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1. INTRODUCTION

1.1 Purpose and Objectives

This study was performed for the Naval Environmental Prediction
Research Facility by Environmental Research § Technology, Inc. (ERT).
Ihe purpose of the study is to compare Defense Meteorological Satellite
Program (DMSP) and landsat imagery in which anomalous gray-shade patterns
associated with low visibility in light fog or haze can be detected.
These low visibility situations are of tactical importance to the Navy
since the obstructions to vision could have an impact on a variety of
Naval weapons systems.

Anomalous gray-shade patterns associated with light fog and/or ha:ze
conditions and other features have been detected in the DMSP Very High
Resolution (VHR) visible images. The spectral response of the DMSP
visible channel is 0.4-1.1 micrometers (um). The Landsat Multispectral
Scanner System (MSS) has four spectral bands within the overall spectral
response of the DMSP visible channel. It is possible, therefore, to
compare the DMSP and landsat multispectral images to determine the

wavelengths where the anomalous gray-shade patterns are most pronounced.

Through the comparative analysis of the imagery and a theoretical analysis

of the effects of water vapor absorption in the near infrared, a better
understanding can be gained of the type and size distribution of the
scattering particles.

fo satisfy the purpose of the study, the specific objectives were:
(1) to analyze a minimum of 20 cases of DMSP data over marine and/or
land areas where the reported visibility has been reduced to five
nautical miles (nmi) or less in haze or light fog, and (1) to conduct a
detailed theoretical analysis of water vapor absorption in the near
infrared (beyond 0.7 um) and its effects on the satellite imagery. The
20 cases also require that an anomalous gray-shade pattern be detectable
in the DMSP image and that nearly concurrent (within two hours) landsat

data be available for the same area.




1.2 Data Sample

Farly in the study it became apparent that a suitable data sample,
consisting of at least 20 cases where all selection criteria were
satisfied, would be difficult to assemble. A major problem limiting the
amount of useful data is the infrequent repeat coverage and limited
areal coverage of landsat; landsat images were often found to cover
arecas outside the anomalous gray-shade pattern seen in the concurrent
DMSP image. Moreover, several potential cases were not usable because
of poor quality DMSP or Landsat imagery.

As a result of the data collection difficulties, the data sample
used in the study was not as extensive as had been originally hoped.
However, with the assistance of the contract technical monitor, a
sufficient number of cases with high guality DMSP images were collected

to satisfy the contract requirements.
1.3 Theoretical Analysis

In this part of the study, a theoretical analysis was performed to
describe in detail the influence of water vapor and haze on DMSP and
Landsat satellite imagery. A radiative transfer computer algorithm was
used to model the multiple scattering and absorption processes in a
realistic atmosphere with a vertically inhomogeneous (varying) dis-
tribution of optically active species. A tropical model atmosphere was
selected, and simulated satellite radiances (weighted by approximate
spectral band passes) were computed over a wavelength range of 0.4-

1.1 um assuming a particular viewing geometry and a calm ocean back-
ground with a modeled surface reflectance. Four specific choices were

made with respect to optical parameters of the atmosphere:
1) low humidity, clear atmosphere [0,034 grams (g) water vapor
and 23 Kilometers (km) visibility];

2) high humidity, hazv atmosphere (3.35 g water vapor and 5 km

visibility);
3) low humidity, hazy atmosphere; and

4) high humidity, clear atmosphere.




The first two choices are probably physically realistic, while the

second set helps delineate ranges of uncertainty. No attempt was made
to include a consistent relative humidity/visibility relationship or

parameterize humidity-dependent aerosol growth phenomenon.
1.4 Contents of Report

\ further discussion of the detection of anomalous gray-shade
patterns in DMSP visible images is given in Section 2 of the report.
Section 2 also contains a description of the DMSP and Landsat sensor
systems and data formats. The data search procedures and the resultant
data sample are discussed in Section 3. The unalysis of selected cases
1s presented in Section 4 and the theoretical analysis in Section 5.
The results of the practical and theoretical analyses are discussed in

Section 6. The conclusions and recommendations for further studies may

be found in Section




2. DESCRIPTION OF SATELLITE SYSTEMS AND DATA CHARACTERISTICS

2.1 DMSP Data
2.1.1 Sensor Characteristics

The DMSP data used in the study were from the Block 5C system. In
particular, the data were those of the VHR radiameter visible channel
measuring reflected solar radiation. This sensor has a nominal subpoint
resolution of 0.3 nmi, although the actual resolution apparent in the
imagery is a function of several factors. The VHR data swath is approxi-
mately 1,600 nmi. The characteristics of the DMSP primary sensors are

described in greater detail in the Navy Iﬂﬁfiﬁﬁlfﬂﬂilbﬁ@jfﬂF?@ﬂﬁi&“

Volume [ (Fett and Mitchell 1977).

The spectral interval of the visible channel is 0.4-1.1 um. The
sensor normalized response curve is shown in Figure 2-1. The curve
indicates that the peak response is at 0.8 pym with the sensor's half-
power response points at 0.57 ym and 0.97 um. Most of the energy
received, therefore, is at the longer visible wavelength and the near-
infrared wavelengths where vegetation is highly reflective; as a result,
very good contrast is achieved between vegetation, soil, and water sur-
faces. The lesser response at the short wavelengths also minimizes the

blue-light backscattering of the atmosphere.
2.1.2 Data Display and Enhancement

The VHR data are displayed either in a scale of 1:15 million
(normal mode) or 1:7.5 million (expanded mode). The images analyzed in
. the study were the fine resolution (0.3 nmi) data at the 1:15 million

scale and were in the form of transparencies. Examples of DMSP images

are shown in Section 4.
Contrast enhancement is used at the DMSP receiving stations to vary

the distribution of gray shades in the data. This capability is of

particular importance in the detection of anomalous gray-shade patterns,
since these patterns are at the darker end of the overall tonal scale of
the image. The mapping curves devised for the various enhancements are =

shown in Figure 2-2.
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The normal enhancement mode is a linear scale, with gray-shade \
definition evenly distributed throughout the total tonal range from i
white to black. In the log enhancement mode, however, the calibrated
digital word input at the lower end of the scale is output over a wider
range of gray-shade levels; as seen in Figure 2-2, the digital input
from 0 to 13 is output as a gray-shade variation from 63 (black) to
20 (light). Theretore, in this mode, the darker range of gray-shade
values is greatly enhanced at the expense of the much lighter tones,
so that anomalous gray shades are more clearly depicted. Darker tones
are also enhanced in the low-enhancement mode, but not as well as in
the log enhancement mode. In contrast, the high enhancement mode
suppresses the darker tones, so 1s not useful for depicting anomalous

gray-shade patterns.

» A |

2.2 Landsat Data

The Landsat MSS has a resolution of about 240 feet (SO m), compared
to the 0.3 nmi resolution of the VHR. The swath viewed by the radio-
meter, however, is only 100 nmi (185 km) wide, compared to the 1,600 nnmi
swath of the VHR. Moreover, the same area on the ground is covered by
Landsat only once every 18 days.

The MSS measures reflected solar energy in four spectral bands in
the visible and near-infrared portions of the spectrum. The four bands
are: (1) MSS-4 (0.5-0.6 um, blue-green); (2) MSS-5 (0.6-0.7 um, red);
(3) MSS-6 (0.7-0.8 um, red to near infrared); and (4) MSS-7 (0.8-1.1 um,
near infrared).

The normalized spectral response curves of the four bands arce shown
in Figure 2-3; ftor comparison, the DMSP response is also shown in the
same figure. This figure illustrates that approximately 45% of the :
DMSP response is at the Landsat MSS-7 wavelength. About 25% of the
response is at the MSS5-6 wavelength, 20% at MSS-5, and only 10% at MSS-4.

The MSS data are displayed in scenes covering 100 nmi square. The
standard scale of a scene is 1:1 million. Most of the scenes used in
the analysis were acquired in the transparency format. Examples of the

Landsat data are included in Section 4.
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2.3 Detection of Anomalous Gray-Shade Patterns
2.3.1 DMSP Data

several examples of anomalous gray-shade patterns are presented in
the pr}»{ggjjjy[l{qqﬂjizgj}ﬂyggggggr(Fct( and Mitchell 1977). Basically,
the term i1s applied to the light tone and occasional dark tone gray-
shade patterns observed over ocean or land areas in cloud-free or necarly
cloud-tree regions in the VHR (visible) imagery. (It should be noted
that "light tone'" nevertheless refers to a tone at the darker end of the
overall tonal range ot the image, as opposed to "bright tones" of clouds
or heavy tog.) The interpretation given to the anomalous gray-shade
patterns is important because it can provide insight into the atwospheric
and/or oceanographic processes occurring in the area; additionally, the
reduced visibilities that may be associated with the patterns detectable
in the satellite imagery could have impact on a variety of naval weapons
svstems.

Fett and Mitchell (1977) point out that anomalous gray-shade patterns
can be caused by a number of factors, including: the presence or
absence of atmospheric moisture in cloud-free areas, the presence of
broken fields of small cumuliform cells below the sensor resolution,
cirrus clouds, dust or sandstorms, ocean spray, turbid water or bottom
features in shallow water areas, and haze and light fog in areas of
developing or dissipating fog or stratus., For the purposes of this
study, the patterns of interest were those caused by light tog and/or
haze conditions associated with reduced visibilities. No analyses were
pertormed ot patterns known to be caused by other factors.

A DMSP VHR image showing an anomalous gray-shade pattern off the
California coast is presented by Fett and Mitchell (1977) as an example
of a pattern associated with a light fog situation. In the discussion
of that case, the authors conclude that: (1) anomalous gray-shade bands
are often the high humidity end products of stratus/fog band dissipa-
tion; (Z2) light-tone gray-shade areas, remote from sunglint patterns, at
the edges of stratus/fog or stratocumulus are regions of high humidity

associated with a concentration ot large-size condensation particles and

SR
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haze (low-level visibilities are generally reduced in these areas); and
(3) dark-tone gray-shade areas adjacent to lighter-tone gray-shade
areas, remote from sunglint, are regions of lower humidity and less hazy

conditions (low-level visibilities are generally higher in these arecas).

y 2 y

2.3.2 Landsat Data

Landsat 1s designed to view the earth's surface, rather than the
atmosphere, and has been used primarily tor that purpose. Nevertheless,
Landsat data have been tound quite usetul for studies of mesoscale cloud
teatures (Feteris et al. 1976). In addition, studies of the use of
Landsat to detect atmospheric aerosols have been carried out by several
investigators, including Fraser (1976) and Griggs (1978). Landsat
immagery was also examined in a study of air pollution patterns in New
England using remote sensing data (Bowley et al. 1977).

In his study reported in 1976, Fraser determined the mass of
particulates in a vertical column of dust outflow from northwestern
Africa with the aid of Landsat measurements of nadir radiance. The mass
of dust was also estimated from the nadir radiance of a radiative
transtfer model of the ocean-atmosphere system. The computed radiance
agreed within 10% of the radiance measured by satellite. Fraser also
compared the radiance measured by cach of the tour Landsat MSS bands
tfor various locations over the ocean and a high-altitude lake. As to be
expected because Rayleigh scattering is large at the shorter wavelengths,
the radiance measured by the MSS-4 band (0.5-0.6 um) was found to be the
greatest in each case; decrcasing radiances were measured by the MSS-5
through 7 bands, respectively, except tor one case where the MSS-¢ value
was less than the MSS-7 value.

Griggs (1978) determined the aerosol content in the atmosphere trom
Landsat using a large set of data and tound good agreement between the
measured radiances over the ocean and the acrosol content, especially
tfor the MSS-5 and MSS-6 bands. In his study, Griggs discussed some of
the potential problems atfecting the Landsat measurements. Over inland

water areas, the first three bands (MSS-4, 5, and o) can be attected by

water pollution; the MSS-7 band is aftected less by water pollution, so




is the best band for measuring aerosols over these areas. Over the

TN 3 g A

ocean, the potential problems include sunglint, wind shadow, and observa-
] tions of internal waves. However, Griggs points out that internal waves
P are observed only in areas with both calm seas and sunglint, and should,

therefore, not affect the measurements in nonsunglint areas.
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3. COLLECTION OF DATA SAMPLE

3.1 Data Sources
3.1.1 DMSP

Initial attempts to obtain selected DMSP images were conducted

through the University of Wisconsin, Space Science and Engineering
Center, where a complete archive of data is maintained. The acquisition
of imagery from this source proved unsuccessful in most instances
because DMSP coverage for some of the selected areas was not available.
Moreover, all of the DMSP imagery available from this data source were
the normal enhancement mode rather than either the low- or log-enhance-
ment modes, which are needed to depict the anomalous gray-shade patterns
(see Section 2.1.2). Useful data were eventually obtained on loan from
Keesler Air Force Base and from the Naval Environmental Prediction

Research Facility.
3.1.2 Landsat

The determination of whether correlative Landsat coverage existed
for selected dates and areas of potentially good haze or light-fog
situations was accomplished through use of the query-search capability

available at the EROS Data Center, Sioux Falls, South Dakota. Once

particular Landsat scenes were selected for analysis, the images (four
spectral bands) were acquired from the National Oceanic and Atmospheric
Administration (NOAA) Satellite Data Services Division (SDSD). 4

3.2 Data Search Procedures

Several methods were used to obtain useful cases of correlative
DMSP/Landsat coverage viewing anomalous gray-shade patterns. Because of

the infrequent Landsat coverage as compared to the DMSP coverage, the

data search initially concentrated on determining the availability of
Landsat coverage for selected coastal areas during the period from April

through September 1977. (The DMSP Block SC data first became available

b v

in April 1977.) Five areas were selected: (1) the Northeast (40°-46°N,
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68°-74°W); (2) the mid-Atlantic coast (36°-40°N, 72°-76°W): (3) California
(32°-38°N, 117°-124°W); (4) the Washington/Oregon coast (43°-48°N,
22°-126°WN); and (5) the Gulf of Alaska (50°-55°N, 140°-150°W).

Surface charts for April-September 1977 were reviewed for each of

the five areas, and dates with reported low visibility conditions caused

by haze and light fog were documented. These dates were then checked
against the query-search computer listing obtained for each area to
determine dates with correlative Landsat coverage. A number of potential
cases were determined for all of the areas except the Gulf of Alaska
region, tor which Landsat coverage was unavailable during the April-

September 1977 period.

!
’
:
:
!
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A review of DMSP imagery for the two East Coast areas, received on
loan from Keesler AFB, was conducted to determine whether any anomalous
grav-shade patterns were detectable. In many instances, either no such
patterns were observed within the areas of reported low visibility. or
considerable amounts of cloud cover were present. Also, for a number of
dates, no log- or low-enhancement DMSP images were available. Based on
this examination, a total of seven East Coast cases were selected for
preliminary analysis.

A search for additional cases was conducted through examination of
DMSP images received from the University of Wisconsin archives for the
two West Coast arcas. The extents ot grayv-shade arcas were noted and
checked carefully against the coordinates of correlative lLandsat scenes,
as determined from the query-search listing. The results of these
comparisons were disappointing as concurrent Landsat coverage, in all
but one case, fell outside the arca of anomalous gray shade in the
corresponding DMSP image.

In addition to these data searches, a check with the EROS bhata
Center also indicated that concurrent Landsat coverage did exist for two
anomalous gray-shade areas discussed by Fett and Mitchell (1977). The
DMSP images for these two cases were obtained from the Naval Pnvironmental
Prediction Research Facility.

Review of the initially selected cases indicated that some of these
cases were questionable owing to the relatively poor quality of the DMSP

imagery received from the two data sources, as compared to the enhanced




images shown by Fett and Mitchell (1977). Very few of the images
acquired from the archives at either the University of Wisconsin or at
Keesler AFB were of comparable quality. Subsequently, approximately

30 additional DMSP images where anomalous grayv-shade patterns were
observed within areas of reported low-visibility conditions were acquired
from the Naval Environmental Prediction Research Facility. A check of
Landsat coverage indicated that correlative Landsat imagery was available

for seven of these cases.
3.3 Discussion of Problems in Case Selection

\s expected, the major problem was obtaining correlative Landsat
coverage within the exact arca of the anomalous gray-shade pattern. In
a number of instances when concurrent Landsat imagery was available, the
location of the particular scene or scenes fell just outside the region
of interest. In addition, on a number of occasions, the Landsat MSS-4
or MSS-5 band, or both, were unavailable in the data file.

Another problem that frequently arose was the lack of either the
log- or low-enhancement DMSP data from the archives of either data
source; furthermore, even when the low-enhancement products were avall-
able, the overall quality of some of the images was not acceptable for
detection of subtle gray-shade patterns. The verification of light fog
or haze situations over coastal waters or open ocean areas was also
impossible at times owing to the lack of ship weather observations
within the gray-shade areas as depicted in the DMSP images.

It should be noted that because of the expense in acquiring Landsat
data, the corresponding Landsat images were acquired only for cases
where anomalous grayv-shade patterns had been detected in the DMSP
image. It was not possible, thercfore, to determine whether any cases
existed where a haze pattern was evident in the Landsat data, but was
not detectable in the corresponding DMSP image. As has been pointed out
above, however, anomalous gray-shade patterns were not always detectable

in DMSP images covering areas with reported low visibilities.
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3.4 Cases Acceptable for Analysis

Fhe following is a listing of cases that were determined to be
acceptable based on the presence ot anomalous gray-shade patterns in the
DMSP imagery, available correlative DMSP and Landsat imagery, and
available weather observations that supported the presence of a reduced

]

visibility situation in light fog or ha:ze.

20 July 1973; over water; Gulf of Tonkin, Viet Nam
22 May 1974; over water; California Coast, United States
29 July 1975; over land; Southeastern United States
30 July 1975; over land; Midwestern United States
\ugust 1975; over land; Northern Italy
15 August 1975; over land; Mid-Atlantic Coast, United States
4 September 1975; over land; Mid-Atlantic Coast, United States
5 September 1975; over land; Mid-Atlantic Coast, United States
14 October 1975; over land; Southeastern United States
27 April 1977; over water; New England Coast, United States
22 June 1977; over water; California Coast, United States
14 July 1977; over water; Mid-Atlantic Coast, United States
18 July 1977; over water; Mid-Atlantic Coast, United States
19 July 1977; over water; Mid-Atlantic Coast, United States
17 August 1977; over water; East Coast, United States
19 August 1977; over water; Mid-Atlantic Coast, United States
23 August 1977; over water; Mid-Atlantic Coast, United States
3 September 1977; over water; Northeastern United States
4 September 1977; over water; New England Coast, United States

20 September 1977; over water; East Coast, United States
3.5 Final Case Selection

\ number of the initial cases became unacceptable for;one or more
of the reasons discussed previously, such as lack of precise Landsat
coverage within the area of gray-shade pattern, poor quality DMSP
resulting in marginal anomalous gray shades, sunglint on DMSP imagery,

missing bands on the Landsat imagery, or poor timing between Landsat

1o




Case

Case

Case

Case
Case

Case

Case

Case

and DMSP.

ro"

2

w

6

The cases selected for detailed analyvsis are listed below;

22 May 1974; over water; California Coast, United States

29

15 August 1975; over land; Mid-Atlantic Coast, United States
4 September 1975; over land; Mid-Atlantic Coast, United States

5 September 1975; over land; Mid-Atlantic Coast, United States

the analysis of these cases is discussed in Section 4.

July 1975; over land; Southeastern United States

30 July 1975; over land; Midwestern United States

7 August 1975;

14 October 1975;

over land; Northern Italy

over land; Southeastern United States.
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4. COMPARATIVE ANALYSIS OF DMSP AND LANDSAT
IMAGERY FOR SELECTED CASES

The comparative analysis of DMSP and Landsat multispectral imagery

for the eight cases listed in Section 3.5 is presented below. The
DMSP images for the first two cases are also discussed by Fett and |

Mitchell (1977).
4.1 Case 1: 22 May 1974 - Southern California Coast (over water)

A low-enhancement DMSP VHR image taken at 1613 GMT (0913 PDT) on

22 May 1974 shows an early morning fog/stratus band off Point Arguello,

California (Figure 4-1). Another low-enhancement VHR image taken over

two hours later (1850 GMT) shows that the intial fog/stratus band had

dissipated, now appearing as an

A Landsat pass occurred at
of the second DMSP image, which
covered by the Landsat image 1is
MSS-4 and MSS-5 band images are
MSS-6 and MSS-7 band images are

WIS

area of anomalous gray shade (Figure 4-2).

e

1806 GMT, 44 minutes prior to the time
shows the anomalous gray shade (the area
indicated in Figure 4-2). The Landsat

shown in Figures 4-3a and 4-3b, the

. =

shown in Figures 4-4a and 4-4b.

Although no surface weather observations fell within the boundaries

TR

of the Landsat image, it is apparent that the gray-shade pattern observed
in the DMSP image was probably caused by a combination of high humidity

and small stratocumulus cloud cells. Most likely, the early morning
fog/ stratus located off Point Arguello had dissipated somewhat and

risen to form a layer of stratocumulus clouds. In the MSS-4 band, there

The haze can also be detected
In the MSS-7

band, only the cloud immediately over the coastal region is observed.

is some haze associated with the clouds.

in the MSS-5 band, but not at all in the MSS-6 band.

Two distinct brighter cloud (or fog) areas are seen in the Landsat

images along the coast (Figure 4-3); in the second DMSP image, however,

T

the whole area is an anomalous gray shade with no difference in tone at
those particular places (Figure 4-2). It is possible that during the
44-minute time period between the lLandsat observation and the second
DMSP observation, dissipation in the cloud/fog areas occurred to the

point where these areas are no longer evident in the DMSP image. In the
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Figure 4-2 Low Enhancement DMSP VHR Image at 1850 GMT on 22 May 1974
with Area of Correlative Landsat Imagery Outlined
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1806 GMT on 22 May 1974

Figure 4-3b Landsat MSS-5 Image (1668-18062) at
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Landsat MSS-7 Image (1668-18002) at 1806 GMT on 22 May 1974




lLandsat image, especially MSS-5, small 'dark' areas are seen along the
coast (Figure 4-3b); these patterns were probably caused by calmer
waters in the lee of the land, as compared to rougher waters just

of fshore under the influence of strong winds.

The 1800 GMT surface weather reports showed that the moisture
associated with the initial fog situation was confined to the coastal
regions as the lower atmosphere is very dry just inland from the coast.
There was a frontal system approaching from the northwest, associated
with a deep trough in the Gulf of Alaska, and another weak trough located
southwest of the anomalous gray arvea; however, there was no significant
weather associated with it at that time. The winds oftshore were
strong (averaging 15-20 knots) from the north-northwest and, in general,

the ocean waters were rough except in sheltered coastal regions.
4.2 Case 2: 29 July 1975 - Southeastern United States (over land)

A low-enhancement DMSP VHR image of 29 July 1975 (1433 GMT), shown
in Figure 4-5, displays a band of high reflectance associated with
reported ground fog and clouds. Just south of the bright band is an
anomalous gray-shade pattern, with distinct tonal steps, located over
Kentucky, Tennessee, and the Carolinas. This gray-shade pattern appears
to be associated with haze, smoke, and high humidity within moist trop-
ical air advecting northward ahead of a tropical depression that had
just moved inland from the Gulf of Mexico. The elongated bright band
and anomalous gray shades are located in the peripheral subsidence area
ahcad of the storm system. Surface temperatures within the anomalous
gray-shade region were reported to be 19°-24°C (66°-75°F) at the time of
the DMSP observation with a temperature dew-point spread of only 1°-2°C.
Also, visibilities were reported to be generally under three miles in
haze, ground fog, and/or smoke.

A correlative landsat scene for the area indicated in Figure 4-5
was taken at 1530 GMT (about an hour after the DMSP observation). The
four MSS bands are shown in Figures 4-ca to 4-0d. In the landsat images,
the bright cloud/fog area is casily recognizable. 1In addition, a hazv,
gray tone can be seen in the MSS-4 and MSS-5 bands (Figures J-6a and

4-0b) within the region of anomalous grav-shade pattern displayed on the
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Figure 4-6b Landsat MSS-5 Image (2188-15305) at 1530 GMT on 29 July 1975
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Figure 4-6d Landsat MSS-7 Image (2188-15305) at 1530 GMT on 29 July 1975
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DMSP image. Further comparison of the DMSP and Landsat MSS-4 and MSS-5
bands shows, however, that the distinct boundaries of gray-shade tones
displayed on the DMSP image are not detectable in the lLandsat images.
Iwo surface reports (Figure 4-6b) indicated that temperatures had risen
to 30°C (86°F) by 1500 GMT.

The MSS-6 and MSS-7 bands of the Landsat scene, shown in Figures Jd-o6c¢
and 4-o0d, display a considerably brighter terrain background, as compared
to the MSS-4 and MSS-5 bands. The MSS-6 band (Figure 4-6¢) displays a
slight indication of haziness when compared to the MSS-7 band (Figure 4-6d);
the contrast in MSS-7 is much sharper, especially over the lake in the
upper left corner of the image, and there is also considerably less
"fuzziness'" over the terrain. The MSS-6 and 7 data also clearly reveal
the presence of considerable cumuliform cloudiness within the region
of the bright band displayed on the DMSP image. The water bodies within
the scene, especially the lake in the northwest corner, can be used as
a reference in comparing the various spectral bands; this lake cannot
be detected in the MSS-4 and 5 bands but is readily detected in the
near-infrared bands.

As seen in Figure 4-6a to 4-6d, large patterns may be difficult to
detect in Landsat images over land areas because of the highly variable
reflectance of the terrain background. Moreover, the high reflectance
of vegetation in the near infrared (MSS-6 and especially MSS-7) makes it
extremely difficult to detect subtle cloud/haze patterns in those bands.
As noted above, however, the cloud area in the MSS-7 band is seen to
consist of both cumuliform and cirriform clouds; considerable detail

in the clouds is lost in the visible bands.

4.5 Case 3: 15 August 1975 - Mid-Atlantic Coast (over land)

An excellent example of multilayered anomalous gray shades is
readily scen on the low-enhancement DMSP VHR imagery taken at 1422 GMT
(Figure 4-7). The area of anomalous gray shade is confined to portions
of Virginia, North Carolina, and |cnnessee. The areas covered by two
correlative landsat scenes and the 1200 GMT surface weather observations
are indicated in Figure 4-8. The hatched area indicated inside the

boundaries of the Landsat scenes defines the anomalous gray shade

appearing on these images.
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Figure 4-7 Low Enhancement DMSP VHR Image at 1422 GMT on 15 August 1975
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Figure

4-8 Low Enhancement DMSP VHR Image at 1422 GMT on 15 August 197
with Area of Correlative lLandsat [magery Outlined and 1200
GMT Surface Weather Observations Shown
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lhe Landsat observation, which was taken only one hour after the
DMSE image, covers a good portion of the anomalous gray arca. The
MSS-4 image (Figure 4-9) is extremely hazy over the entire arvea viewed.
The MSS-5 image 1s slightly hazy, whercas the MSS-0 and 7 images arve
relatively clear (MSS-7 is shown in Figure 4-10). 1t i1s interesting to
note that in the MSS-4 image the upper lett-hand corner has the same
cloud band (mostly cumulus) that can be seen on the DMSP imape, and the
lower right-hand corner is somewhat clearer, reflecting that portion of
the image outside the area of anomalous gray as is depicted on the DMsP
overlay (Figure 4-8). The MSS-4 image for the adjacent scene, shown in
Figure 4-11, views an areca just north of the boundary of the brightest
anomalous gray arca in the DMSP; consequently MSS-4 is only shightly
hazy, and the MSS-5, 6, and 7 bands are clear. The same cloud patterns
that are seen on the DMSP image can be identitied in the upper-left
corner of Figure 4-11,

North and west of the anomalous gray region there were numerous
light showers and thunderstorms extending along a stationary front from
Marviand to a weak low center over Chicago and extending southeastward
through Oklahoma into the Texas Panhandle.  This was the furthest southern
penetration of any tront over the past week as the upper-arr tlow had
remained weak and predominantly from the south., In the southeast corrvidor,
in the region where the anomalous pray shade 1s located, there was a
broad arca of fog and haze with visibilities genervally less than four miles

and dew point temperatures of 21-24°C (70s°F) (Figure 4-8).
4.4 Case 4: 4 September 1975 Mid-Atlantic Coast (over land)

A low-enhancement DMSP VHR image of 1458 GMT on 4 September 1974

v

shown in Figure 4-12, displavs a well-defined anomalous gray-shade
pattern located over parts of Kentucky, Tennessee, Mississippt, and
Avkansas,  The location of two corrvelative Landsat scones, taken
38 minutes later at 1530 GMT, and the 1500 GMT surtace weather obser
vations for stations in the arca are shown in Figure 4-135,

Fhe MSS-4 band images tor the two Landsat scenes (Ligures 111 and
4-15) view the region of anomalous grav-shade pattern showing the

maximum brightness on the DMSPE image.  These visible band images cach
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igure 4-13 Low Enhancement DMSE VHR Imace at 1458 GMT on | September
1975 with Area of Correlative lLandsat Imagery Outlined and
1500 GMT Surface Weather Observations Shown
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display an overall haziness, compared to the MSS-5, 6, and 7 bands,

which appear completely haze-free (images not shown). Also, rows of
small-celled cumulus clouds not observed in the lower resolution DMSP
imagery are observed in the Landsat data.

The overall synoptic pattern indicated a statienary high pressure
system over the entire region with calm to light southerly surface
winds, considerable light fog and haze, and high humidity. At 1500 GMT,
surface temperatures were generally in the 27° to 30°C range (low to

mid-80s°F), with dew point temperatures generally near 21°C (70°F).
1.5 Case 5: 5 September 1975 - Mid-Atlantic Coast

\ relatively broad area of anomalous gray-shade pattern over the
southeastern part of the country is detectable in the low-enhancement
DMSP image of 5 September 1975 (Figure 4-16). In fact, at least seven
distinct gray tones can be detected within the overall DMSP anomalous
gray-shade pattern (primarily over the Carolinas, near the right edge of
the image). Low visibilities were reported in light fog and haze, with
dew-point depressions of 1° to 3°C.

Unfortunately, the Landsat coverage on § September was just to the
west of the most distinct anomalous gray-shade pattern in the corres-
ponding DMSP image (the Landsat coverage is indicated in Figure 4-160).
Since there was only a one-hour difference in time between the DMSP and
Landsat observations, and the cloud cells seen in the DMSP image can '
also be seen in the center of the three landsat scenes (Figure 4-17).

The Landsat image to the north covers the area where the DMSP image
displays three distinct tonal levels. Thé MSS-4 band of this particular
scene, shown in Figure 4-18, displays an overall haze, but no distinct
variations in tone can be detected. The MSS-5 band of this scene (not
shown) is less hazy, and no haziness is apparent in cither the MSS-0
or 7 bands. Again, because of the variable background, it is difficult
to map subtle haze patterns in the landsat images. A difference in the
overall haziness can be noted, however, in a comparison between the
MSS-4 images (Figure 4-18) and the southernmost scene’ (Figure 4-19); the
former, which is in the arca of the DMSP anomalous gray-shade pattern,

is considerably more hazy than the latter, which is in an arca that

appears clear in the DMSP image.
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Figure 4-10 Low Enhancement DMSP VHR Image at 1441 GMT on 5 September
1975 with Arca of Corrclative Landsat Imagery Outlined and
1200 GMT Surface Weather Observations Shown
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d.6 Case 6: 30 July 1975 - Midwestern United States (over land)

e

Several arcas of multilayered anomalous pray shades can be detected
in a low-enhancement DMSP image taken at 1412 GMT on 30 Jduly 1975
(Figure 4-20). Although a Landsat image covers the area where therc arce
four difterent tones displayed in the DMSP image, no tonal differences
can be seen in any of the four Landsat spectral bands. One Landsat
scene, which is over a lighter-toned anomalous gray area, shows more
haziness in the MSS-4 image (Figure 4-21) than another Landsat scene
that is over a darker-toned anomalous gray region; in both of these
scenes, however, the MSS-5, 6, and 7 bands display no haziness. The
MSS-6 image is shown in Figure 4-22. The time difference between the
DMSE and Landsat observations is about 1-1/2 hours.

Examination of meteorological conditions shows that the weather
systems had been relatively weak for several days with no frontal
passages through the Kentucky-Ohio region. Significant weather was
contined to the Gulf Coast states where showers and thunderstorms were
reported.  bvery southern state reported dew-point temperatures of
21° to 24°C (low to mid=70s°F) on the 1200 GMT report, and this very
humid air was responsible for the heavy downpours that were triggered by
a weak Jow centered over New Orleans.  The humid air extended north into
hentucky and Ohio, and there were numerous reports of restricted visibilitices

in tog and haze in this region.
4.7 Case 7: 7 August 1975 Northern [taly (over land)

A low-enhancement DMSP VHR image taken at 0818 GMT on 7 August 1975
4 (Figure 4-23) shows a patchwork arca of multilavered anomalous gray
located north of Genoa in northern ltaly; several other similar gray
shade patterns are scattered throughout southern burope. Landsat imagery
taken one hour after the DMSP observation, located over the area of
anomalous gray shade, shows no distinct tonal variations that in be
related to those secen in the DMSP image, although the MSS-1 band does
"

appear hazy overall (Figure 4-243; the MS5-5, 6, and images are clear,

FThe MSS-6 mage is shown in Figure 4-25.  There were no surtace weather

reports available in the area where the anomalous grayv-shade pattern was

R e

=

R —he

R Wy

T ooy, A L

T




— S-aminduas i S e PRS2 =

'
‘
' i
i |
4 o
|
\
:
'\
ki
|

i"t

AR Bl ma - DB o o

o S o

|
I! Figure 4-20 Low Enhancement DMSP VHR Imace at 1410 GMT on 30 Julvy 1

with Area of Correlative Landsat ITmagervy Outlined

e e O - EERCEN RN TR e




-
'.
y ‘

'
i
| 4
|
b
»
v

Figure 4-21 Landsat MSS-4 Image (2189-15361) at 1536 GM on 30 July

1975 . (This scene corresponds to the lower ares wt Lined

in Figure 4-20)
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Figure 4-22 Landsat MSS-6 Image (2189-15361) at 1536 GMT on 30 July 1975
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Figure 4-25 Mosaic of Landsat MSS-6 Images (2197-09264 and 2197-09271)
at 0926 GMT on 7 August 1975




most intense, but just outside this area there were several reports of

high humidity and restricted visibility in fog.

4.8 Case 8: 14 October 1975 - Southeastern United States

(over land)

Several anomalous gray shade patterns covering a broad region of
the Southeastern United States can be identified on a low-enhancement
DMSP VHR image taken at 1436 GMT on 14 October 1975 (Figure 4-20).
Although Landsat images were not available for this case over the region
ot the lightest-tone anomalous grayv-shade pattern, two scenes viewing an
area of darker-toned anomalous grayv were available. Examination of
these images again shows an overall haziness in the MSS-4 band of one
of these scenes (Figure 4-27), whereas the MSS-5, 6, and 7 bands are
clear. The MSS-0 image is shown in Figure 4-28. Since the Landsat
observation was 1-1/2 hours after the DMSP observation, it is possible
that some of the anomalous gray shade had diminished. The air over the
castern half of the United States was increasingly more stagnant during
the tive days prior to the date of observation, and within the general
area of the DMSP anomalous grav-shade pattern, there were numerous
reports on the 1200 GMI surface chert of fog and haze with moderate to

high humidity.
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Figure 4-27 Landsat MSS-4 Image (2265-15592) at 1559 GMT on 14 October
1975. (This scene corresponds to the lower area outlined

in Figure 4-26)




Figure 4-28 Landsat MSS-6 Image (2265-15592) at 1559 GMT on 14 October 1975
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S.  INVESTIGATION OF THE EFFECT OF WATER VAPOR ON VISIBLE
AND NEAR-INFRARED IMAGERY

5.1 Introduction

Both the DMSP VHR and Landsat MSS instruments view a highly complex
geophysical surface. As these satellite-based radiometers scan the
carth scene within their respective fields of view, a multishade image
of individual resolution elements or pixels is formed, each with a
characteristic inherent brightness caused by the scene's areal inhomo-
geneity. Quantitatively, the brightness of each pixel expressed in
terms of a measured intensity is dependent on a number of identifiable
parameters including geometric factors (solar elevation, azimuth angles,
and viewing geometry), reflecting properties of the surface (its spectral
reflectivity), and the composition of the intervening atmosphere (abun-
dances of water vapor and other absorbing gases and amounts of various
particulates such as aerosol and haze).

An additional consideration with particular relevance to DMSP/
Landsat data comparison is the highly structured spectral nature of the
observed earth-atmosphere system. In addition to variation within the
field-of-view, for example, both surface reflectance and atmospheric
absorption and scattering properties are functions of the wavelength of
observation. Interpretation of imagery is complicated by the difficulty
of establishing a one-to-one correspondence between physical features
and measured intensities when the spectral bandwidth of the sensor is
wide enough to be sensitive to a variety of wavelength-dependent
phenomena. Therefore, there is a spectral resolution problem in addition
to the more commonly considered areal resolution problem.

In this section, a number of simple models based on radiative
transfer theory are applied to the DMSP spectral interval (0.4 to 1.1 um)
to elucidate the particular interaction mechanisms prevalent at various
wavelengths and to simulate mathematically the intensities that would be
measured by both the PMSP VHR and Landsat MSS instruments. In par-
ticular, the cases of a relatively clear atmosphere and one with reduced

visibility are compared for varying amounts of water vapor abundance.
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5.2 Characteristics of Absorption and Scattering Mechanisms within the

DMSP Spectral Interval

Both the DMSP VHR and the Landsat MSS are sensitive to radiation in
the 0.4 to 1.1 um wavelength region. The spectral response curves, ¢(1),

of each of these instruments are illustrated in Figures 2-1 and 2-3

- -

respectively (Fett and Mitchell 1977, Norwood et al. 1972). An essen-
tial feature distinguishing the two instruments is the division of the
spectral interval into four distinct bands by the Landsat sensor. These
bands are designated MSS-4, 5, 6, and 7, respectively. Band limits,
center wavelengths, and band number are given in Table S5-1. [n contrast,
the DMSP VHR has one channel within the same spectral region centered at
approximately 0.8 pm. Approximate response curve values are given 1n
lable 5-2. For this reason, the Landsat instrument has a higher spectral
resolution forming the basis of the DMSP/Landsat multispectral data
comparison.

A variety of absorption and scattering mechanisms are active in the
visible (0.4 to 0.7 ym) and near-infrared (0.7 to 1.1 um) spectral regions.

For the purpose of data comparison, they can best be characterized as

either resonant or nonresonant phenomena. Resonant phenomena occur at
specific, predictable wavelengths or wavelength intervals, while non-
resonant phenomena have relatively smooth wavelength dependence and are

broadly distributed across the spectrum. Within the 0.4 to 1.1 um

wavelength region, the primary sources of resonant opacity are the
absorbing gases, including water vapor and ozone (Goody 1964), while the
complementary nonresonant sources are caused by molecular (Ravleigh)
scattering and Mie extinction from particulates in the form of naturally
occurring hazes and aerosols of continental or marine origin (Deirmendjian
1964). Thus, in general, resonant mechanisms will affect only a portion
of the DMSP spectral interval (and may be particularly significant for a
given Landsat MSS band), while nonresonant mechanisms influence the

entire wavelength region. For example, water vapor is more important in
the near infrared while various scattering effects caused by hazes are

prominent in the visible (Isaacs and Chang 1975).




TABLE 5-1

LANDSAT MSS BANDS 1
Peak Response Center Wavelength Wavelength Limits
iLandsat MSS Band (num) (um) (um)
4 0.530 0.55 0.50-0.60
5 0.635 0.65 0.60-0.70
6 0.730 0.75 0.70-0.80
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TABLE §-2

DMSE VHR RESPONSE (V)

;(.“.”'.) _\:-‘(_\_,)A )‘-("‘.'".).,, (A ) A () ."'_)4 $( A)

0. 4000 0.0154 0.0993 0.8015 1.0101 0. 4000
0.4082 0.0308 0.7092 0.87069 I.0309 0. 5251
0.4167 0.0577 0.7194 0.9000 1.05.20 0.2615
0.4255 0. 0840 0.7299 0.9077 1.0753 0.1810
0.4348 0.1077 0.7407 0.9308 1.0989 0.1077
0. 4444 0.1308 0.7519 0.9462
0.4545 0. 1615 0. 7634 0.9015
0.3051 0. 2000 0.7752 0.909.2
0.4762 0.2310 0.7874 0.9769
0.4878 0.2538 . 8000 0.9840
0. 5000 0:2823 0.8130 0.9923
0. 5128 0.3308 0.8.204 0.9709
0.5263 0, 569 0.8403 0.9615
0. 5405 0.4308 0.8547 0.9462
] 0. 5550 0.4020 0. 8090 0.9230
! 0.5714 0. 5000 0.38850 0.8769
0.5882 0.5015 0.9009 0.8231
0.0001 0.6231 0.9174 0.7538
0.06250 0.0920 0.93540 0.5538
0.6452 0.7385 0,962 L0308
0.0007 0. 8000 0.9709 0. 5000
0.0897 0.85384 0.9901 0.4092




lhe wavelength dependence of these separate contributions to the
total atmospheric transmittance from the surface to space, T()\), is
shown in Figure 5-la through 5-le. The quantity determining the ratio
of incident intensity to transmitted intensity at the surface is the

total atmospheric optical depth, t*, a highly wavelength dependent

1

dimensionless parameter given by:
s nH R B vy B S n (2) [0, () * Kk, (A)] dz (5-1)
1 i
Q

where

t.*(A) is the optical depth due to absorber or scatterer, i

n.(z) is the number density profile for absorber or scatterer, i

s
(em )

“'i“) is the wavelength dependent scattering cross section for
Al

scatterer, i (cm )
K. (A) is the wavelength dependent absorption cross section tor
)

absorber, 1 (em™)

The integration extends from the surface to space. An incident
beam of radiation at the top of the atmosphere of wavelength, ), will be

attenuated by a factor equal to the transmittance, T(A):

T = exp (-} ©,* = T exp (-1,% (5-2)
1 i

Plotted in Figure 5-1 (a)(d) are individual contributions to the total

transmissivity caused by molecular scattering; aerosol extinction;

ozone, carbon dioxide, nitrogen dioxide, ('Ill. and so forth; and water

vapor. Since the optical depths are additive, the transmissivities

multiply to yield the total for the atmosphere (e¢). Calculations were

performed using computer code LOWTRAN & (Selby and McClatchev 1972) for

a tropical atmosphere with relative humidity of about 80% at the surface.

A surface visibility of 23 km is assumed (that is, the acrosol extinction
a8 i e d =] T : :

at 0.55 ym is 0.158 km ). The model atmosphere used in the computation

is given in Table 5-3.
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TABLE 5-3
{ | MODEL ATMOSPHERE USED AS A BASIS OF THE COMPUTATION OF
E ‘ ATMOSPHERIC OPTICAL PROPERTIES
E TROPICAL
i. Ht. Pressure Temp. Density Water Vapor Ozone
) (km) (mb) (°K) (g/mJ) (g/m3) (g/m?3)
0 1. 0131403 300. 0 1. 1671403 1. 9E+01 5.6FE-05
1 9. 040K +02 294.0 1. 0641403 1. 3E+401 S.6E-05
{ 2 8. 050K+02 288.0 9. 68912402 9. 3400 5.41-05
% 3 7. 150E+402 284.0 8. 7561402 4. TE+00 5. 1K-05 f
4 6. 330E+02 277.0 7.951E+02 2.2E+00 4. TE-05
5 5. 590E+02 290.0 7. 199E+02 1. 5SE+00 4. 5E-05
6 4. 920E+02 264.0 6.501K+402 8.5K-01 4. 3E-05 t
1 4.3201E+02 257. 0 5. 855E+02 4.7E-01 4. 1E-05 : :
8 3.7801+02 250.0 5.258K+02 2.5E-01 3.9E-05 §
E 9 3.290K+02 244.0 4. 7081E+02 1.2E-01 3. 9E-05 ;
10 2. 8601+02 237.0 4.202E+02 5.0E-02 3. 9E-056 }
11 2.470KE402 230.0 3. 740402 1. TE-02 4. 1F-05 ‘5
12 2. 130E+02 224.0 3.316E+02 6. 01K-03 4. JE-09 *
13 1. 8201402 217.0 2. 929E+02 1. 81-03 4.51°-08 i\
14 1. 560K +02 210.0 2.578E+02 1. 0E-03 4. 5F-05 :
: 15 1. 320E+02 204.0 2.2601E+02 7.61K-04 4. TE-05 b,
: 16 1. 1101402 187. 0 1. 872E+02 6.4F-04 4. TE-05 t
17 9. 370E+01 195. 0 1. 676E+02 5.6E-04 6. 9K -05 ’
18 7.890E401 199. 0 1. 382E+02 5. 0K -04 9. OE-05
19 6.660KE+01 203.0 1. 1451402 4.9E-04 1.4F-04
| 20 5.650E+01 207.0 9. 515K+401 4. 5K -04 1. 9E-04 4
21 4.8001x+401 211.0 T.938E+401 5. 11-04 2.41-04
22 4. 090E+01 215.0 6. 6451401 5. 1K -04 2. 8E-04
23 3. 500E+01 217.0 5.6181°+01 5. 41 -04 3.2E-04
3 24 3. 000K+01 219.0 4. 7631401 6. 0 -04 3.4 -04
4 25 2.570E401 221.0 4. 0451401 6. 7TE-04 3.41-04
* 30 1. 220E401 232.0 1. 8311°401 3. 61 -04 2.4F-04
35 6. 000E+00 243.0 8. 60012400 1. 1k-04 9.2E-05
b' 40 3. 05012400 254.0 4. 18112400 4. 3E-05 4. 1F-056
45 1. 5901400 265.0 2. 0871400 1. 91°-05 1. 3K -05
4 50 8. 540E-01 270.0 1. 101E400 6. 31°-06 4. 31 -06
70 5. 790E-02 219.0 9.2101°-02 1.4E-07 8. 61 -08
3 100 3. 000K -04 210.0 5. 000F -04 1. 01509 4. 3kE-11
Source:  Selby and McClatchey (1972
0o




On examining Figure 5-1, the difference in spectral dependence

between the nonresonant (a and b) and resonant (¢ and d) extinc-

tion mechanisms is immediately apparent. The scattering coefficient for
molecular scattering, 6r (cm—l), closely follows the familiar \"t

Rayleigh scattering law (with a slight departure owing to the wavelength
dependence of the index of refraction of air). At sea level (p = 1013 mb)

tor the cited model atmosphere (McClatchev et al. 1972):

B. () = 06.(z=0)n (z=0) = 1.0922856 x 1077 3 ~4-0117 (5-3)
The corresponding sharp decrease in atmospheric transmissivity toward
shorter wavelength can be seen in Figure 5-1(a).

The situation is somewhat wore complex for aerosol extinction.
The optical properties of the specific aerosol or haze encountered depend
on its chemical composition (characterized by its complex index of
refraction) and the size ranges of particles present. Analytically, the
extinction coefficient for a distribution of aervosol particles is given

by:

o

B.(0) = }{ e Q m, r,A) n (r) dr (5-4)
* 0

where

r is the radius of the particulate

m is the complex index of refraction
Qv is the Mie theory (1908) efficiency factor for extinction

n(r) is the number of particles per unit volume between size ranges

r and v + dr.

Similar expressions exist for the aerosol scattering and absorption
coefficients with Qo = Qg + Q,- The Mie efficiency factors (van de
Hulst 1957) are complicated functions of the particle complex index of
refraction and a dimensionless parameter, o = 2ar/), sometimes called

the Mie parameter. Figure 5-2 illustrates the oscillatory behavior of

[818]
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the Mie efficiency factors as a function of a and radius, r, at a
wavelength of 0.55 uym. The index of refraction is taken to be 1.500 to
0.02 i, which is characteristic of the accumulation range (0.1 < r <
1.0 um) of water-soluble aerosol material (Willeke and Brockmann 1977).
For small values of a, the efficiency factor for extinction is propor-

tional to the radius. As o approaches 1.0, the behavior of QC .

becomes oscillatory with a maximum at about « = 4. For large values of
a, asymototic values of Qe = 2, QS = 1 are reached.

Evaluation of Equation 5-2 yields the wavelength dependent extinc-
tion (or absorption or scattering) coefficients (Ba = Baabs + Bascutt)

of the chosen aerosol distribution. Their corresponding wavelength
dependence will depend on the particular size distribution and index of
refraction that characterize the aerosol. Traditionally, this depen-
dence has been described by the Angstrbm formula (1929):

B() = cr7B . (5-5)

Figure 5-3 illustrates the wavelength dependence of three aerosol models
(Shettle and Fenn 1976) within the 0,4 to 1.1 um spectral range. The
rural model is closest to the aerosol model used in the calculations
described below. Measurements support (Ahlquist and Charlson 1969) an
ingstrﬁm coefficient of 2 and, as can be seen in the graph, the rural
model displays this behavior approximately within the spectral range.
Comparing Figure 5-1(b) to Figure 5-1(a), it can be seen that the sharp
decrease of transmissivity at smaller wavelengths characteristic of
Rayleigh scattering is greatly suppressed for aerosols. However, since
Rayleigh scattering decreases much faster at longer wavelengths, the
effect of aerosols is much more important at longer wavelengths (e.g.,
in the near infrared) than molecular scattering.

The effects on transmissivity from ozone and the uniformly mixed
gases are shown in Figure 5-1(c). The Chappuis bands of ozone lic between
0.45 and 0.74 ym in the visible spectrum. The maximum absorption cross
section for these bands (at about 0.60 um) is § x 10-21 cm:. An integrated
ozone column of 1.068 x 1019 cm': gives an optical depth of 0.0534, or
cquivalently, a transmissivity of about 0.95. The effect of ozone on

remote sensing of the surface is therefore negligible, although heating
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of the upper atmosphere from this absorption mechanism is important.

The feature at about 0.76 um is a narrow feature caused by oxygen
absorption. 1Its effect is negligible.

The most prominent gaseous absorber within the spectral region is
water vapor [Figure 5-1(d)]. Both visible and near-infrared bands
appear with varying strengths and positions. Some of the qualitative
features of the figure can be delineated using Table 5-4, which gives
the quantum mechanical transition, band center, and strength of the
water vapor bands (Goody 1964; McClatchey et al. 1973). (The strength
is defined as the integral over the band of the absorption cross section.)
Bands that are identifiable in Figure 5-1(d) are marked with an asterisk.
Note that all bands are ground-state transitions (initial state 000),
and although those in the visible (< 0.70 um) are relatively weak, the
near-infrared bands (p, o, t) are rather strong. As can be seen in

Figure S-1(e), the shape of the total transmissivity curve within the

0.4 to 0.7 u region is largely defined by the combined efftects of molecular

and aerosol extinction, while in the near infrared, the shape is given

by the aerosol curve with the water-vapor structure superimposed.

5.3 Roles of Water Vapor and Aerosol Amounts in Reduced Visibility

Situations

Visibility is subjectively defined as the observer's ability to
perceive the difference in luminance between an object and its back-
ground at a given distance (Middleton 1958). Consider an object with
intrinsic luminance BO(O} against a background of intrinsic luminance

Bh(O). The intrinsic contrast is defined as:
Gfo) = [Bo(m - Bb(m]/Bb(O) (5-0)

At a distance, v, the apparent luminance modified both by extinction

reduction and scattering sources is (Duntley 1948):

Bo'h (e} = B:l [1 - exp (-Br)]
+ BO,h(O) exp (-Br) (5-7)
70
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TABLE 5-4

VISIBLE AND NEAR INFRARED WATER VAPOR BANDS

Band Center Strength
Transition (um) (cm)
000-411 0.544 2 e LOESY
99
000-203 0.572 Jox 30T
A
000-401 0.592 5 % 10 T
D
000-302 0.592 5% W5 }
000-321 0.594 2 x 107°° ;
=23
000-113 0.632 Jae Ao
=29 3
000-311 0.652 2 x 10— i
o
000-103 0.698 1 x 10721
000-400 0.703 kox 1ghs v
iy
000-301 0.723 3 x 10721 k £
~23 | .
000-202 0.723 <2 % 107 <
000-221 0.734 6 x 10”21«
=99 I
000-013 0.796 I x 107=°
4
000-112 0.806 6 x 1071«
-""
000-211 0.823 6 x 107°7x i
-29 B
000-210 0.824 1 x 107 i
=5
000-131 0.847 2 x 10721« i
_21 E
5 000-003 0.906 2 x 107+ I
=22
000-102 0.920 o o
=20
000-201 0.942 el
(6] o) £
000-300 0.943 & x 107 "“* F
1 :
. 000-121 0.968 2 x 1077+ ;
el
000-220 0.972 <4 x 1077 |
~73
000-041 1.016 4.8 x 10 %
<31 i
000-012 1.111 1.2 % ¥ !
¢ 20 :
000-121 1.135 5 x 10 f
f
|
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B is a characteristic extinction length

B is a function of solar zenith and azimuth and atmospheric

scattering properties

Equation 5-7 may be thought of as a simplified solution to radiative
transfer along a horizontal surface sight path. The apparent contrast

at distance r is then:

B (0)

Cfr) = C€(0) ) exp (-Br) (5-8)
b

For viewing against the horizon, Bh(O) = Bb(r) and Equation 5-7 become:
Cfx) = C(0) exp (-Br) (5-9)

Standard visibility is defined as that distance where the threshold of
contrast perception of the average human eye is reached for a large

black object against the horizon. For a black object, C(0) = -1.0.
Extensive investigations have indicated that although contrast threshold
is a strong function of object size and illumination, the value reaches

a limit of *0.02 for large, well-illuminated objects. From Equation 5-9,
visibility (visual range) in kilometers is (Koschmieder 1924):

In (0.02) 3912

\'} = - —————— =

8 B (5-10)

where

B is the total extinction coefficient (km_l) at 0.55 um (peak

spectral response of human photopic vision)

Visibility, therefore, is largely determined by optical jroperties
at 0.55 ym. From the discussion in the previous section, it would
appear that molecular scattering and aerosol extinction would be largely

responsible for reducing visibility.
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To investigate the relative effects of varying water vapor and

aerosol amounts on the entire spectral interval (0.4 to 1.1 um), model

atmosphere calculations of the transmissivity spectrum analogous to
Figure 5-1(e) were generated using the LOWTRAN 2 program for three water
vapor amounts and two visibilities. Assumed integrated water vapor
amounts were: 3.35 g/cmz, 0.335 g/cmz, and 0.0335 g/cmz. These values
correspond to surface relative humidities of approximately 80%, 8%, and
0.8%, respectively, for the tropical atmosphere used. The aerosol
amount was determined by the visibility at 0.55 um. The two models
selected were 23 km (relatively clear) and 5 km (hazy). They correspond

to aerosol extinction coefficients of 0.158 km ! and 0.7704 km_l,

respectively, assuming a molecular scattering contribution of 0.012 km_l.
The reduced visibility case (5 km) represents an increase in the number
density of scatterers by a factor of almost 5, assuming the shape of the
size distribution [n(r)] remains constant (only approximately true).

The effect of decreasing the water vapor amount by factors of 10 is
illustrated in Figure 5-4. As water vapor amount decreases, the pre-
dominant effects are experienced at the near-infrared wavelengths where
transmissivity increases as water vapor (relative humidity) decreases.
Conversely, in Figure 5-5, the relative humidity is maintained at 80%,
while the visibility is decreased from 23 to 5 km (aerosol loading
increased by factor of about 5). Here the transmissivity is reduced
across the entire spectrum (the effect is greatest at shorter wavelengths)
with the water vapor influence remaining essentially the same. When
water vapor is removed from a hazy atmosphere (Figure 5-6), once again
the predominant effect is in the near infrared, where transmissivity
increases. Three conclusions can be drawn from these calculations:

(1) changes in relative humidity affect only the spectral regions where
water vapor bands are present such as the near infrared, (2) changes in
aerosol amount primarily affect the complimentary spectral regions,

and (3) the effect of aerosols is dominant.

It should be noted, however, that in a realistic atmosphere, varia-
tions of humidity and visibility are not independent. Qualitatively,

high humidities should associate with reduced visibilities and vice

versa. Empirically, it has been demonstrated that the extinction caused
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by certain acrosols increases with tnerveased humidity either monotonically
or drastically after a specific threshold (usually v75% relative humidity) .,
This finding implies a corvesponding decrease of visual range with
increasing humidity. The meChanism accounting for this corrclation is
the growth of haze droplets within the optically active size vange

(0.1 to 1.0 ym) (Pueschel and Noil 1967). 1t has been shown that the
acrosol extinction coetticient correlates well with the mass of acrosol
within this size range (Hidy 1975). Therefore, a more realistic com
parison would be between the low humidity curves tor the J3-km visual
range (Figure 5-4) and the high humidity curve in Figure 5 0. Since
acrosol growth mechanisms have not been modeled, no attempt has been made
to obtain a seltf-consistent water vapor abundance /acrosol loading

relationship.

S.4 Sitmulation of Satellite Sensor Radiances Radiative lTranster

Analvsis

In the previous section, the sensttivity of the earth's trans
missivity spectrum to variations of aerosol and water vapor abundance
was examined for the spectral interval 0,4 to 1.1 pm encompassing the
response functions ot the DMSP VHR and Landsat MSS sensors.  In this
section, a radiative transter analysis technique is described that is
used to simulate rvadiances weasured by these satellite-based sensors,
fhis theoretical analysis provides the basis for a discussion ot the

relative impact of water vapor and acrosol on cach of the Landsat Mss

bands in addition to compavison with the DMSE VHR,

S.401 Radirative Transter Theory

the radiative transter equation for a plane parvallel atmosphere is

given by:

 rren N L.,‘UM



where

I 1s the specific intensity of radiation at wavelength, 1}

=0 =] - =
(ergs cm “see sty 1 pm 1)

J 1s the source function at wavelength, !\
is the cosine of the zenith angle of observation

¢, is the optical depth at wavelength, \

For an atmosphere with both absorption and scattering, the optical depth

at wavelength, A, and altitude, z, is given by (see Equation 5-1):

w

r, (2) = N lfni(:)[[i(\) + Kk (V)] dz (5-12)

For illumination by the sun with no thermal source function and assuming
both azimuthal symmetry (no dependence on sun azimuth) and isotropic

scattering, the source function is given by:

w(F e fr} |

Pk el s i L 8 Qo == ] l\(l.lA') dp” (5-13)

where F is the wavelength dependent incident solar flux and Mo is the
cosine of the solar zenith angle. The quantity mo(l) i1s the wavelength-
dependent single scattering albedo defined as the ratio of the total
scattering coefficient at optical depth, ¢, to the total extinction

coefficient at optical depth, ¢, or:

I ) LN (- (R TR D)
1 1
AL & W 1 CAO IR AN (5-14)
1

Values of the single scattering albedo range from 0.Q for pure absorption

to 1.0 for pure scattering.
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The assumptions of azimuthal symmetry and isotropic scattering are
somewhat restrictive and require further discussion. It is well known
that the angular scattering (phase) function of combined molecular and
aerosol scattering is not isotropic; on the contrary, it is strongly
forward peaked (Deirmendjian 1964). The effect of this anisotropy in
comparison to the assumed isotropic analysis depends on the sun's
clevation and azimuth. For the sun directly overhead (n“ = LD
symmetry with respect to azimuth angle 1s maintained, and the assumption
of isotropy implies an overestimation of calculated radiances for high
and moderate observation angles owing to the predominance of forward to
back scattering for the actual aerosol distribution (Kattawer and Plass
1968). When the sun is not at zenith (as is most often the case), the
radiances are not symmetric with the azimuth angle, and the assumption
of isotropy overestimates their magnitudes in the antisolar direction
and underestimates them in the solar direction. Since the effect of
spectral differences is sought, a particular viewing geometry and
1sotropic scattering has been assumed in this first-order analysis. A
more detailed analysis should account for the relative solar azimuth and
scan geometry within the field of view and the effects of anisotropy.

Assuming a Lambertian surface (the upward retflected intensity is
independent of obscrvation angle), the source tunction J(1) allows the

following integral cquation:

w, (1)
J(t) = ae Sis E exp (=T, L(Q
+
n‘(l) "l
+ -‘--l»-- Jit) E. (lt=t]) dt
o
[*
# w () ¢ Es [tr=t) | J(t) E, (x*=t) d¢t
o Z J -
O
u‘(l]
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where

E (x) = ofl exp (-x/u) un—l Q% is the exponential integral

r 1s the wavelength dependent surface reflectance

(0.0 < r < 1.0)

Equation 5-15 must be solved for each wavelength, A, of interest.
The technique chosen to solve for the source function is the variational-
iterative (VI) method developed by Sze (1976). The VI method is based
on finding the extremum of a certain functional (hence the variational

nature of the method). An a priori form of the unknown function

(which is essentially the source function) is assumed, and the required

coefficients are computed from a set of minimizing conditions. The form

of the solution is specifically chosen to optimize computational

efficiency and, therefore, accuracy is not sacrificed for speed. A i
comprehensive comparison between the simplest form of the VI technique

(two-step functions) and the more common two-stream approximation

(Chandrasekhm 1960) for a homogeneous, isotropic atmosphere has been

conducted (Burke and Sze 1977). Results indicate that the VI technique

is much more accurate for thin and moderate optical thickness (t* = 0.4, \

1.0, respectively), which characterize much of the 0.4 to 1.1 spectral

region. For thicker atmospheres (t* ~ 3.5), such as in the near-infrared

water vapor bands, errors may be reduced to within a few percentages of the
exact solution by iteration.

Once the source function J(tr) is found, the emergent intensity
(that which would be measured by a sensor in space at wavelength, \) is

given by:

r*
L) J 3ee) exp [-LE5

O

dt

5-16
u . )

where u is the cosine of the zenith angle of observation.

However, as has been shown in Section 5.2, satellite sensors do
not measure monochromatic radiation. On the contrary, they are most

often sensitive to a finite bandwidth of wavelengths given by their
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respective spectral response functions, ¢(A). Therefore, the response-

weighted radiances (the simulated instrumental values) are given by:

A

ay 4,00 100 dx
1G,w = T 500 D

(5-17)
A

where

¢j(x) is the spectral response function for the jth sensor/band

AN are the wavelength limits of the sensor/band bandwidth

These functions for the DMSP VHR and Landsat MSS are given in Figures 2-1

and 2-3, respectively.
5.4.2 Results of Calculations

Radiative transfer calculations were performed for each of four
model atmospheres previously described in Section 5.3. They are the
basic tropical atmosphere with: (1) 23-km visual range, 80% relative
humidity (3.35 g/cmz); (2) 23-km visual range, 0.8% relative humidity
(0.0335 g/cmz); (3) 5-km visual range, 80% relative humidity; and
(4) S-km visual range, 0.8% relatively humidity.

The source function J(t) was evaluated by applying the variational-
iterative method to Equation 5-15 at each of 25 wavelengths within the
0.4 to 1.1 um spectral interval. Wavelengths were selected to provide
higher spectral resolution within the near-infrared region so that the
structure of the water-vapor absorption bands would be apparent. Only
five of the wavelengths were taken within the visible region where wave-
length dependence is a smooth function. To solve for the source func-
tion, a profile of single scattering albedo versus optical depth,
wo(r), was computed at each wavelength for cach model atmosphere using
spectral data from LOWIRAN 2 (Selby and McClatchey 1972). Sample
single scattering albedo profiles are shown in Figure 5-7. At )\ =
0.55 pm, the albedo is near unity for most of the atmosphere since
scattering predominates as an extinction mechanism. At high altitudes

(small 1), the albedo approaches lower values as absorption by the
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Chappuis ozone bands becomes more important; however, the bulk of the
atmosphere is purely scattering. The albedo profile takes on inter-
mediate values at X = 0,99 um between two water vapor absorption bands

where both scattering by aerosol and absorption by water vapor are

evident. Higher in the atmosphere where both water vapor and aerosol
are about, the albedo becomes unity owing to molecular scattering. At
0.94 um, water vapor absorption is significant, and albedos are corres-
pondingly low for much of the lower atmosphere. (Residual scattering
trom aerosol prevents it from becoming zero. Note the difference
between the 5-km and 23-km visual range curves.)

The background surface is taken to be the sea surface, and a surface
reflectance curve for water (Krinov 1947) is assumed. In general, the
surface reflects about 5% of incident radiation in the visible and is
black in the near infrared. Sun glint and other characteristics of a
wind-driven waved surface are not considered. The solar elevation angle
is assumed to be 45°. This value is a compromise between the mid-
morning sun synchronous pass of the Landsat instrument and the charac-
teristic early morning or mid-day DMSP vehicle. Since the emphasis here
is on spectral differences, it was assumed that both sensors observe
similarly illuminated scenes. For a more complete treatment, the
relative geometries should also be considered. The observation angle
for each sensor was taken to be slightly off nadir so that the results
would be more characteristic of the bulk of pixels within a scan. The
exact zenith angle is 25.8°.

Figure 5-8 illustrates the wavelength dependence of the normalized
intensity before sensor response weighting. Plotted is I(A,u)/F, where
F is the incident solar flux at wavelength A. Note that for a given
relative humidity, the hazy atmosphere always appears brighter, even iu
the near-infrared water vapor absorption bands. However, for the more
realistic case of correlated humidity and haze, a dry clear atmosphere

may be brighter than a humid hazy atmosphere in strongly absorbing

regions (see 0.94 um).
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5.4.3 Response Weighted Radiances

Simulated satellite instrument radiances were computed by weighting
monochromatic intensities with the appropriate spectral response func-
tions for each instrument according to Equation 5-17. Results for the
four model atmospheres are shown in Figure 5-9 for the Landsat MSS
bands. For a given visibility (aerosol loading), only MSS-7 is sensitive
to water vapor abundance. However, all bands are sensitive to aerosol
content. For the cases considered, intensities decrease monotonically
from MSS-4 through MSS-7. These calculations indicate that MSS-6 is
most sensitive to changes in aerosol amount since Rayleigh scattering is
minimal and water vapor is not a significant influence. However, the
computed increased sensitivity in MSS-6 is not drastically greater than
in MSS-4 or MSS-5.

The MSS-7 results must be carefully interpreted. The large differ-
ence between the 5-km visibility, low humidity radiance and the 23-Kkm
visibility, high humidity radiance is probably not physically realistic
in light of the climatological correlation between high humidity and
reduced visibility situations (Section 5.3). There, the hazy high
humidity and clear low humidity results in MSS-7 should be compared.

For the situation modeled, the results are comparable, suggesting that
the effects of increased aerosol scattering and water vapor absorption
compensate for one another. This conclusion will be case-speciftic,
however, and requires careful consideration of an appropriate acrosol/
humidity relationship.

Results for the DMSP instrument are given in Table 5-5, which
includes the corresponding Landsat cases for comparison. In general,
DMSP radiances are approximately the same as those in Landsat MSS-6.

The effect of increased water vapor is to decrease DMSP radiances by
about 5% to 8% (owing to absorption in the near infrared as evidenced by
MSS-7 results). However, DMSP is most sensitive to aerosol content in
these cases, increasing intensities by a factor of about 2.5.

The results shown in Table 5-5 may at first appear contrary to
what would be expected since 45% of the contribution to the DMSP is
from MSS-7 and only 25% from MSS-0 (see Figure 2-3). However, the

response weighted radiances are not simply proportional to the relative
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TABLE 5-5

COMPARTSON OF LANDSAT MSS AND DMSP BANDPASS WEIGHTED
NORMALIZED INTENSITIES

Visibility

23 Km 5 km

tJ

Water Vapor (g/cm )

Instrument 335 0.034 3.35 0.034
MSS-4 . 105 <105 .234 .234
MSS-5 .080 .080 .194 .194
MSS-6% . 060 .060 157 157
MSS-7 012 2033 036 .097
DMSP .059 .062 L1406 27

*The water vapor bands in Figure 5-8 near 0.73 um have little effect on
the MSS-6 bandpass weighted radiances and, so no change is shown with
water vapor.
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contributions from each spectral segment alone, but the product of
relative contribution (based on response alone) times the radiance

available. From Equation 5-17:
[(DMSP) = TR (v) I(x) dx / ay ¢ dA (5-18)

constructing the I(DMSP) from the lLandsat bands alone, with the

following percentages for each baad (from Figure 5-5): MSS-4 10°

“1 0.10); MSS-5 20% (¢§ = 0.20); MSS-6 25% Wo = 0.25); and MSS-7 45%
0.45).

]

l§‘7

The integral can be written as a sum:

I (DMSP) =

IR e B |
£
—
o
1~
<

1

where 1. are the Landsat MSS radiances given in Table 5-5 for each case.

5
i
Since | ¢; = 1.0,
sk
1 B = :
1(DMSP) = 0.1014 + U._UIS + 0._510 + 0.4517.

Using the radiances given in Table 5-5 for one case (Case 1: 23 km),

as an example, the computed values are:

MSS g S 4 4
[¢;) 0.10 0.20 0.25 0.45 25 = 1.0
|li] 0.105 0.080 0.0060 0012
[¢.1.] 0.0105 0.016 0.015 0.0054 ¥¢.1. = 0.047 or
2 | =l s |
[(DMSP) = 0.047

For this example case, it can be seen that although 45% of the DMSP

response ($,) is covered by MSS-7  only 11.5% (.0054/.047) of the total
DMSP energy is available at that wavelength. For the MSS-4, and wave-
lengths, the total energy available is 22.3%, 34.0%, and 31.99%, respec-

tively. 1In fact, since energy available decrecases towards MSS-T




(Figure 5-8), it is expected that although DMSP's response is 45% MSS-7,
the higher energies available will systemmatically weight the lower MSS

bands higher, and the integrated response will be characteristic of a

lower band.
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6. SUMMARY OF RESULTS

6.1 Comparative Analysis of DMSP and Landsat Imagery

The data sample used for the comparative analysis of DMSP and
Landsat imagery was not as extensive as had been originally anticipated
because of the difficulties encountered in finding cases with Landsat
coverage in the area of an anomalous gray-shade pattern evident in a
DMSP image. Landsat scenes only cover a very limited area, so in many
potentially usable cases it was found that the Landsat coverage was just
outside the DMSP anomalous gray-shade pattern. Moreover, several other
potential cases were not usable because the only available DMSP data did
not include the low- or log-enhancement images; anomalous gray-shade
patterns cannot be detected except in the low- or log-enhancement data.

As a result of the difficulties in collecting a suitable data
sample, most of the cases eventually selected for analysis were for land
areas rather than the ocean. These cases satisfied the criteria of
reduced visibility in light fog or haze and the Landsat observation
being within two hours of the DMSP observation. However, the analysis
of subtle gray-shade patterns in Landsat data is more difficult over
land than over water because of the highly variable reflectance of the
background at the Landsat 80-meter resolution. The results of the

analysis of the cases described in Section 4 are summarized below.
6.1.1 Analysis of Cases Over Land

In all of the cases over land, the DMSP anomalous gray-shade
pattern is in an area of high humidities and reduced visibilities. As
explained in the theoretical discussion, high aerosol content (reduced
visibilities) is likely to be associated with a moist atmosphere; the
theoretical computations were based on this condition.

The results of the analysis indicate that in each case the Landsat
MSS-4 (visible band) image displays an overall more hazy tone than the
other spectral bands. In some cases where the Landsat scene is in the
area of a relatively light-gray shade tone in the DMSP, the MSS-5
image also displays a somewhat hazy tone, although less than that of the

MSS-4. 1In all cases, the MSS-6 and 7 (near infrared) images appear
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less hazy than the shorter wavelength bands; the MSS-6 generally appears
somewhat hazier than the MSS-7. In the MSS-4 images, however, no
distinct variation can be detected in the hazy tone from one portion of
the image to another; rather, the images display an overall hazy tone
even in areas where distinct tonal variations in the anomalous gray-
shade pattern are evident in the corresponding DMSP image.

The hazy tone of the MSS-4 images can be established by examining
the contrast between adjacent terrain features with high and low reflec-
tivities. In Case 2 (Section 4.2), for example, it is readily evident
that the contrast in the MSS-4 and 5 bands is considerably less than
that in the MSS-6 and 7 bands. In at least one case, it was also
possible to compare the contrast in MSS-4 images for a scene within a
lighter tone area in the corresponding DMSP image and a scene within an
area that appears darker in the DMSP; in this instance, the former
image has a noticeably more hazy tone than the latter.

When comparing the various Landsat bands, it must be remembered
that the contrast between water and vegetated land is much greater in
the MSS-7 than in the MSS-4 band. In the near-infrared portion of the
spectrum (MSS-7), water is essentially black whereas vegetation is
highly reflective; in the visible portion of the spectrum (MSS-4), the
difference in reflectance between water and land is considerably less.
Because of the inherent greater contrast in the near infrared, it would
be expected that a subtle haze pattern would be easier to detect in an
MSS-4 image. Nevertheless, the results of the analysis cannot be
attributed solely to this factor, and the observation that the MSS-4
band is consistently more hazy is in agreement with the findings of

other investigators such as Fraser (1976) and Griggs (1978).

6.1.2 Analysis of Case Over Water

The case of an anomalous gray-shade pattern over water off the West
Coast is quite different from the cases over land, where the patterns
were associated with a synoptic pattern that produced a relatively broad
area of high humidities and reduced visibilities. The anomalous gray-
shade pattern off the coast appears to be associated with a more local-

ized condition. The Landsat imagery indicates that the pattern seen in
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the DMSP is partly the result of small cloud cells that were below the
resolution of the VHR sensor. However, since the DMSP pattern extends
beyond the areas of the small cloud cells detectable in the Landsat
imagery, it appears that the.gray-shade pattern is also, in part, the
result of an area o! high moisture and high aerosol content remaining as
the clouds dissipate; the remaining particles were even too small to be
detected at the Landsat resolution. This finding is in agreement with
the analysis of these particular DMSP images by Fett and Mitchell
(1977).

In this case, the MSS-4 band appears to be measuring an overall
higher radiance, although the pattern of cloud elements appears the
same in the MSS-4, 5, or 6 bands; only in the MSS-7 band is the cloud
pattern significantly reduced.

The comparative analysis for this case demonstrates the signifi-
cance of the different resolutions of the DMSP VHR and the Landsat MSS.
It may be, in fact, that the distinctive tonal differences observed
within several of the anomalous gray-shade patterns in DMSP images are
the result of the sensor integrating over a relatively broad area as
compared to Landsat. When the image is produced, all of the individual
picture elements within a certain reflectance value fall into a par-
ticular gray-shade tone that is distinct from the adjacent tone. The
Landsat MSS, however, would detect several intermediate tones within the
same area.

In the case over water, areas with low reflectance (black) can be
detected along certain coastal areas in the Landsat imagery. These
patterns, which are particularly pronounced in the MSS-5 band, are
believed to be areas of calmer water within the lee of the land. Just
south of the most pronounced of these black areas, a wave pattern in the

water can also be detected, especially in the MSS-5 image.
6.2 Theoretical Analysis of Water Vapor Absorption

The theoretical analysis presented in Section 5 is based on certain
assumptions: (a) a particular model atmosphere, water vapor amounts,
and aerosol model and abundances; (b) a specific viewing geometry; (c¢) a

simple radiative transfer model; and (d) viewing against a water surface.
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Keeping these considerations in mind, the results of the theoretical

analysis of the effects of water vapor on the satellite imagery indicate

the following.

DMSP and lLandsat MSS-4, 5, and 6 radiances are more sensitive

to aerosol scattering than to water vapor.

Landsat MSS-7 radiances are highly sensitive to water vapor

while DMSP is affected to a lesser degree.

For realistic high humidity, low visibility situations, it is
aerosol growth not water vapor, per se, which increases DMSP
radiances; increased water vapor abundance, in fact, decreases

radiances.

Anomalous gray-shade patterns in areas where humidity is high
are most likely the result of small aerosol droplets in the
haze category (0.1 to 10 um).

Alternatively, when meteorological conditions are appropriate,
anomalous gray-shade patterns may be caused by cloud droplets

(20 to 400 um), which are not yet organized into cloud elements

large enough to be seen at the DMSP spatial resolution (1/3 nmi).

In these cases, the observed anomalous gray-shade patterns in
high humidity areas are caused more by the lack of spatial
resolution of the DMSP instrument than by the lack of spectral

resolution,




7. CONCLUSIONS AND RECOMMENDATIONS

~
—

Conclusions

A key requirement of the study was to compare DMSP and Landsat
data to determine which wavelengths within the total DMSP spectral
range are respoasible for the anomalous gray-shade patterns. Under the
scope of the effort it was possible only to carry out a comparative
analysis of the satellite imagery; digital data were not analyzed. From
; the results of the imagery analysis, it is difficult to draw quantita-
;% tive conclusions to address the question of which are the wavelengths
most responsible for. the observed DMSP response. The photographic
ti processes used in producing the DMSP and Landsat images introduce

§ substantial variability in the final products, whether on a day-to-day
1 basis or even when the images for the different Landsat bands of the

same scene are produced.

Furthermore, because of the limited data sample, only one case over
a water background was analyzed. For the balance of the observed cases
over land, specific conclusions are ditfticult to formulate since analysis
of the imagery tends to focus on the "haziness'" of the scene, which is
really a measure of scene contrast reduction. An analysis of haziness
would involve examining the changes in intensities for neighboring scene
pixels with different surface reflectances (such as water vs. vegetation);
calculations were performed, however, only for one surface type.
Earlier analysis (Isaacs and Chang 1975) indicates that contrast reduc-

tion is very sensitive to spectral band pass, model atmosphere, and

reflectance properties of the scene viewed.
The qualitative results of the imagery analysis indicate that the |

shorter wavelength Landsat bands, especially MSS-4, appear more hazy |

than the longer wavelength bands (MSS-6 and 7). The theoretical analysis,

however, indicates that simulated radiances from the DMSP are similar

to the Landsat MSS-6 band rather than to Band 4. As an explanation

for this apparent contradiction, the relative contributions of energy

from the different spectral intervals comprising the total DMSP response

must be considered rather than the response function alone. Whereas
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only a 10% contribution at the MSS-4 wavelength might be expected from
the response function, the relative energy contribution is actually more
than 20%. The magnitude of the contribution at the MSS-4 wavelength,
combined with the sensitivity of wavelengths near the peak DMSP response
(0.7 to 0.8 um) to increases in haze, results in the DMSP sensor being
quite responsive to aerosol loading.

An alternative explanation for the apparent contradiction between
the results of the imagery analysis and the theoretical analysis may be
formulated based on the differing spatial resolutions of the two instru-
ments (approximately 600 m for DMSP and 80 m for the Landsat MSS). With
these resolutions, some 50 to 100 Landsat pixels are contained within
one DMSP resolution element. Therefore, atmospheric features with con-
tinuously varying intensity responses, such as haze or developing
clouds, are sampled by Landsat at a much higher resolution. The DMSP
sensor, however, will produce an artificially distinct boundary since
the varying intensities within the field-of-view will be averaged over
a relatively broad area, as compared to Landsat. This explanation,
related to the spatial resolutions of the sensor rather than to spectral

differences, has not been investigated in the present study.

7.2 Recommendations for Further Study

The comparative analysis of the DMSP and Landsat imagery demon-
strates the qualitative variation in intensities measured by the dif-
ferent spectral bands. In some cases, however, the variations in
intensity are subtle and are difficult to assess tully through image
analysis alone. It is recommended, theretore, that further analysis
be carried out using Landsat digital tape data.

The analysis of digital tape data would permit a quantitative
evaluation of the intensity variations, The contrast reduction over
land could be determined, and variations in intensity over water that
may not be detectable in the imagery could be measured. Furthermore, an
experimental analysis of the Landsat data could be carried out to simu-
late the reduced resolution of the DMSP VHR. Such an analvsis would
determine whether the anomalous gray-shade patterns observed in the DMSP
imagery are the result, at least in part, of the spatial averaging by

the VHR sensor.,
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For further theoretical analysis, a study of realistic relative

humidity/aerosol growth models is recommended to determine more accurately
the water vapor and aerosol loading factors for the atmosphere. Such
relationships, when included within the radiative transfer calculation,
will enable the dynamics of aerosol growth pertinent to the asset and
dissipation of reduced visibility situations as seen from space to be
modeled.

It is also recommended that further analysis be undertaken to:

(1) repeat the calculations carried out in this study substituting a
maritime aerosol model and (2) evaluate the impact of aerosol scattering
anisotropy on the model results. Under the first of these proposed
additional tasks, the analysis would be extended by substituting a
maritime aerosol model of Shettle and Fenn (1976). Optical properties
of a model tropical atmosphere with varying water vapor amounts and the
maritime aerosol amount would then be computed over the DMSP/Landsat
spectral interval (0.4 to 1.1 um), and radiative transfer theory would be
used to evaluate monochromatic upward radiances using these optical
properties. Finally, simulated satellite incident radiance would be
calculated by weighting the monochromatic results using the appropriate
DMSP and Landsat MSS sensor bandpasses.

Under the second task, calculations would be performed using an
aerosol model with preferred scattering direction. Since Mie scattering
is highly anisotropic, it is desirable to evaluate the magnitude of this
effect on previous results. In this task two sample calculations would
be made using a tropical atmosphere with maritime aerosol amounts and
two diverse water vapor abundances. In addition to the optical properties i
available from the current study, the aerosol-scattering asymmetry ﬁ

factor would be evaluated using a computer code developed at ERT. The

radiative transfer equation including scattering anisotropy would be
solved, and both monochromatic and simulated DMSP/Landsat radiances
would be computed. Results of the current study would be compared to
assess the impact of anisotropy. It is expected that examination of
the preferred scattering properties of the aerosol will lead to the

delineation of specific sensor geometries favorable to the enhancement

or suppression of anomalous gray shades.
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