {Penndorf, 1957). In this study, the
sub-arctic summer and winter atmospheric profiles {McClatchey et al., 1971) axe
employed. The atmosphere is divided into 33 layers vertically. For snow-free con
ditions (tundra) an albedo is assigned to the surface, while an additional layer is
added at the bottom of the atmosphere to represent snow overlying tundra. The
solax spectrum from 0.28 to 4 gm is divided into 24 bands with unequal spectral
widths which vary from 240 to 3040 c m '1. By this model, irradiance and radiance
at any layer can be computed, for any combination of individual bands as well as
for the entire solax spectral range. For irradiance computations integrated across
the solax spectrum , it has been shown that the accuracy of this broadband model
is a few W m ~ 2 compared with a narrowband model for which the spectral width
is less than 100 cm -1 {Tsay et al., 1990).
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4.2.1

A rctic H aze

Arctic haze is an im portant feature in the Arctic. It has been reported since the
1950s and can reduce downward shortwave fluxes at the surface by 10-12 W m ~ 2 and
upward fluxes at the TOA by 6 W m ~ 2 in summertime under cloud-free conditions
with low relative hum idity ( Tsay et al., 1989). Its concentration varies seasonally
with a maximum in late spring and a minimum in late summer (Shaw, 1982). It
appears vertically distributed in multiple layers within 3 km above the surface
( Valero et al., 1983). Observations indicate th a t Arctic haze contains a substantial
amount of anthropogenic compounds like sulphuric acid and soot. Blanchet and
List (1983) built a sophisticated physical model to calculate the optical proper
ties of Arctic haze by Mie theory. Based upon available observations, this model
assumes a 3-mode (2 accumulation modes and 1 coarse mode) lognormal size dis
tribution. For computational efficiency, the optical properties of Arctic haze were
parameterized as a function of relative humidity through a least squares fitting
based on Blanchet and List’s haze model ( Tsay et al., 1989).
Figure 4.1 shows the wavelength dependence of the extinction coefficient, single
scattering albedo and asymmetry factor for Arctic haze (solid line) calculated
by Tsay’s parameterizations for dry conditions (70% relative humidity). In the
present study the optical depth is limited to lie between 0.06 and 0.16 at 0.50 fim,
for summ er and spring, respectively, to agree with available measurements (Shaw,
1982).
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F ig u re 4 .1 The wavelength dependence of the extinction coefficient, single scattering albedo and
asymmetry factor in the solar spectral region for Arctic haze at 70% relative humidity (solid line) from
Tsay et a/.’s (1989) parameterizations, fresh volcanic ash (dotted line) and tropospheric aerosol at 70%
relative humidity (dashed line) from the Shettle and Fenn (1976) models. Note th a t the extinction
coefficient shown is the value at 2 km for Arctic haze, at 19 km for volcanic ash and a t 4 km for
tropospheric aerosol, where the extinction coefficient reaches the maximum.
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4.2.2

Stratospheric Aerosols

Following the eruptions of Mt. Pinatubo (June 14, 1991), decreases of 25 to 30% in
direct solax irradiance were recorded by the CMDL pyrheliometers, and the derived
monthly average aerosol optical depth anomalies at Barrow reached nearly 0.3 dur
ing summer of 1992 (Dutton and Christy, 1992). Being mainly of volcanic origin,
the stratospheric aerosol layer is usually situated between 10 and 30 km and is
composed prim arily of sulfuric acid solution droplets, which axe produced through
photochemical reactions ( Turco et al., 1982). Shettle and Fenn (1976) summarized
four different vertical profiles of the extinction coefficients for background, moder
ate, high, and extrem e volcanic aerosol loading situations which represent various
stages in th e evolution of the stratospheric aerosol layer after a volcanic eruption.
The size distributions axe represented by a modified gamma distribution specified
by a “Fresh Volcanic Model” and a “Aged Volcanic Model” , which represent the
situation within one yeax or more after a volcanic eruption. Also shown in Fig
ure 4.1 is the wavelength dependence of the extinction coefficient, single scattering
albedo and asym m etry factor for fresh volcanic (dotted line) conditions from the
Blanchet and List (1983) models. We have chosen the profile corresponding to
doubled high volcanic aerosol loading and the “fresh” volcanic model, to represent
the stratospheric aerosols over Barrow, Alaska after the eruption of Mt. Pinatubo.
These choices lead to an optical depth of the stratospheric aerosols over Barrow,
Alaska of 0.19 at 0.55 gxsx, in agreement with CMDL measurements during 1992.
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4.2.3

Tropospheric Aerosols

In the troposphere between 3 km and 10 km, a tropospheric aerosol model pro
posed by Shettle and Fenn (1976) is adopted. These aerosols are assumed to have
the composition of 70% water-soluble and 30% dust-like. They are partly produced
from reactions between various gases in the troposphere, and partly due to dust
particles picked up from the surface. Larger aerosol particles are dropped during
the long residence of aerosols above the ground. This leaves the log-normal size
distribution with the small particle component. The wavelength dependence of
the extinction coefficient, single scattering albedo and asymmetry factor for tropo
spheric aerosol in sum m er/spring conditions with 23 km visibility and 70% relative
humidity is displayed in Figure 4.1 (dashed line). The corresponding optical depth
of the tropospheric aerosol is 0.07 at 0.55 fim.
The aerosol extinction coefficient profile at 0.55 /xm used in this study is shown
in Figure 4.2. The total optical depth of the aerosol is 0.42 for spring and 0.32
for summer. These values are higher than normal due to the eruption of Mt.
Pinatubo. The evidence of the effect of the eruption of Mt. Pinatubo on arctic
aerosols is also found in Resolute Passage in the Canadian Archipelago, where the
optical depth of aerosol derived through a Sun photometer and model calculations
for May 13, 1992 is 0.303 (De Abreu et al., 1994).
For lack of better knowledge the Henyey-Greenstein phase function is adopted
in this paper to represent Arctic haze, volcanic aerosol and tropospheric aerosols.
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F ig u re 4.2 T he particulate extinction coefficient profile a t 0.5 fin from the Shettle and Fenn (1976)
models and Tsay et al.'s (1989) parameterizations. The solid line represents summer conditions and the
dashed line spring conditions.
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4.2 .4

B oundary C onditions

Field measurements and model simulations indicate th a t snow exhibits signifi
cant bidirectional reflectance properties, which are more pronounced at larger so
lax zenith angles (e.g., Warren et al., 1986; Han et al., 1993, Li, 1982). Because
snow is a highly anisotropic reflector, the Lambertian approximation could lead
to substantial errors. Therefore, we employ the optical properties of pure snow
obtained by Wiscombe and Warren (1980), Warren and Wiscombe (1980) through
Mie computations, and treat snow as one additional vertical layer when we carry
out the radiative transfer .calculations. The most im portant variable controlling
snow albedo is the mean grain size. The average grain radii are in the range 20
100 //m for new snow, 100-300 /im for fine-grained older snow, and 1000-1500 /im
for old snow near the melting point. In the visible region, Warren and Wiscombe
(1980) introduced trace amounts of absorptive impurities such as graphitic car
bon for soot contam inated snow. In the infrared region the albedo of pure snow
remains the same as th a t for soot contaminated snow due to the high imaginary
refractive index for ice throughout the infrared. For a m ixture of snow/ice and
soot, the optical properties axe obtained by properly weighting each component.
The mass-fraction of soot ranges from 0.01 to 0.06 ppmw (parts per million by
weight) for Arctic snow/ice based on observations ( Warren, 1982). The albedo of
tundra is low, around 20% in solar spectral band (Grenfell and Perovich, 1984).
Lacking knowledge of the bidirectional reflectance for tundra, we thus adopt the
Lambertian approximation.
To characterize the anisotropy it is customary to use a bidirectional anisotropy
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factor defined as follows:
fiA(g o ,M ) =

(4.5)

where I\{ 8o, 6 , <f>) is the radiance backscattered in a direction specified by the view
ing zenith angle
and solar beam.

6

and th e relative azimuth angle 4>between the viewing direction

6q

is th e solar zenith angle, and F\ is the upward irradiance at

the TOA. By definition the bidirectional anisotropy factor represents the extent
to which the backscattered radiation field departs from isotropy. Its value should
be unity when the radiation field is isotropic.
Figure 4.3 shows the patterns of the bidirectional anisotropy factor in AVHRR
channel 1 computed by the radiative transfer model described above for (i) a bare
snow surface (no atmosphere), and (ii) at the TOA over a snow surface under
cleax-sky conditions (no clouds and/or aerosols) and (iii) at the TOA over a snow
surface under cloud-free conditions in the presence of haze. The solax zenith angle
was taken to be 70°. For a bare snow surface (Figure 4.3a) the values of the
contours range from 0.22 to 5.50, far from unity, indicating th at the radiation
reflected by the snow surface is highly anisotropic in the visible band, which is
consistent with observations. In Figure 4.3b the range is smaller than th at at the
bare snow surface, showing th at the TOA radiation field in a clear-sky situation
in the absence of haze is less anisotropic than that for the bare snow surface case
(no atmosphere). But th e minimum and the maximum values range from 0.70 to
3.11, still far from unity. So the TOA radiation field under clear sky conditions
in the absence of haze is highly anisotropic. Figure 4.3c shows th a t the addition
of haze slightly reduces the degree of anisotropy in the TOA radiation field over a
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F ig u re 4.3 Contour plots of simulated bidirectional anisotropy factor in AVHRR Channel 1 (for Oq
=70°) at (a) snow surface without atmosphere, (b) the TOA over snow surface for clear-sky conditions
in the absence of haze, and (c) the TOA over snow surface for clear-sky conditions in the presence of
haze with optical depth 0.16. Snow grain size is 200 pm.
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snow surface so th at the anisotropy factor ranges from 0.73 to 2.78. Thus, in the
presence of haze the radiation field remains highly anisotropic.

4.3

R etrieval Procedures

The rationale behind our retrieval procedure is to start by determining the surface
properties through the comparison of computed and measured (AVHRR) narrow
band TOA radiance as the first step. Then the next step is to compute th e solar
radiation budget at the surface using the retrieved surface properties obtained in
step 1. Two different procedures are designed depending on the underlying surface
type. Figure 4.4 provides a flow chart of the retrieval algorithm for tundra, and
Figure 4.7 shows the corresponding flow chart for snow.
Raw counts of NOAA-11 AVHRR measurements are converted into radiances
at the TOA by Rao and Chen’s calibration procedures (Equations (4.1) and (4.2))
for channel 1 and channel 2. Otherwise, the post-launch calibration procedures
(Equations (4.3) and (4.4), Teillet et al. (1990)) are applied to NOAA-10 d ata to
convert counts into radiances. The geometry information including the solar zenith
angle &o, the satellite zenith angle 9 and the relative azim uth angle

6

between the

Sun and th e satellite that are imbedded in the H R PT data can be obtained by one
of the TeraScan algorithms.
In th e case of tundra, the surface albedo for each channel is given an ini
tial value based on field measurements made by Grenfell and Perovich (1984) at
Barrow, Alaska. Then the TOA radiance is computed by the radiative transfer
model described in section 4.2 with the sun-satellite geometry information as in
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put parameters. This process is repeated by adjusting the surface albedo until the
computed radiance matches the observed TOA radiance of channel 1 and channel
2 from AVHRR, respectively. We then compute the albedo in the solar region us
ing the following narrowband-to-broadband conversion equation proposed by Key
(1996)
a = 0.00341505 + 0.342583ax + 0.571224a2

(4.6)

where a is the broadband surface albedo for cleax sky over snow-free land, a x and
<xi are narrowband surface albedo for each channel. Once the broadband surface
albedo is estim ated, the downward and upward irradiances at the surface over the
solar spectral region can be computed from the radiative transfer model. The
procedures are illustrated in Figure 4.4.
Figure 4.5 h

4.6 illustrate the reflected radiance in channel 1 and 2 as a

function of the mass-fraction of soot and snow grain size, respectively. Figure 4.6
shows th at the TOA radiance in channel 2 is generally not sensitive to the amount
of soot embedded in the snow when the mass-fraction of soot is less than 1 ppmw.
According to Warren (1982), the mass-fraction of soot was estim ated ranging from
0.01 to 0.06 ppmw for arctic snow/ice based on observations. Therefore, in the
case of snow, the first step is to adjust the snow grain size until the computed
TOA radiance in channel 2 agrees with the measured one. In the second step after
the grain size is determined, the mass-fraction of soot in the snow is estimated
by the same procedure using the radiance of Channel 1. Using the derived snow
grain size and the mass-fraction of soot as input, the upward and downward solar
irradiances at the air-snow interface can be computed from the radiative transfer
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F ig u re 4.4 Flow chart of retrieval algorithm for tundra surface.
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M a ss-F ra c tio n of Soot (ppmw)
F ig u r e 4.5 Simulation of reflected solar radiances in AVHRR channel 1 as a function of the mass-fraction
of soot and snow grain size with the condition of solar zenith angle 0o=6O°, satellite zenith angle 6 =10°,
relative azim uth angle between the Sun and the satellite <p =50° and 5.74 cross-section area per unit
mass for soot.
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M a ss-F ra c tio n of Soot (ppmw)
F ig u re 4.6 Simulation of reflected solar radiances in AVHRR channel 2 as a function of the mass-fraction
of soot and snow grain size with the condition of solar zenith angle 0o=6O°, satellite zenith angle 9 =10°,
relative azim uth angle between the Sun and the satellite 4> =50° and 5.74 cross-section area per unit
mass for soot.
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model. The ratio of upward to downward solar irradiance yields the broadband
albedo of snow. The procedures are shown in Figure 4.7.
Note th at the mass-fraction of soot is usually higher than 0.1 ppmw during
the snow melting season, and th at the independence of the radiance in channel 2
on the mass-fraction of soot is not valid (see Figure 4.6). To retrieve snow grain
size and mass-fraction of soot, the above procedures for channel 1 and channel 2
should be repeated until the calculated radiances in channel 1 & 2 agree with the
satellite measurements. This can also be applied to snow surfaces in mid-latitudes
where the amount of soot embedded in snow is usually higher than th at in the
polar regions.
In this study we also test the validity of the Lambertian assumption over snow
(see section 4.4.2). Treating snow as a Lambertian surface, we use the same re
trieval procedure as for tu n d ra to determine the narrowband albedo of channel 1
and channel 2 of snow. The broadband albedo is determined by the conversion
a = 0.04228 + 0.661ai + 0.208 q 2

(4.7)

given in Key (1996) based on measurements made by others on the Greenland ice
sheet.

4.4

Retrieval R esults

4.4.1

Com parison o f Satellite-inferred and Ground-based
R esults
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F ig u re 4.7 Row chart of retrieval algorithm for snow surface.
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F ig u r e 4 .8 Scatter plots of satellite estimates versus ground-based CMDL measurements for (a) albedo,
(b) upw ard irradiance, (c) downward irradiance, and (d) net irradiance a t E arth surface for all 19
cloud-free cases (tundra and snow).
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Figure 4.8 compares the retrieval results (vertical axes) with field measurements
(horizontal axes) for a total of 19 cloud-free cases.
Figure 4.8a compares satellite derived surface albedos to those obtained by
CMDL at the surface. In this figure, a group of 11 data points has an albedo close
to 20%. Another group of 4 has a much higher value of albedo around 60-80%.
Obviously the group with low surface albedo comes from summer when the under
lying surface is tundra, whereas the high albedo group comes from winter when
the underlying surface is covered by snow. The data point with an intermediate
value of albedo (around 60%) comes from a tim e when snow is in the process of
melting.
As we can see from Figure 4.8a, the bias is very small (0.6%) while there is some
scatter between th e retrieval results and the surface measurements, the standard
deviation being 2.7%. The scatter is partly due to the Lambertian approximation
for tundra surfaces, and the narrowband-to-broadband conversion (equation (4.6))
for tundra surfaces. Equation (4.6) is derived for vegetation, not specifically for
tundra. Lacking information on tundra we use equation (4.6) in this study. In
addition, part of the scatter is due to the different field of view between satellite
sensors and pyranometers.
A small bias also appears in Figure 4.8b, c and d in which the upward, down
ward, and net (downward minus upward) irradiances, respectively, are plotted.
Over the 19 cases, the bias is -3.5 W m ~2 for upward irradiance, 0.2 W m ~ 2 for
downward irradiance and 3.7 W m ~ 2 for net irradiance.
Some scatter is also shown in Figure 4.8b and d, the standard deviation being
12.7 W m ~ 2 for upward irradiance and 23.9 W m ~ 2 for net irradiance. As discussed
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by L i et al. (1993), the scatter is partly due to temporal mismatch between satel
lites and field measurements. The latter is hourly averaged, thus the averaged
value of the solar zenith angle within the hour may be different from the value
of the solar zenith angle when the satellite measurement was taken. Also, part of
the scatter is introduced by the error of retrieved surface albedo. The temporal
mismatches between satellite and field measurements cause random errors, which
could be substantially reduced by averaging over a large number of measurements.
Figure 4.8c shows a small standard deviation of 18.5 W m ~ 2 for downward irradi
ance. Since downward irradiance is dominated by the solar zenith angle and the
state of atmosphere, and is relatively insensitive to surface albedo, the standard
deviation for the downward irradiance primarily reflects the tem poral mismatch
between satellite and surface measurements.

4.4.2

Effect o f B idirectional R eflectance o f Snow

Figure 4.9 has the same format as Figure 4.8 but focuses on only the 5 out of the 19
cases for which the underlying surface is snow-covered. The solid points represent
results for a snow surface with bidirectional reflectance properties, while the circles
display similar results based on the Lambertian assumption.

Because snow is

known to have strongly bidirectional reflectance, the Lambertian assum ption is
invalid. In spite of this, the assumption is widely used for computational simplicity.
Figure 4.9 shows th at the retrieval results become worse under th e Lamber
tian assumption. When bidirectional reflectances of snow is accounted for, the
bias is very small for albedo (Figure 4.9a), upward (Figure 4.9b), downward (Fig-
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F ig u re 4.9 Scatter plots of satellite estimates versus CMDL field measurements for (a) albedo, (b)
upward irradiance, (c) downward irradiance, and (d) net irradiance a t E arth surface for snow with
bidirectional reflectances (solid point) and with Lambertian assumption (circle).
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ure 4.9c) and net irradiances (Figure 4.9d), being 0.1%, 2.4 W m ~ 2, 5.5 W m ~ 2
and 3.1 W m ~ 2. respectively. The bias increases dram atically when the Lamber
tian (isotropic) assumption is invoked, being 9.0% for albedo (Figure 4.9a), -39.9
W m ~ 2 for upward irradiance (Figure 4.9b), -16.3 W m ~ 2 for downward irradiance
(Figure 4.9c) and 23.7 W m ~ 2 for net irradiance (Figure 4.9d), respectively. It is
also evident from Figure 4.9a, b, c and d that the standard deviation for the in
ferred albedo, upward, downward and net irradiances, obtained when the surface
is treated properly as a bidirectional reflector (6.1%, 13.3, 16.6, and 19.5 W m~2,
respectively) is much smaller than when it is taken to be a Lambertian (isotropic)
reflector (13.0%, 50.7, 21.2, and 34.6 W m ~ 2).
In Figure 4.9a, surface albedo is underestimated by as much as 30% with
the Lambertian assumption compared to a snow surface with bidirectional re
flectance properties. This is consistent with the results derived by De Abreu et
al. (1994) over snow-covered sea ice. This can also be explained by the patterns
of the anisotropy factor shown in Figure 4.3. Figure 4.3c reveals th at neglect
ing anisotropy will lead to an overestimation (the value of the anisotropy factor
larger than 1.0) for a satellite zenith angle larger than 30°, if measured in the
forward-scattered direction, while an underestimation (the value of the anisotropy
factor less than 1.0) can be expected for the backscattered direction or near ver
tical observations. According to Table 4.1, the 3rd, 4th and 5th points have the
relative azimuth angle <f>less than 90°, which means the measurement was taken in
the backscattered direction, so the surface albedos retrieved from the three mea
surements are expected to be underestimated. Also in Table 4.1, the l at and 2nd
measurements were taken in the forward-scattered direction (<j>> 90°), while the
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satellite zenith angles are smaller than 30°. Thus, the surface albedos inferred
from the two measurements are expected to be underestim ated. As a result, the
upward flux is underestim ated by as much as 40% (Figure 4.9b), and the net flux
is overestimated by as much as 75% (Figure 4.9d) compared to those obtained
over surfaces with bidirectional reflectance properties. Figure 4.9c shows th a t the
downward flux has the smallest change because it is mainly determined by the
solax elevation and the state of atmosphere and is insensitive to surface conditions.

4.5

D iscussion

Mie theory relies on the assumption that individual snow grains scatter as spheres
in each other’s far field. In real situation, snow grains axe raxely spheres. Wiscombe
and Warren (1980) pointed out that the details of the angular scattering pattern
(phase function) axe the most sensitive to nonsphericity, whereas the cross section
for absorption and scattering axe likely to be much less sensitive to nonspheric
ity than is the phase function at specific angles. Mugnai and Wiscombe{ 1980)
have studied these cross sections theoretically for randomly oriented moderately
nonspherical particles and find them to be quite close to those for equal-volume
spheres. Thus, Wiscombe and Warren (1980) have argued th at it is reasonable to
assume spherical snow grains, because the scattering of irregularly shaped particles
can be mimicked by spheres of appropriate size. This assumption may be not rep
resentative of natural snow layers on some occasions, for example, a snow surface
with vertically oriented frost needles or plates, or a snow surface th at is wet or
has refrozened after being wetted. Wiscombe and Warren (1980) also argued that
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near-field effects or close packing axe unlikely to be important for visible or nearinfrared spectral regions because the distance between snow particles is generally
larger than the wavelength of incident radiation. Figure 4.9a shows th at the in
ferred snow surface albedo obtained by including snow bidirectional reflectance in
the radiative transfer model agrees very well with the ground-based m easurements.
The opposition effect is not included for snow surfaces. Figure 3.2 in chapter 3
shows th at the amplitude of the hot spot ( 5 ( 0 ) given in equation (3.16)) depends
on solar zenith angle, and it becomes small when #o is large (90 > 60°). Moreover,
Ahmad and Deering (1992) found th a t 5 ( 0 ) strongly depends on the incident
zenith angle from observations. They modify the Hapke shadowing function by
m ultiplying 5 ( 0 ) by 90 in equation (3.16). 9q is greater than 60° in most of cases
in this study. Large solar zenith angles also occur frequently in the Arctic. Thus,
neglecting the opposition effect may only lead to minor errors in the retrieval of
arctic surface albedo from AVHRR data.
Figure 4.8 shows there is some scatter between inferred tundra surface albedo
and ground-based measurements. P art of the scatter is probably due to the Lam
bertian approximation for tundra surfaces. Saunders (1990) found th a t albedos
of snow-free land inferred from AVHRR data assuming isotropy were within 1%
of those calculated applying the Taylor and Stowe (1984) anisotropic correction
factor, when solar zenith angle and satellite zenith angle both are less than 45°).
It was also found by Saunders (1990) th at when the Taylor and Stowe factors were
applied to the cases with 9o > 65°, large discontinuities in the resultant surface
albedo were obtained. As discussed by Saunders (1990), the Taylor and Stowe fac
tors axe derived from a much smaller set of observations (less than 25 per angular
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bin) for 0o > 60°, whereas for Qq < 53° there are usually well over 100 observations
per angular bin. So the Taylor and Stowe factors for large solar zenith angles are
not so representative as for the smaller solar zenith angles. Uncertainties in the
anisotropic scattering of land surfaces will only be resolved by measurements from
a satellite or aircraft radiometer which is able to view the surface from a variety of
different viewing angles and for a wide range of solar zenith angles. Once the opti
cal properties of land surfaces, e.g., single scattering albedo and phase function, are
estim ated, the bidirectional reflectance can be simulateded by our model described
in chapter 3 and further be included in the comprehensive radiative transfer model
to infer surface albedo correctly with no need for the anisotropic correction.

4.6

Sum m ary

An algorithm is developed to retrieve broadband surface albedo and solar irra
diances from satellite observed narrowband radiances. The algorithm is different
from the traditional methods based on empirical anisotropic corrections. Instead,
it relies on a comprehensive radiative transfer model in which radiative transfer
simulations are carried out by the DISORT code applicable to a plane-parallel
atmosphere. The surface property is adjusted in the model calculation until the
resultant TOA radiance matches the satellite observations. No ad hoc “anisotropic
correction” is necessary. The algorithm is specifically designed for arctic condi
tions.

Bidirectional reflectance is correctly accounted for when the underlying

surface is covered by snow.
The retrieved surface albedo and irradiances are compared w ith ground-based
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observations. Good agreement exists generally between the retrieval results and
the observations. It is found th at accounting for the bidirectional reflectance of the
underlying snow surface significantly improves the quality of the overall retrieval
results. For a snow surface, accounting for the bidirectional reflectance appears to
give a clear advantage over the Lambertian assumption th a t is commonly adopted.
Cloud-free images of satellite radiances axe very difficult to find in the Arc
tic because of the persistent occurrence of clouds in Arctic summer and winter.
However, inspection of large volumes of satellite data over the Arctic will reveal
relatively frequent cloud-free areas within images. In this study we were able to
identify 19 cloud-free areas over Barrow, Alaska, that could be co-located with sur
face CMDL measurements. Although only 19 cloud-free cases axe used for testing
purposes in this study, they represent two different surface types characterized as
tundra in summer and snow in winter, and they cover the period of snow melt.
The favorable comparison of our retrievals with the surface measurements gives us
confidence th at the algorithm presented in this study can be applied to cloud-free
AVHRR scenes throughout the Arctic.
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Chapter 5
Remote Sensing of Water Cloud
Parameters in the Arctic from
AVHRR Measurements
Liquid water p ath (LWP), effective particle radius and cloud top tem perature are
three im portant parameters for water clouds. In the shortwave the optical depth
is proportional to the ratio of the liquid water content (LWC), and the effective
radius. Thus, knowledge of LWC and effective radius allows us to infer the optical
depth.
These param eters of clouds axe difficult to estim ate due to their temporal and
spatial variability. Satellite remote sensing techniques axe necessary for a global
knowledge of these parameters. There axe a number of investigations aimed at
determining cloud optical depth and effective particle radius from visible and nearinfrared measurements using radiometers deployed on satellites. Recent works

73
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include Platnick and Twomey, (1994), Han et al., (1994), Nakajima and Nakajima,
(1994), and Platnick and Valero, (1994). The principle behind these techniques is
based on the fact th a t the reflection function of clouds at a nonabsorbing channel
in the visible wavelength region is primarily a function of the cloud optical depth,
whereas the reflection function at a water absorbing channel in the near-infrared
is primarily a function of cloud droplet size.
At high latitudes, the surface is covered by snow/ice most of the tim e through
out a year. Solax radiation reflected by clouds over snow/ice surfaces in the visible
is not sensitive to cloud optical depth because of the low contrast between cloud
and surface albedo, and the multiple reflections between cloud base and the un
derlying snow/ice surface.
Key (1995) used the AVHRR near-infrared channel 2 at 0.85 fim to infer water
cloud optical depth for cloud over snow/ice surfaces, based on the premise th a t the
reflected solax radiation at 0.85 ^m is primarily a function of water cloud optical
depth. The reflected solar radiation at channel 3 (3.7 p m) was used by Key (1995)
to retrieve cloud effective radius, while the therm al component at channel 3 was
removed by using the measurement of channel 4. The Lambertian approximation
is adopted for snow surfaces under cloudy conditions in Key's (1995) algorithm.
Lubin et al. (1994) proposed an empirical param eterization for cloud optical depth
as a function of the brightness temperature difference between AVHRR channel 3
and 4 (11 fim ), which was derived for cloud fields over the ocean and applied to
nearby cloud fields over snow and ice in Antarctica.
The objective of the present study is to develop algorithms, suitable for Arctic
conditions, to infer water cloud optical depth, effective paxticle radius and cloud
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top tem perature.

The combination of channels 1, 3 and 4 is selected for the

retrieval over dark ground surfaces like ocean and tundra, while th e combination
of channel 2, 3 and 4 is selected for bright ground surfaces like snow and ice. The
bidirectional reflectance of snow surfaces is taken into account in the same way
as in chapter 4. The Lambertian approximation is not used. We begin with a
discussion of the principle of cloud remote sensing in section 5.1. The retrieval
algorithms axe described in section 5.2 followed by a sensitivity analysis in section
5.3. In section 5.4 we apply the algorithms to AVHRR images over North Slope of
Alaska for validation, and then present the retrieved cloud optical depth, effective
radius and cloud top tem perature over arctic ocean, tundra and snow/ice surfaces.
A discussion and summary are given in section 5.5.

5.1
5.1.1

T he Principles o f Cloud R em ote Sensing
R adiative Transfer M odel

Radiative transfer models form the theoretical basis of cloud retrieval algorithms.
In our study, we adopt the discrete-ordinate radiative transfer code (DISORT)
developed by Stamnes et al. (1988). Aerosol loading includes Arctic haze (0-3 km),
tropospheric aerosol (3-10 km) and stratospheric aerosol (10-30 km). In our planeparallel model, the atmosphere is divided vertically into 33 layers: below 8 km local
radiosonde sounding profiles axe used, and a sub-arctic summer and winter model
atmosphere McClatchey et al (1971) is employed for atmospheric layers above 8
km. 3 spectral intervals are used for channel 1, 4 for channel 2, 9 for channel 3,
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and 7 for channel 4. The calculated radiance is weighted by the spectral response
function of each channel (Kidwell, 1995). Surface types include ocean, tundra
and snow/ice. Ocean and tundra surfaces are treated as Lambertian (isotropic)
reflectors while snow/ice surfaces are treated as one additional vertical layer when
we carry out radiative transfer calculations. We employ the optical properties of
snow obtained by Wiscombe and Warren (1980); Warren and Wiscombe (1980).
The most im portant variable controlling snow albedo is the mean grain size. More
details about the radiative transfer model are given at section 4.3.
Cloud effective radius (re, fim) is defined as

e

_ f n ( r ) r 3dr
/ \ 2J
ff n{r)r2ar

/

where n(r) is the cloud droplet size distribution. We use the generalized gamma
distribution as follows:

= I (7 )rm

exp(~r/r™)-

rm

(5/2)

Another quantity charactarizing cloud microphysics is the liquid water content
(L W C , g • cm-3 ), defined as follows:
LW C =

J

n (r)r3dr

(5.3)

where pw (g-cm~3) is the density of water. The cloud droplet effective radius re and
the liquid water content L W C can be related empirically to the singlescattering
albedo a, extinction coefficient k and the asym m etry factor g, in the following
forms of parameterization (Hu and Stamnes, 1993):
k /L W C = airbel + Cl
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1 - a = a2r^ + c2

(5.5)

g = a3r*3 4- c3.

(5.6)

/**2
r = I kdz
Jzi

(5-7)

Cloud optical depth is defined as

where z\ is the cloud base and z2 is the top. The liquid water path is simply
L W P = L W C ( z2 — z\). The cloud liquid water content L W C is explicitly used
in the radiative transfer model, but it cannot be directly retrieved from satellite
data. However, the optical depth, r , can be estim ated, and as mentioned previously
the cloud optical depth is proportional to LWP and inversely proportional to the
effective radius in the visible.
The principles for cloud retrieval over daxk surfaces like ocean and tundra, and
bright surfaces like snow and ice will be discussed separately.

5.1.2

W ater Cloud over Ocean or Tundra

Figure 5.1 shows th at the reflected solar radiance in channel 1 depends primarily
on the cloud optical depth (upper panel), and the reflected solax radiance in chan
nel 3 depends primarily on the effective radius (lower panel) when the cloud is
sufficiently thick ( r > 3). This can be explained by the fact that the m agnitude of
the imaginary index of refraction of liquid water in channel 3 (about 10-3 ) is much
laxger than th a t in channel 1 (about 10~9). This results in much stronger liquid
water absorption in channel 3 than in channel 1. Therefore, the reflected radiance
of channel 3 is sensitive to cloud droplet size and is approximately proportional to
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droplet radius. The sensitivity is larger than at 1.6 or 2.2 p m (an order of magni
tude less absorption at 2.2 p m than at 3.2 pm ) where the therm al contribution to
the radiance is negligible. Figure 5.1 also indicates th at multiple solutions occur
when r is small.
In channel 3, however, the thermal radiation em itted by ground and cloud
layers is comparable to the reflected solar radiance for typical cloud particle size
encountered. Figure 5.2 plots simulated radiances in channel 3 as a function of
optical depth in the case of (1) no thermal radiation, (2) with ground thermal
radiation, (3) with cloud therm al radiation, and (4) with both ground and cloud
therm al radiation. This figure illustrates that the contribution of ground thermal
radiation is large when cloud optical depth is less than 10, and that the contribu
tion of cloud therm al radiation is obvious when optical depth is greater than 2.
The effect of ground therm al radiation together with cloud thermal radiation is
profound even in the case of a thin cloud (optical depth less than 1). Therefore, we
have to take into account the thermal component by including the thermal channel
at 11.0 p m (channel 4) for inferring cloud top tem perature, as discussed below.
The brightness tem perature of AVHRR channel 4 as a function of cloud optical
depth is plotted in Figure 5.3 for various cloud top tem perature, effective radius,
and ground tem peratures. Channel 4 brightness tem perature converges to ground
tem perature when cloud is thin and r is close to zero since ground surfaces can
be roughly treated as a black body in channel 4. The brightness tem perature
converges to cloud top tem perature when the cloud is thick since the emissivity
of a thick cloud is nearly equal to 1. This property makes channel 4 an ideal
channel for retrieval of cloud top temperature. For cloud containing large droplets
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(effective radius greater than 10 /jm), the channel 4 brightness tem perature has
little to do with cloud particle size. When cloud optical depth is greater than 5,
the channel 4 brightness tem perature is not sensitive to ground temperature.
In sum m ary, through measurements of AVHRR channel 1, 3 and 4 we can
retrieve cloud optical depth, effective radius and cloud top tem perature of water
clouds over ocean and tundra in the Arctic.

5.1 .3

W ater Cloud over Snow or Ice

For clouds over highly-reflecting surfaces like snow and ice, th e radiance in AVHRR
channel 1 is no longer primarily a function of cloud optical depth. Figure 5.4
shows th at ground reflectance significantly contributes to the radiance measured by
satellites in channel 1, and th at the reflected radiation in channel 1 is not sensitive
to cloud optical depth when surface albedo is large. This can be explained by the
strong m ultiple reflection between cloud base and underlying snow/ice surface.
However, the channel 2 radiance depends primarily on cloud optical thickness
for cloud over snow/ice, as shown in Figure 5.5 (upper panel). The lower panel
indicates th a t the reflected radiance in channel 3 is prim arily a function of effective
radius for cloud over snow or ice, which is similar to the case of cloud over ocean
and tundra. This is because the albedo of a snow surface drops sharply in nearinfrared wavelength.
Similarly, the thermal radiation in channel 3 can be estim ated by using the
therm al channel at 11.0

(channel 4) for inferring cloud top tem perature. In

summary, through measurements of AVHRR channel 2, 3 and 4 we can retrieve
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F ig u re 5.3 Brightness tem perature of AVHRR channel 4 for various cloud top temperatime and effective
radius as a function of cloud optical depth for a surface tem perature of 273 K (lower panel) and 283 K
(upper panel).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83

0.1

1.0

10.0

Cloud Optical T h ickne ss

100.0

F ig u re 5.4 Simulated radiances of AVHRR channel 1 as a function of cloud optical depth and surface
albedo A g.
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optical depth, effective radius and cloud top tem perature of water cloud over snow
and ice in th e Arctic.
Key (1995) assumed snow as a Lambertian reflector. It is found th at multiple
solutions occur when solar zenith angle is large. Figure 5.6 indicates th at account
ing for bidirectional reflectance of snow does improve the quality of the retrieval
algorithm as compared with the Lambertian approximation.

5.2

D escription of R etrieval A lgorithm

We use lookup tables to maintain accuracy of the retrieval and save computation
tim e. The retrieval is implemented by finding the best m atch between the measured
satellite radiance for the pixel being analyzed in the AVHRR image and an entry in
the lookup table. Lookup tables are generated by radiative transfer calculations.
Two different retrieval procedures are designed for two different surface types:
ocean/tundra and snow/ice.

5.2.1

W ater Cloud over O cean or Tundra

To reduce the size of the lookup tables, first we need to know to what quantities the
reflected radiation in the AVHRR channels are most sensitive. According to Han et
al. (1994), cloud effective radius is im portant for the solar reflectance in channel 3
only, and cloud top temperature (Tc) is im portant for thermal radiation in channel
3 and channel 4, but not for solar reflectance in channel 1 and channel 3. The
effect of Tc on channel 1 and channel 3 solar reflectance is determined by gaseous
absorption and Rayleigh scattering above the cloud top since a change in cloud
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Cloud over Snow

Cloud Optical Depth
F ig u re 5.6 Reflected radiance in AVHRR channel 2 as a function of cloud optical depth. Calculations are
for the azimuth angle of d>=50°, satellite zenith angle 0=10° and solar zenith angle 0a =70°, respectively.
Snow grain size is assumed to be 100 pm which corresponds to a surface albedo of 0.87 in AVHRR channel
2. Solid line represents the calculations from the model that accounts for bidirectional reflectance of snow,
and dotted line represents the calculations from the model th a t assumes Lambertian reflector for snow.
Cloud effective radius is 8 pm.
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top tem perature implies a change in cloud top height, and hence a change in the
amount of gas above the cloud top. In channel 1, variation of the gas am ount above
the cloud top changes the Rayleigh scattering contribution slightly. In channel
3 the variation of water vapor amount changes the solar radiation absorbed by
water vapor above the cloud top. Only the air above the cloud absorbs or scatters
radiation observed by satellites because water clouds have large albedo at visible
wavelengths and are strong absorbers at 3.7 ^m , so that not much sunlight can
reach the gas under the cloud. Cloud optical depth is important for the solar
reflectance in channel 1, and channel 3 when the cloud is thin, which is illustrated
in Figure 5.1.

The thermal component of channel 3 is also sensitive to cloud

optical depth, and channel 4 radiance is sensitive to r when the cloud is thin, as
dem onstrated in Figure 5.3. Since ground reflectance significantly contributes to
the radiance measured by satellites in channel 1 (shown in Figure 5.4), accurate
estim ation of surface albedo in channel 1 is needed. Surface ground tem perature
has little effect on channel 4 brightness tem perature when the cloud is thick, and
can be determ ined by channel 4 brightness tem perature from a clear sky pixel
(shown in Figure 5.3).
Four tables axe generated for retrieval of cloud over tundra. They axe Table 1’:
channel 1 radiance as a function of surface albedo for cleax sky, Table 1: channel
1 radiance as a function of cloud optical depth and surface albedo for the specific
field), Table 3: channel 3 radiance as a function of cloud optical depth, effective
radius, cloud top temperature, and ground temperature, and Table 4: channel
4 radiance as a function of cloud optical depth, effective radius, cloud top tem
perature, and ground temperature. Dependences of the radiances on solax zenith
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angle, satellite viewing angle, and relative azimuth angle between the Sim and the
satellite are also taken into account in all the tables.
Figure 5.7 is a flow chart of the retrieval algorithm for cloud over ocean or
tundra. First of all, a clear-sky image is selected to determ ine the surface albedo
A g of the tundra surface from Table 1’ and the observed channel 1 radiance Rsat,chiFor ocean surfaces, the albedo remains nearly constant when solax zenith angle is
less than 60°. Thus it is fixed to be 0.06, which is also used for cloud retrieval at
mid and low-latitudes (Platnick and Valero, 1995).
In step 2, one assumes th at the surface albedo under cloudy skies is about the
same as when the clear sky image was taken. The surface albedo obtained in step
1 together with channel 1 radiance in the cloudy image is then used to compute
cloud optical depth r from Table 1.
In step 3, a value for cloud effective radius re is obtained from Table 3 with the
cloud optical depth obtained in step 2, an initial value of cloud top tem perature
Tc which is assumed to be equal to the brightness tem perature in channel 4, the
observed channel 3 radiance R sat,ch3 , and the ground tem perature Tg as input of
Table 3. The ground tem perature Tg can be found through channel 4 brightness
tem perature at nearby clear pixels.
In step 4, a value for cloud top tem perature T'c is obtained from Table 4 with
the cloud optical depth obtained from step 2, effective radius obtained in step 3,
and observed channel 4 radiance R 3at,ch4 as input. If th e difference between this
improved estim ate for cloud top tem perature and the initial value A Tc = |TC—T'c\
is large, we have to go back to step 2 with the improved T'c as the new initial value
of cloud top tem perature to get a new set of cloud effective radius and cloud top
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Cloudy

Table 1
T,

Table 1'

Initial Tc
t: optical depth
r e: effective radius
Tc: top temperature
Tg: ground temperature
Ag.- surface albedo
Rsat: observed radiance

T,
iL?sat. ch3
Table 3

^ a t, ch4
Table 4

C ^ £ r c=ITc-T c'l sm alT^> no
yes
▼

Output t, r e, T c

F ig u re 5.7 Flow chart of retrieval algorithm for w ater cloud over ocean and tundra. Note th at A g is
fixed to be 0.06 for ocean.
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tem perature. The iteration ends when ATCis less than 0.1. The three param eters
r, r e, and Tc are then obtained through steps 1 and 2, and the iteration of steps 3
and 4. Generally, th e iteration converges after two or three rounds.

5.2.2

W ater Cloud over Snow or Ice

As in to the case of cloud over tundra, four tables are prepared for the retrieval
of cloud param eters over snow or ice. They are Table 2’: channel 2 radiance
as a function of snow grain size under clear sky, Table 2: channel 2 radiance as
a function of cloud optical depth, effective radius and snow grain size, Table 3:
channel 3 radiance as a function of cloud optical depth, effective radius, cloud top
tem perature, and ground temperature, Table 4: channel 4 radiance as a function
of cloud optical depth, effective radius, cloud top and ground tem peratures. The
dependences of th e radiances in channel 2, 3 and 4 on solar zenith angle, satellite
viewing angle and relative azimuth angle between the Sun and satellites are also
taken into account in these tables. Making these lookup tables takes more compu
tational tim e than those for the case of cloud over ocean and tundra since a larger
stream number is necessary for the radiative transfer computations to account for
the bidirectional reflectance of the snow/ice surfaces.
A flow diagram of the retrieval algorithm for cloud over snow and ice is shown
in Figure 5.8. The procedure is quite similar to th at for cloud over ocean and
tundra with some im portant differences. As the first step, the grain size of the
underlying snow surface is retrieved from a clear-sky channel 2 image and Table
2’.
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F ig u re 5.8 Flow chart of retrieval algorithm for water cloud over snow and ice.
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In step 2, an estimated, value of cloud optical depth is obtained from Table 2
with an initial value of cloud effective radius and observed channel 2 radiance in
the cloudy sky as input. Note th a t this may not be the final retrieval result for
optical depth.
In step 3, an estimated value of cloud effective radius is obtained from Table 3
with the cloud optical depth estim ated in step 2, an initial value of cloud top tem
perature (brightness tem perature in channel 4), ground tem perature, and observed
channel 3 radiance as input.
In step 4, an estimated value of cloud top tem perature is obtained from Table
4 with th e cloud optical depth estim ated in step 2, effective radius estim ated in
step 3, ground temperature, and observed channel 4 radiance as input.
If differences between the estim ated values and the given initial values axe large,
we will go all the way back to step 2 and repeat steps 2, 3 and 4 with the estim ated
value replacing the initial values. This iteration ends when the differences axe small
(A re < 0.1 and A Tc < 0.1). The iteration usually converges after three or four
rounds, which is one or two times more than th at for cloud over ocean and tundra.

5.3

U ncertainty A nalysis

5.3.1

U ncertainty in th e R etrieval o f O ptical D epth

P art of the error in the retrieved cloud optical depth comes from the error in
the surface albedo. The upper panel of Figure 5.9 shows the sensitivity of the
retrieved optical depth to the error in surface albedo for cloud over tundra or
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ocean. Consider a surface albedo Ag = 0.06 with an uncertainty of ±0.04. The
retrieved cloud optical depth is larger if A g = 0.10 than if Ag = 0.06, and the
difference between the two is a function of the cloud optical depth itself. This
function is shown by the line above the zero error line. On the other hand, the
retrieved cloud optical depth is smaller if A g = 0.02 than if A g = 0.06. The
difference as a function of r is represented by the other line in the upper panel of
Figure 5.9. The plot shows that the resulting error in the cloud optical depth is
small (below 20%) when r > 3. However, the error can be very large when r < 3,
for example, the error is 60-70% when r = 1.
The m ajor error source for the retrieval of optical depth is uncertainty in the
observed radiances. The lower panel of Figure 5.9 shows the sensitivity of the
retrieved cloud optical depth to uncertainties in channel 1 radiance for cloud over
tundra or ocean. Suppose channel 1 radiance is 5% too large. The resulting error
in the cloud optical depth incurred by this 5% error in channel 1 radiance is a
function of the cloud optical depth itself, which is represented by a line in the
lower panel of Figure 5.9. The other three lines in the plot have similar meanings.
When cloud optical depth is larger than 2, a 5% error in channel 1 radiance may
result in an error of around 10% in the optical depth. When the cloud is very thin
(r < 2), the error can be quite large.
For cloud over snow or ice, the sensitivity of the retrieved optical depth to the
snow grain size and channel 2 radiance is shown in Figure 5.10. The upper panel
of Figure 5.10 shows variations in the retrieved r for a variation of 100 fim in the
snow grain radius as a function of r itself. The larger the optical depth, the smaller
is the resulting variation. When r > 3, the variation is below 20%. The error in
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Optical Depth to Surface Albedo in Channel 1

Optical Depth

Optical Depth to Radiance in Channel 1

Optical Depth

F ig u r e 5.9 Error in retrieval of cloud optical depth over ocean and tundra as a function of optical
depth for an uncertainty in surface albedo of 0.06 ± 0.04 (upper panel), and a ± 5 % or ± 10 % error
in measured AVHRR channel 1 cloud radiance (lower panel).
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retrieved optical depth can be very laxge when the value of optical depth is small
( r < 3).
The lower panel of Figure 5.10 shows the resulting error in the cloud optical
depth for a given error in channel 2 radiance. When r > 3, the error in optical
depth is mostly below 40% for a 4% error in the channel 2 radiance. The error
can be over 100% when r < 3. Figure 5.10 also shows that retrieved cloud optical
depth over snow is much more sensitive to cloud top radiance than th at over ocean
or tundra.

5 .3 .2

/

U ncertainty in th e R etrieval o f Effective Radius

Surface reflectance has little effect on the retrieval of effective radius because snow,
ocean and tundra all have very low albedo in channel 3. Uncertainties in channel 3
radiance axe the primary source of uncertainty in the retrieved cloud effective ra
dius. Since the algorithms for cloud retrieved over tundra/ocean and over snow/ice
both use channel 3 radiance and the same principle to retrieve the effective radius,
their uncertainties may be the same. It is found through model calculations that
a ±10% error of the channel 3 radiance may result in an error of around ±10%
on the retrieved effective radius when the effective radius is larger than 3 fim for
optically thick clouds (r > 6). When the effective radius is smaller than 3, the
error of the retrieved value can be very large.
There exist other error sources in the retrieved cloud effective radius, as dis
cussed by Han et al. (1994). They include uncertainties caused by horizontal
inhomogeneity of the cloud, multilayered cloud structure, cirrus and aerosol con-
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Optica] Depth to Snow/Ice Grain Size

Optical Depth

Optical Depth to Radiance in Channel 2

Optical Depth

F ig u re 5.10 Error in retrieval of cloud optical depth over snow and ice as a function of optical depth
for an uncertainty in snow/ice grain size of 1000 ± 100 pm (upper panel), and a ± 2 % and ± 4 % error
in measured AVHRR channel 2 cloud radiance (lower panel).
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tam ination and random errors.
The retrieval scheme of cloud top temperature used in our study is similar to
that used in the International Satellite Cloud Climatology Project (ISCCP). Un
certainties in ISC CP-retrieved cloud top temperature are caused by the treatm ent
of water vapor effects, cloud effects, and the homogeneity of the cloud, as discussed
by Han et al. (1994). The uncertainties associated with water vapor effects are
small since the amount of water vapor decreases rapidly with altitude, so th a t not
much of the water vapor is above the cloud top. Errors caused by the inhomogene
ity of the cloud are also small because of the similarity of brightness tem peratures
of low-level clouds and clear sky, according to Han et al. (1994).
The investigation by K ey and Haefliger (1991) indicated th at the attenuation
of upwelling infrared radiation in the polar atmosphere is small because of the low
atmospheric humidity. Either of channel 4 or 5 alone could be used to derive ice
surface tem perature. Failure to account for atmospheric correction can result in
an ice surface tem perature underestimate of 1.5-2.1 K in channel 4 and 1.9-3.2 K
in channel 5.
In summary, the m ajor error for both optical depth and effective radius comes
from the uncertainty in cloud top radiance which in tu rn comes from uncertainties
in calibrations of AVHRR sensors and radiative transfer calculations. For thick
clouds with large value of optical depth and r e > 3/im, the retrieval results have
small errors and are reliable. However, the error can be very large for thin clouds
when

t

< 3 and r e < 3/nn.
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5.4

A pplications and R esults

To demonstrate the utility of our retrieval algorithms, we have analyzed AVHRR
images taken over the North Slope of Alaska and the Chukchi Sea, and compared
the results with ground-based measurements at Barrow, Alaska.

5.4.1

D ata

We have used NOAA-11 AVHRR High Resolution Picture Transmission (HRPT)
data with a spatial resolution of 1.1 km at nadir.

Since the AVHRR sensors

of channels 1 and 2 have been degrading in orbit, the post-launch calibration
coefficients by Rao and Chen (1995) are adopted to convert the raw count recorded
by AVHRR sensors to radiance, as follows:
Ri = 0.5496(Cio(l) - 40) exp(0.33 x 1 0 '4d)

(5.8)

R 2 = 0.3680(Cio(2) - 40) exp(0.55 x 10"4d).

(5.9)

Here R i and R 2 are calibrated radiances of channels 1 and 2, respectively, in units
of W m ~ 2s r~l

, d is the day from launch, Cio(l) and Cio(2) are measured

signals in 10-bit counts for channels 1 and 2, respectively. Rao and Chen (1995)
also reported that the accuracy in the radiance calculated using equations (5.8)
and (5.9) is on the order of a few per cent.
According to NOAA calibration procedures described in section 2.2.2, the cal
ibration error of channel 4 is about 0.12 K around 300 K and larger at lower
tem perature, about 1-2 K at 250 K. The uncertainty in channel 3calibration is
similar to that of channel 4.
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Solar irradiance measurements at the surface are available for Barrow, Alaska
(71°18/ N, 156047/ W) (shown in Figure 5.11) by NOAA CMDL. Broadband down
welling irradiance is measured over the wavelength range 0.3 - 2.8 /im. The mea
surement is hourly-averaged. The uncertainty in the measurements is less than 2%
for solax zenith angle smaller than 60° as stated in section 2.3.
Radiosonde sounding data at Barrow axe obtained at the National Weather
Service (NWS) Office. These data provide profiles of pressure, tem perature, dew
point tem perature, wind speed and wind direction up to 6-8 km.

5.4.2

T esting

There are no in-situ data of cloud optical depth or effective radius available for
testing. However, we approach this problem by testing higher level parameters,
the solax downwelling irradiance at the surface. There axe no direct observation
of cloud top tem perature. However, we can derive cloud top tem perature from
radiosonde sounding data, and compare them with the retrieval results.
For cloud over tundra, Figure 5.12 plots satellite estimated downwelling irradi
ance versus ground-based CMDL measurements. The irradiance is an integration
for the whole solax spectral band. The ground-based observations axe made in
Barrow, Alaska. The satellite estimates are obtained by using retrieved cloud pa
ram eters as input. Therefore, testing of the downwelling irradiance is an indirect
validation of the retrieved cloud parameters. Good agreement is found. The stan
dard deviation over the 17 data points is found to be 19.1%, and the bias is very
small at 5.8 W m '2. The deviation is partly due to temporal and spatial mismatch
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F ig u re 5.11 Cloud properties are retrieved in three different areas of 1° x 1° each. Areas I, II, and III
have ocean, snow/ice, and tundra as their underlying surface, respectively. The black point indicates the
location of Barrow, Alaska where ground observations are made and the d ata are used for validation.
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between the satellite and ground observations. Note th at the ground observation
is hourly averaged.
Figure 5.13 is similar to Figure 5.12 except th at it is for the cases w ith clouds
over snow. The satellite estimates agree well with the ground observations. The
bias over the 12 data points is small, at 5.1 W m -2, about the same m agnitude
as the cases with clouds over tundra. The standard deviation is larger, at 32.1%,
which indicates a larger error for the cloud retrieval over snow than over tundra.
Figure 5.14 is an example that illustrates how well one can determine cloud top
and its tem perature from localized radiosonde sounding data. The tem perature
profile T and dew point temperature profile Td in the left panel are observed
directly, and relative humility R H in the right panel is derived by
RH = “~ ^ r r
svp[Td)

(5.10)

where svp represents saturation vapor pressure
& nn*7o
,T(19.846 - T(9.4027 x 10-3 —3.4442 x 10-5T ) ) N
svp(T) = 6.1078 exp(— -------------- ^------ r + 2~73To----------------------- }'

(

J

Theoretically, the cloud top occurs at the bottom of the tem perature inversion
layer, and the relative humidity is close to 100% in cloud layers. In Figure 5.14,
the relative humidity is high all the way up to the height of 2.8 km. At the same
altitude, a tem perature inversion occurs. The cloud top should be located right
at the bottom of the tem perature inversion layer. In Figure 5.14, the dashed line
represents the cloud top where the tem perature is found to be -20.3° C. From
satellite retrieval, the cloud top tem perature is -20.1° C, which corresponds to
a cloud top height of 2.6 km according to the sounding temperature profile. The
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Cloud over Tundra

CMDL Measurements in Wm ' 2
F ig u re 5.12 Scatter plot of satellite estimates versus ground-based CMDL measurements for solar
downwelling irradiance over tundra. The satellite estimates of solar irradiance use the retrieved cloud
param eters as input.
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Satellite

E s t im a t e s

Cloud over Snow

CMDL M easu rem en ts in Wm "2

F ig u re 5.13 Same as Figure 5.12 but for clouds over snow.
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retrieved cloud top tem perature from satellite observation is very close to the value
obtained from the sounding profiles.
Figure 5.15 summarizes such a validation for 9 different cases. The horizontal
axis is the cloud top tem perature estimated from sounding profiles, while the ver
tical axis is th e corresponding value obtained from satellite remote sensing. There
is very good agreements between the two. The standard deviation is found to be
only 2.4° C, and the bias is 0.03° C. Rossow et al. (1989) found th at the error from
cloud top tem perature retrieval is about 2-3° C, which is about the same as our
result. It should be mentioned that all the 9 cases used in Figure 5.15 have snow
as the underlying surface. Cases with tundra as the underlying surface agree even
better with the ground based sounding results.

5.4.3

R etrieval R esults

We select two AVHRR observations that cover all the three areas shown in Fig
ure 5.11. One of the observations is made at 2313 UTC 27 July 1992 with all clear
sky. The other observation is made at 0013 UTC 23 July 1992 with mostly cloudy
sky. The two observations are about 5 days apart and with small variation in solar
zenith angle between the two images. The clear-sky observation is used to infer
surface properties, albedo for tundra and grain size for snow. We assume th at the
surface properties are basically unchanged during the 5 days so th at they can be
used as input to retrieve cloud properties using the cloudy-sky observations.
Figure 5.16 displays the retrieval results for area I with ocean as its underlying
surface. The solar zenith angle is around 53°. The surface albedo in channel 1 is
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F ig u re 5.14 Profiles of tem perature (solid line in the left panel), dew point tem perature (triple-dot
line in the left panel), and relative humility (solid line in the right panel) at 0000 UTC 24 September
1992. T he dashed line indicates the cloud top obtained from tem perature inversion and relative humility
variation. The black point indicates the cloud top tem perature obtained from the satellite estim ate.
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Cloud Top Temperature Tc

Estimates from Sounding Data (C°)
F ig u r e 5.15
tem perature.

Scatter plot of satellite estimates versus ground-based sounding results for cloud top
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F ig u re 5.16 Derived images of cloud optical depth, effective radius (in *im), and cloud top tem perature
(in K) for area I as shown in Figure 5.11. The three images are derived from a cloudy image at 0013
UTC 23 July 1992. The underlying surface is ocean.
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assumed to be 0.06. From the plot for cloud optical depth in the upper-right panel
of Figure 5.16, it can be found that the area is completely covered with cloud,
and the cloud is fairly thick in most of the area with an optical depth between 15
and 50. In a couple of regions, the cloud is extremely thick with a optical depth
of about 70 and as large as 80. The cloud droplet size is shown in the upper-left
panel of Figure 5.16. The droplet radius ranges from 5 ^m to 15 ^m in most of the
area. Large droplet radius occurs in the lower-right comer of the area where the
droplet radius is close to 18. A weak anti-correlation is found between the cloud
optical depth and the droplet size. In the region of large cloud optical depth, the
cloud droplet size tends to be small specifically for this case, but the relationship
is not strong. From channel 4 brightness tem perature of a neighboring area, the
sea surface tem perature is assumed to be uniform at 277 K. The lower panel of
Figure 5.16 shows the retrieved cloud top tem perature. The tem perature is lower
at the cloud top than at the surface of the ocean, lying mostly between 260 K to
270 K.
For area II with snow/ice as the underlying surface, the retrieval results are
shown in Figure 5.17. The upper-left panel shows the snow grain size. Since it
is July when ground tem perature is around 0°C, the snow grain size is very large
(nearly melting snow), around 1000 y m. The plot for cloud optical depth indicates
that the sky is partly cloudy in this area. Note th at the black regions are cloud-free
and the corresponding optical depth is zero. The cloud optical depth is below 13
in most of the area, while in some other regions it is up to 55. The cloud droplet
radius mostly lies between 5 ym and 12 ym . The cloud over the upper-left corner
of the area has a large value of droplet radius, around 18 ym . There seems to be
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no clear correlation between the droplet size and the optical depth. The ground
skin tem perature is around 274 K. The retrieved cloud top tem perature is found
to be m ostly around 267-271 K, slightly lower than the tem perature of the ground.
In some regions, the cloud top has a tem perature about the same as the ground,
which indicates a weak temperature inversion over the snow/ice underlying surface
even in mid-summer.
Figure 5.18 has the same format of Figure 5.17, but it shows retrieval results
for area III with tundra as its underlying surface. The channel 1 albedo (upperleft panel) is around 0.05 for the tundra surface when the solar zenith angle is
53°. Tundra surface albedo increases w ith the increase of solar zenith angle. The
cloud is thin with optical depth smaller than 10 in most of the cloudy region. The
plots for the cloud optical depth and droplet size show a positive correlation. The
tundra skin tem perature is relatively high in summer, about 293 K based on the
brightness tem perature in channel 4 from nearby clear pixels. The retrieved cloud
top tem perature is generally around 267 K, similar to that over the ocean. The
dark areas indicate clear sky. In the areas neighboring clear sky where cloud is thin,
the cloud top tem perature is as high as 290 K, close to ground skin tem perature.
Figure 5.19 displays the scatter plots of retrieved cloud effective radius versus
optical depth for the three areas with different types of underlying surface. Based
on a near-global survey of water cloud effective droplet radii, Han et al. (1994)
found th a t cloud droplet radii generally increase with optical thickness for optically
t hinner clouds ( r < 20) and decrease for optically thicker clouds. This picture is
also evident in Figure 5.19. Over ocean, where r overall is greater than 18, there
is a slightly negative correlation between the two quantities. Over tundra, where r
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F ig u re 5.17 Derived images of snow grain size in (ftm), cloud optical depth, effective radius (in /.tm),
and cloud top tem perature (in I<) for area I as shown in Figure 5.11. The snow grain size is derived from
a clear-sky satellite image a t 2313 UTC 27 July 1992. The remaining three images are derived from a
cloudy images a t 0013 UTC 23 July 1992. The underlying surface is snow/ice. The black areas in the
plots of optical depth, effective radius and top temperature represent clear sky.
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F ig u re 5.18 Same as Figure 5.16 except it is for area ill with tundra as underlying surface and the
upper-left panel represents surface albedo in channel 1.
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overall is less th an 20, there is a clearly positive correlation between the two. Over
snow/ice r has a wider range than over ocean and tundra, ranging from 3 to 60.
There is a positive correlation between cloud droplet radius and optical thickness
when

t

< 20 and a very weak negative correlation when r > 20 over snow/ice. The

above relationship between cloud optical depth and effective radius indicates that
both cloud optical depth and effective radius axe needed to model cloud effects on
radiation. Moreover, Curry and Herman (1985) compared aircraft observations to
radiative transfer calculations and found th a t a single-parameter representation,
such as liquid water path, did not work because of the variability of cloud particle
sizes.
The frequency distribution of effective radius is shown in Figure 5.20 for the
three different types of underlying surfaces.

Over tundra, the effective radius

concentrates between 4 and 11 jum, with th e peak value of 18% at r e = 7 ~ 8
ym . Over the ocean, the droplet size lies mostly between 6 and 12 y m with a
peak value of close to 25% occurring at r e = 9 ~ 10 y m. Over snow/ice, the
effective radius is mostly between 5 and 12 y m , and the peak value of 17% occurs
at re = 10 ~ 11 ym . From the three cases shown, we can see that effective radius
for cloud over ocean is generally larger than cloud over land (tundra), which is also
found in mid and low-latitudes (Han et al., 1994). The retrieved cloud effective
radius is generally smaller than in mid and low-latitudes. This may be explained
by the low atmospheric humidity in the Arctic. The near-global survey of effective
radii in liquid water clouds using the International Satellite Cloud Climatology
Project (ISCCP) by Han et al. (1994) also reveals th at the mean cloud droplet
radii changes from smaller values in the dry season (January) to larger values in
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F ig u re 5.19 Scatter plots of retrieved cloud effective radius versus optical depth for areas I, II, and III
with ocean (middle), snow (lower), and tundra (upper) as underlying surfaces, respectively.
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the wet season (July). This behavior is consistent with an association of more
frequent rainfall from low clouds with larger droplet sizes (Albrecht, 1989) and
reduced CCN abundances due to precipitation scavenging (Leaitch et al., 1983).

5.5

Sum m ary

In this chapter, two algorithms are developed to retrieve cloud parameters. The
basic features of th e algorithms may be summarized as follows:
(1) One algorithm is developed for retrieval of clouds over dark surfaces like
tundra and ocean. This algorithm is suitable for low and mid-latitude areas and
some areas in high latitudes. It uses AVHRR images in channels 1, 3, and 4 to
retrieve cloud optical depth, effective radius, and cloud top temperature.
(2) The other algorithm is for retrieval of clouds over bright surfaces like snow
and ice. This algorithm is specifically designed for arctic regions where large scale
snow cover exists m ost of the tim e throughout a year. This algorithm uses AVHRR
images in channels 2, 3, and 4.
(3) Both algorithms are based on a comprehensive radiation model including a
multi-stream radiative transfer code, DISORT, which handles multiple scattering
processes accurately and efficiently.
(4) Bidirectional reflection is taken into account in the algorithm designed to
retrieve clouds over bright snow/ice surfaces. As indicated from Figure 5.6, the
bidirectional reflection function for snow/ice deviates significantly from th at of
a Lambert reflector, i.e. an isotropic reflector. Accounting for bidirectional re
flectance of snow does improve the quality of the retrieval algorithm as compared
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Tundra

Ocean

Snow/Ice

Effective Radius

F ig u re 5.20 Frequency distributions of cloud effective radius (in (im) based on the d ata shown in
Figure 5.15-5.17 for tundra, ocean, and snow as underlying surfaces, respectively.
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with, the Lambertian approximation.
(5) The surface albedo is accurately retrieved with both algorithms. For the
tundra case, the surface albedo is retrieved through AVHRR channel 1 radiance
observed under clear sky conditions. For bright snow/ice surfaces, the snow grain
size is retrieved through AVHRR channel 2 radiance under clear sky conditions.
(6) From a careful sensitivity analysis, it is found th at the retrieval results are
reliable for clouds with optical depth r > 3 and effective radius r e > 3ym . When
r < 3 or r e < 3ym , a small error in the radiance observation and surface reflectance
may result in very large errors in the retrieval results.
(7) The quality of the retrieval results from the algorithm applicable to bright
surfaces is more sensitive to uncertainties in the observed radiance and the radiative
transfer model than those for dark surfaces.
To test the algorithms, the retrieved cloud parameters axe used in the radiative
transfer model to compute downwelling radiance at the surface, and the results
axe compared with ground-based irradiance measurements obtained at the NOAA
CMDL facility in Barrow, Alaska. The retrieved cloud top tem perature is also com
pared to cloud top temperature derived from ground-based radiosonde sounding
data. These comparisons show that:
(1) From 17 cases of clouds over tundra, the bias is small, being 5.8 Wm*2,
which indicates a good agreement between the retrieval results and ground obser
vations.
(2) From 12 cases of clouds over snow/ice, the bias is -5.1 W m -2, which shows
a good agreement between the retrieval and observations. The higher standard
deviation than for the tundra cases indicates larger error in the retrieved cloud
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parameters.
(3)

From the 9 cases for comparison of cloud top tem perature, the standard

deviation and bias are 2.4° K and 0.03° K, respectively, which shows a good agree
ment between the retrieval cloud top tem perature and the sounding data.
To illustrate the utility of our retrieval algorithms, we have analyzed AVHRR
images taken over the North Slope of Alaska and the Chukchi Sea for various types
of underlying surfaces to retrieve surface reflectance and cloud parameters. These
results show th at
(1) For a tundra surface (area III), channel 1 albedo is around 0.05 when solar
zenith angle is about 53°. Snow grain radius is found to be around 1000 fxm for
the specific tim e and location (area II).
(2) It is found th a t water cloud droplet radii generally increase with optical
thickness for optically thinner clouds ( r < 20) and decrease for optically thicker
clouds. From the cases shown in this study, clouds over the ocean have a slightly
negative correlation between these two quantities. Clouds over the tundra have a
clearly positive correlation between the two. Cloud over snow/ice, for which r has
a wider range than for ocean and tundra, have a positive correlation between the
r and r e when r < 20 and a very weak negative correlation when r > 20.
(3) In the specific case selected for cloud param eter retrieval, the effective
radius of clouds over tundra lies between 4 and 11 fim , with a peak value of 18%
at re = 7 ~ 8 /zm. Over the ocean, the droplet size is slightly larger, lying between
6 and 12 pm with a peak value close to 25% occurring at r e = 9 ~ 10 ptm, which is
consistent with th at in mid and low-latitudes. Over snow/ice, the effective radius
lies between 5 and 12 pm , and the peak value of 17% occurs at r e = 10 ~ 11
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ym . The retrieved cloud effective radius is generally smaller than at mid and
low-latitudes.
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Chapter 6
Summary and Discussion
The main contributions of this study may be summarized as follows:
(1)

A numerical model based on a rigorous multiple scattering code (DISORT)

is developed to compute the bidirectional reflectance of planetary surfaces. This
model is compared to Hapke’s model which assumes an isotropic phase function for
m ultiple scattering based on the two-stream approximation. In our formulation,
the phase function and the number of streams can be arbitrary, so th at these
restrictions th at apply to Hapke’s model are entirely recovered. In our numerical
model, the opposition effect is taken into account in the same way as in Hapke’s
analytical bidirectional reflectance model. The comparison of the bidirectional
reflectance obtained by the two models shows a significant difference when the
single scattering albedo is large and the phase function is strongly forward-peaked,
which is the case for snow/ice surfaces. Therefore, our model allows for a more
realistic treatm ent of the snow/ice surfaces which are present persistently in the
Arctic.
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(2) An algorithm is developed to retrieve broadband surface albedo and so
lax irradiances from satellite observed narrowband radiances. T he algorithm is
different from the traditional methods based on empirical anisotropic corrections.
Instead, it relies on a comprehensive radiative transfer model in which radiative
transfer simulations are carried out by the DISORT code applicable to a planeparallel atmosphere. The surface property is adjusted in the model calculation
until the resultant TOA radiance matches the satellite observations. No ad hoc
“anisotropic correction” is necessary. Bidirectional reflectance is accounted for
when the underlying surface is covered by snow.
(3) The retrieved surface albedo and surface irradiances are compared with
ground-based observations. In general, there is good agreement between the re
trieval results and the observations. It is found that accounting for th e bidirectional
reflectance of the underlying snow surface significantly improves the quality of the
overall retrieval results. For a snow surface, accounting for the bidirectional re
flectance appears to give a significant advantage over the Lambertian assumption
th a t is commonly adopted.
(4) Two algorithms are developed for retrieval of cloud optical depth, effective
radius, and cloud top tem perature. One of algorithms is for clouds over dark sur
faces such as tundra and ocean. It is suitable for high latitudes as well as low- and
m id-latitudes. The other algorithm is for clouds over bright surfaces like snow and
ice. This algorithm takes bidirectional reflection into account for the underlying
surface, which yields better quality than the Lambertian approximation. At center
of both algorithms is a comprehensive radiation model including a multi-stream
radiative transfer code (DISORT). It is found through a careful sensitivity study
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th at the algorithms are reliable when the clouds optical depth is larger than 3 and
the cloud effective radius is larger than 3 ym .
(5) To test the algorithms for retrieval of cloud parameters, the retrieved cloud
param eters are used in the radiative transfer model to compute downwelling radi
ance at the surface, and the results are compared with ground based observations.
It is found that good agreement exists between the two, which is an indirect test
of our cloud retrieval algorithms.
(6) To illustrate the utility of the cloud retrieval algorithms, we analyze AVHRR
images taken over the North Slope of Alaska and the Chukchi Sea for various types
of underlying surfaces to retrieve the cloud parameters. It is found for the limited
set of data analyzed th at the cloud effective radius generally increases with optical
thickness for optically thinner clouds ( r < 20) and decreases for optically thicker
clouds ( r > 20). In the case selected in chapter 5, the cloud effective radius in
the Arctic is found to be slightly smaller than the average effective radius reported
for low- and mid-latitudes. Clouds over the ocean seem to have a larger average
droplet size than clouds over tundra, while the average droplet size of clouds over
snow/ice lies between those of clouds over ocean and over tundra.
It should be noted th at the theoretical basis of all the physical models and
retrieval algorithms developed in this study is DISORT, a rigorous numerical mul
tiple scattering code. DISORT includes all physical processes such as scattering,
absorption, thermal emission, and incident external sources at the upper bound
ary, as well as bidirectional reflection and thermal emission at the lower boundary.
DISORT’s ability to return radiance and flux at multiple user-defined levels, zenith
and azimuth angles imply th at it can return a lot of information in a single execu
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tion. DISORT is an accurate radiative transfer algorithm that can handle arbitrary
scattering phase function and number of streams. It is a numerically stable code
th at is well-tested (Stamnes et al, 1988). All the retrieval algorithms developed
in this study are based on complete physical models, and none of the empirical
corrections that are commonly used in previous studies are adopted in this thesis.
It should also be mentioned th at the retrieval algorithms for cloud param eters
developed in chapter 5 are applicable only to plane-parallel, single water cloud
layer. In the presence of multiple cloud layers, the physical process is more com
plicated, and needs further studies. In the presence of ice clouds, which occur
quite frequently in the winter in the Arctic, a more advanced algorithm is neces
sary. These complications and challenges should be addressed in future studies.
Future work should also include direct testing of the cloud retrieval algorithms
by using aircraft measurements of cloud properties such as those collected in the
BASE (Beaufort and Arctic Storms Experiment) and those planned in conjunction
with SHEBA (Surface HEat Budget of the Arctic Ocean) and the NASA’s FIREIII experiment to be conducted in collaboration with DOE’s North Slope of Alaska
Atmospheric Radiation Measurement (ARM) Program. These field campaigns will
allow us to quantify better retrieval accuracies for individual parameters as well as
the combined accuracy of radiative flux estimates.
Satellite remote sensing may provide global scale observations while groundbased observations are generally localized to small areas, but they may provide
very reliable direct measurements with high temporal resolution. The retrieval
algorithms for surface albedo and cloud parameters developed in chapters 4 and 5
are all based on satellite observations such as AVHRR images in several channels.
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They axe all tested against ground-based observations which are known to be
reliable.
The retrieval algorithms developed in this thesis can be utilized to study the
cloud and surface properties and radiation energy budget in arctic region as well
as the entire globe. There is an abundant satellite remote sensing image database
available. By applying the algorithms to this huge database we may enhance our
understanding of the radiative energy balance on a global scale.
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