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Abstract
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Improvements have been made to the spatial coherence method for automatically

determining cloud-free ocean radiances in satellite imagery by incorporating the spectral

signatures of reflecting surfaces. The spatial coherence method relies on the fact that

small-scale cloud-free regions typically exhibit uniform emission and uniform reflection.

While small-scale overcast regions typically exhibit uniform emission, they often exhibit

considerable variability in reflectance. On rare occasions the requirements of spatial

uniformity are not met and errors are produced in estimated cloud-free radiances. The

frequency of errors in identification of cloud-free and overcast pixels was assessed using

two years of Advanced Very-High Resolution Radiometer (AVHRR) data from six regions

of the globe. Significant improvement in the identification of cloud-free radiances is

obtained by including a test of Q, the ratio of the AVHRR channel 2 (O.83-tm) reflectance

to channel 1 (O.63-tm) reflectance. Q varies depending on whether the reflecting surface
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is cloud-free ocean, cloud-free land, or overcast by clouds. A study was conducted to

determine the dependence of Q for overcast pixels on changes in season and geography.

While some variation is evident due to satellite viewing angle and differences in

atmospheric water vapor content, these effects are sufficiently small that constant

thresholds may be used to help separate cloud-free and overcast pixels. The modified

spatial coherence method uses the threshold for Q and radiance uniformity thresholds at

O.63-tm and 11-tm to identify cloud-free and overcast pixels. A sensitivity study was

performed to determine the dependence of cloud-free ocean radiance estimates on the

values of the uniformity thresholds. The results of the study indicate that using thresholds

of 0.5% for the 0.63-jtm reflectivity and 0.5 mWnv2sr'cm for the 11-tm radiance,

produces cloud-free radiances that are rarely biased by more than 0.4% for reflectances at

0.63 im and 0.4 K for the 11-pm brightness temperature. The uniformity and Q

thresholds may be used for a large variety of scenes from different seasons and geographic

areas.
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ImDroved Determination of Cloud-Free Radiances for Oceans

1. Introduction

Developing datasets of parameters such as surface temperature, surface reflectivity

and cloud fraction from satellite imagery data requires the ability to distinguish between

clouds and underlying surfaces. Although one can readily identify most cloud covered

regions in a visible daytime image, a key area of research is in development of automated

cloud detection algorithms. The goal is to develop an efficient, accurate and robust

algorithm for separating overcast and cloud-free regions in a scene.

Several methods of cloud detection have been developed with varying degrees of

success. The simplest form of cloud detection in satellite imagery is some form of

radiance threshold. Threshold methods assume that radiances for an imager's field of

view, called a pixel, which contains clouds, will differ substantially from the radiances for

cloud-free pixels. If visible radiances are analyzed, pixels with radiances greater than the

threshold are taken to be overcast, while all others are taken to be cloud-free. If infrared

radiances are analyzed, the overcast pixels are those with radiances less than the threshold.

Elaborate threshold schemes use several tests in succession to separate overcast and

cloud-free regions (Saunders and Kriebel, 1988).

A significant shortcoming of the method is that a single threshold cannot be used to

distinguish between overcast and cloud-free pixels in all cases. Temperatures and

reflectivities vary with time of day, season, geographic location and surface type.

Consequently, a single threshold will generally fail to distinguish between cloudy and
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cloud-free pixels, and often thresholds that seem to work for any given scene must be

manually adjusted. In addition, selecting a radiance threshold which determines whether a

pixel is overcast or cloud-free assumes no pixels can be partly cloudy. A partly cloudy

pixel will have a radiance that lies between that of an overcast and cloud-free pixel.

Depending on where the threshold is set, the cloud content for a scene may be

overestimated or underestimated. The effectiveness of the technique then depends on the

spatial resolution of the scanning instrument used and the actual makeup of the scene. A

threshold will obviously perform better on a scene with a large stratus cloud deck than a

scene with many small cumulus clouds.

Statistical or cluster analysis is another commonly used method of cloud detection.

Clustering algorithms attempt to divide a scene into its natural groupings based on

parameters set by the designer. In a simple case, a one-dimensional histogram of infrared

radiances may exhibit clusters that correspond to clouds at different altitudes or a uniform

water or land surface. Pixels that don't fit into a group may be partly cloudy or variable

land surfaces. Any number of dimensions can be used in this type of analysis, utilizing

features such as temperature, reflectivity, standard deviation, and spectral differences.

Some algorithms are designed to isolate the optimum number of clusters for a scene,

which are then classified as cloud layers and types or as cloud-free. Other algorithms use

a set number of predetermined categories so that a scene will be divided into a set number

of clusters.

Most clustering algorithms require some prior knowledge of the scene in question in

order to determine cluster boundaries. In addition, the success of clustering algorithms

depends on the technique used to distinguish clusters. Least-squares Euclidean distance



algorithms are common but considered ineffective for many applications (Pairman and

Kittler, 1986). Dynamic clustering methods, which modify the size and number of

clusters in a scene, have been shown to work more effectively (Desbois et al. 1982).

Current research with clustering in daytime land scenes has also shown much promise

(Simpson and Gobat, 1996).

The CLAVR-1 (Clouds from AVHRR-Phase I) cloud-detection algorithm uses all

available channels of the Advanced Very High Resolution Radiometer (AVHRR) in a

decision tree of tests using non-variant thresholds to identify cloud-free, overcast, and

mixed pixels. It has been successful in pixel identification over ocean and land under

daytime and nighttime conditions (Stowe et al. 1999).

The spatial coherence method developed by Coakley and Bretherton is designed to

identify uniform cloud and surface regions within a scene (Coakley and Bretherton, 1982).

It relies on the fact that clouds often reside in well-defined layers, and each layer has a

distinct emitting temperature corresponding to the air temperature near the top of the

cloud layer. The method identifies cloud-free and completely overcast regions by

examining the local uniformity of small arrays of neighboring pixels. Cloud-free regions

are expected to exhibit local uniformity at both infrared and visible wavelengths, while

clouds typically only exhibit uniformity at infrared wavelengths. Non-uniform reflectivity

in clouds is due to small-scale variability in liquid water content (Coakley and Baldwin,

1984). The method identifies cloud-free and overcast pixels without using radiance

thresholds or ancillary data, such as land masks or climatological data. The spatial

coherence method can identify multi-layered cloud decks, as well as clouds which do not

completely fill the instrument's field-of-view.
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Though the method succeeds in determining radiating temperatures when uniform

clouds are present, analysis has shown that it fails to perform well in certain cases.

Difficult areas to analyze include coastlines, frontal zones, land with varying topography,

and oceans with substantial horizontal temperature gradients. Some thick, extensive cloud

layers reflect uniformly as well as emit uniformly. These clouds are misclassified as

cloud-free. Some land surfaces exhibit considerable variability in reflected sunlight and

are misclassified as overcast.

Recent tests conducted with the spatial coherence method suggest that improved

results for daytime scenes occur when it is combined with the spectral signatures of

vegetation, cloud, and water. Each type of surface exhibits different reflective

characteristics in the visible (O.63-tm) and near-infrared (O.85-llm) channels of the

AVHRR which allows land, water and cloud clusters to be isolated. By using only the

uniformly emitting areas obtained with the spatial coherence method, the uncertainty in

identifying the cluster boundaries is greatly reduced.

For this study the performance of the current spatial coherence method in identifying

cloud-free and overcast pixels has been assessed. A feasibility study has also been

performed to determine whether the spectral signatures of vegetation, cloud, and water

can be used to improve the identification of cloud-free and overcast regions. The goal in

developing an improved spatial coherence algorithm has been to maintain the contextual

features of the original method while not relying on ancillary information such as land

masks, land types, or climatological data. A new scheme for identifying cloud-free ocean

and overcast pixels is described, and the validity of the cloud-free radiance results is

verified through sensitivity tests. Because additional uncertainty exists in the



identification of cloud-free land, discussion of the new scheme will be restricted to ocean

scenes.
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2. Spatial Coherence Method

The spatial coherence method relies on the spatial uniformity of reflected sunlight and

emitted radiation over scales containing several pixels to identify cloud-free regions.

Regions that are overcast by clouds in a single, well-defined layer exhibit spatially

uniform emission, but the reflected sunlight is often highly variable. Cloud-free regions

exhibit spatially uniform emission and reflection. The method does not seek to identify

every cloud-free and overcast pixel within a scene, but rather to determine representative

cloud-free and overcast emission and reflection. Based on the cloud-free and overcast

radiances, estimates of cloud cover for nearby partly cloudy pixels are obtained by

comparing emitted radiances for the pixels with those for the cloud-free and overcast

pixels in the region.

For this study, NOAA-9 Global Area Coverage (GAC) data from the Advanced Very

High Resolution Radiometer (AVHRR) were used. GAC data, having a pixel resolution of

approximately (4-km)2 at nadir, are derived by subsampling (1-km)2 AVHRR data. A

satellite pass is divided into scenes consisting of 256 scan lines in the along-track direction

and 384 scan spots in the cross-track direction (approximately 2400 km x 1000 km). To

examine local characteristics, each scene is first divided into several 64 scan line x 64 scan

spot frames of approximately (250 km)2 each. Within each frame, 1024 (8-km)2 arrays

are formed consisting of two pixels in the along-track direction and two pixels in the

cross-track direction of the satellite path. A typical scene of visible reflectances with the

frame grid overlaid is shown in Figure 2-1(a). The data for the image were collected over



(a)

(b)

Figure 2-1 (a) 2400 km x 1000 km GAC 0.63-tm image over north Pacific ocean. The
grid outlines the (256 km)2 frames used in the analysis. (b) Same as (a), except the image
is overlaid with a mask created with the spatial coherence method: Green pixels represent
cloud-free regions and pink pixels represent overcast regions. The frame outlined with
blue is discussed in the text.
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the north Pacific ocean. Figure 2-1(b) shows the visible image overlaid with the mask of

overcast and cloud-free regions selected by the spatial coherence method based on the

spatial uniformity of the emitted and reflected radiances, as described below.

The local means and standard deviations of the AVHRR infrared (11-nm) radiances

and visible (O.63-tm) reflectivities are calculated for each pixel array within a frame.

These values are shown in Figure 2-2. The data used for this figure were obtained from

the frame outlined in blue in Figure 2-1(b). The region contains both cloud-free and

overcast pixels. The feet of the arch in Figure 2-2(a) represent arrays with high spatial

uniformity in the infrared. The pixels found in the warm foot are presumed to be cloud-

free, while those in the cold foot are presumed to be overcast by a single-layered cloud

deck. If additional cloud decks were present at higher altitudes, they would have colder

temperatures and thus would appear as feet at lower radiances, provided sufficient

numbers of pixels overcast by these clouds were present. Pixel arrays with high standard

deviations in their 11 -jim radiances are indicative of partly-cloudy pixels. The variability

in emission is due to the variation in pixel-to-pixel cloud cover within the array. Since

only one cloud deck is present in this scene, the cloud-fraction in the partly covered pixels

may be estimated by assuming each pixel consists of a proportion of cloud-free and

overcast radiances. The linear relation for the radiance of each pixel is given by

I (1A)I+AI (EQ2-1)
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(b)

Figure 2-2 (a) 11-tm local mean radiance versus local mean standard deviation for

2-scan line x 2-scan spot pixel arrays within a (64 km)2 NOAA-9 GAC image. (b) Same
as (a), except O.63-jtm reflectivities.

where A is the fractional cloud cover within a pixel, I is the radiance associated with the

cloud-free portion, and I is the radiance associated with the overcast portion. Here the

fractional cloud cover is taken to be that due to clouds that are opaque at 11 -jtm. As others

have noted (Wielicki and Parker, 1992; Luo et al, 1994), clouds that only partially cover

imager pixels are often semitransparent. Consequently, the fractional cloud cover should

be taken to represent the effective cloud cover, which is the mean of the product of the

cloud emissivity and the fractional cloud cover within the pixel. Regardless of its inter-

pretation, the fractional cloud cover, A, can be used as a measure of the extent to which

any pixel is cloud-free. While the spatial coherence method utilizes only those pixel

arrays that exhibit both spatially uniform emission and reflection to determine representa-
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tive values of cloud-free emission and reflection, as discussed further below, other pixels

that exhibit emission and reflection that fall within the ranges of those for the spatially

uniform emitters and reflectors will also have small values of A. Such pixels might rea-

sonably be identified as cloud-free.

For arch feet representing localized regions of spatially uniform emitters, additional

information is required to determine whether the foot corresponds with a cloud-free or

overcast region. For daytime scenes, the spatial uniformity of visible reflectivities, as

shown in Figure 2-2(b), can be used in this determination. In order for a region to be

classified as cloud-free it must exhibit local uniformity at both infrared and visible

wavelengths. Such uniformity is common over open ocean, as demonstrated by the low

reflectance foot in Figure 2-2(b). No similar foot can be found corresponding with the

overcast region of the frame. Reflection by overcast clouds tends to be non-uniform due

to the high spatial variability in cloud liquid water content. Land can also exhibit uniform

reflection, but complex terrain and patterns of vegetation can produce highly variable

reflectivities. In order to be identified as cloud-free, the spatial coherence algorithm used

here requires that 70% of all pixel arrays in the warm foot must also be found in the low

reflectivity foot. In Figure 2-1(b), the green pixels represent regions identified as having

uniform emission and reflection (in this case cloud-free ocean), and pink pixels represent

regions identified as having only uniform emission (in this case overcast by a single-

layered cloud system).

Pixels belonging to the feet in Figure 2-2 are identified with a 1 -D cluster algorithm

that is described in the Appendix. When arrays making up the feet within a frame are

determined, statistics such as means, standard deviations, numbers of pixels identified as
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either cloud-free or overcast, along with the range of infrared and reflected radiances, are

stored for each 16 scan line x 16 scan spot pixel array, approximately (64 km)2. The

identification of pixel arrays exhibiting uniform emission (overcast) and those exhibiting

uniform emission and reflection (cloud-free) and the collection of radiance statistics

constitutes a "first pass" in the spatial coherence image analysis. In this study, the first

pass statistics are used to improve the identification of cloud-free pixel arrays.

A drawback of the current scheme is that pixels that are nearly cloud-free sometimes

fail to exhibit sufficient spatial uniformity at visible wavelengths. These pixels are

misclassified as overcast. Such pixels are readily identified when the dependence of

cloud-free and overcast radiances and reflectivities on satellite zenith angle is examined,

as shown in Figure 2-3. Points in Figure 2-3 give means of the overcast and cloud-free

pixels within individual 60-km scale subframes. Asterisks indicate means for pixels

exhibiting uniform emission and dots indicate means for pixels exhibiting uniform

emission and reflection. In this case, cloud-free pixels had mean brightness temperatures

> 290 K and mean reflectivities < 0.15. Overcast pixels had mean brightness temperatures

<270 K and mean reflectivities > 0.15. Many cloud-free and overcast pixels were

misclassified. In the "second pass" of the spatial coherence analysis (Coakley and

Baldwin, 1984), which is not used here, the dependence of reflected and emitted radiances

on satellite zenith angle is used to identify and remove pixels which are misclassified as

cloud-free or overcast.

High variability in cloud-free reflectivities is common where the surface or vegetation

is spatially heterogeneous at the pixel scale. Horizontally extensive, thick clouds may also

exhibit spatially uniform reflectivities at visible wavelengths. These cloud layers may
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likewise be classified as cloud-free. Often such pixels are reclassified in the second pass

portion of the analysis, but a significant number of pixels remain misclassified after the

second pass. In this study, pixel-scale classifications from the first pass processing were

subjected to additional analysis in order to develop a more reliable method for identifying

overcast and cloud-free pixels. The findings of this assessment were used to develop a

new pixel identification scheme.
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3. Dataset

The regions used in this study are shown in Figure 3-1. Three ocean regions are

included: one in the Pacific ocean along the Intertropical Convergence Zone and trade

wind region (ITCZ), one in the North Pacific Ocean (NPC) and one in the North Atlantic

Ocean (NAT). Three land regions are also included: North America (NAM), South

America (SAM) and North Africa (NAF). The ocean regions span a wide range of

maritime cloud structures and sea surface temperature gradients. The continental regions

span a variety of vegetation and surface temperatures. For each region, afternoon NOAA-

9 GAC data were compiled for the months of February, April, July and October, for up to

six days taken at five day intervals within each month. Data were available for the years

Figure 3-1 Map showing regions of globe used in study
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of 1985 and 1986, but not all regions had full sets of data for both years. Each satellite

pass consisted of four contiguous 384 scan spot x 256 scan line scenes. For the NAF

region, the extent of the scenes were curtailed to desert latitudes, and for the NPC region,

the scenes were constrained in latitude to avoid duplication of ITCZ region data.

Only data from the AVHRR channels 1 (0.63-jtm), 2 (0.85-tm) and 4 (11-tm) were

used in this study. As mentioned previously, 11 -m radiances were converted to

brightness temperatures. Visible and NIR reflectivities were calibrated to account for

post-launch sensor degradation using the method of Rao and Chen (1994). The

reflectances accounted for the solar zenith angle at the time of observation and were

corrected for sun-earth distance. All water pixels that were located within the range of

sunglint were removed. For a smooth surface, sunglint occurs when the solar zenith angle

is equal to the satellite viewing angle and the relative azimuth angle is equal to 00. The

incident light is reflected directly from the surface into the satellite sensor. Cloud-free

radiances contaminated by sunglint are higher than normal, making cloud-free pixels

within the sunglint region difficult to distinguish from overcast pixels. Other factors,

particularly wind speed, increase the range of viewing angles which are affected by

sunglint. The region of sunglint can be identified using the angle of reflection of incident

sunlight, w, defined as:

w = arccos(cos0cos00+ sin0sinO0cos(-40)) (EQ3-1)
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where,

0 = satellite zenith angle

solar zenith angle

= satellite azimuth angle

= solar azimuth angle

For this study, pixels that fell within the region w < 36° were considered to be contam-

mated by sunglint.
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4. Assessment of Pixel Identification Errors in the Current Spatial
Coherence Method

A composite analysis was performed to assess the accuracy of the spatial coherence

method in identifying cloud-free and overcast pixels. Pixels are defined to be cloud-free

by the spatial coherence method if they belong to arrays exhibiting spatially uniform

emission and spatially uniform reflection. Pixels are defined to be overcast if they belong

to arrays exhibiting spatially uniform emission only. In the spatial coherence first pass

analysis, statistics are retained for pixels found within each (60 km)2 subframe that meet

these specifications. These statistics were used in the composite analysis to determine

how frequently pixels are being incorrectly identified as cloud-free or overcast.

Subframe statistics were compiled for six unique regions with observations from four

different months collected over two years. For instance, for July 1985 observations were

available from afternoon satellite passes over North America that occurred on six different

days. For each region and month, mean 11-nm brightness temperatures and mean

0.63-gm reflectivities for the pixels belonging to arrays exhibiting spatially uniform

emission within each (60 km)2 subframe were saved. The data were separated into 12

sections based on four latitude bands of equal angular distance and three viewing

geometries: the directions of forward, nadir and backward scatter for reflected sunlight.

In order to determine whether brightness temperatures and reflectivities were

noticeably affected by viewing geometry, data from each scene were divided into three

satellite viewing geometries: the directions of forward, nadir, and backscatter of reflected

sunlight. Satellite viewing angles in the range 48° <0 < 67°, and relative azimuth angles
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in the range 0° < q <64°, were used to represent the forward scatter direction.

Satellite viewing angles in the range 00 < B < 22°, and relative azimuth angles in the range

0° < <57° and 74° < <180°, were used to represent the nadir direction.

Satellite viewing angles in the range 40° <0 <58°, and relative azimuth angles in the

range 126° < 4 < 180°, were used to represent the backscatter direction. These

satellite viewing angles and relative azimuth angles correspond with the first, third and

fourth, and sixth frame across the scan, respectively. Data in the second and fifth frames

were not used in order to heighten differences between the nadir and limb viewing

geometries.

In the North America region, only data for subframes with mean latitudes below 35°N

were selected during February and April to avoid land regions which may have had snow-

or ice-cover. Snow and ice have visible and NIR reflectivities and brightness temperatures

that are difficult to distinguish from those of overcast pixels.

For each section, the mean 11-pm brightness temperatures were plotted with the mean

0.63-rim reflectivities, as in the example shown in Figure 4-1. Figure 4-1 shows the mean

11-nm brightness temperatures and mean 0.63-tm reflectivities for cloud-free and

overcast pixels in subframes from data collected from the North America region during

July 1986. The data are from the forward scatter direction and latitudes between 22°N and

31°N of each image. Since the separation between the group of points representing cloud-

free pixels and the group of points representing overcast pixels is large, simple radiance

thresholds were interactively selected to isolate cloud-free pixels and overcast pixels in

the figure. The classifications by the spatial coherence method were compared with the
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Figure 4-1 Mean 11-rim brightness temperatures and mean 0.63-tm reflectivities for
(60-km)2 subframes in the forward scatter section between 22-31°N latitude in the North
America region during July 1986. Points represent pixel arrays classified as cloud-free and
asterisks represent pixel arrays classified as overcast.

classifications based on the brightness temperature and reflectivity thresholds. Asterisks

in Figure 4-1 indicate means for pixels belonging to arrays that exhibited spatially uniform

emission. Dots indicate means for pixels belonging to arrays that exhibited spatially

uniform emission and spatially uniform reflection. For this example, 80% of the 55

subframes with overcast pixels were correctly classified and 84% of the 159 subframes

with cloud-free pixels were correctly classified.

Several statistics were compiled for each region and month in the analysis. These

statistics included the total number of subframes containing overcast pixels or cloud-free

pixels, the percentage of subframes containing overcast pixels which were correctly
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classified, and the percentage of subframes containing cloud-free pixels which were

correctly classified.

Ocean Results

The results for the three ocean regions are summarized by viewing geometry and

month in Tables 1 through 3. Both northern oceans had fair results for cloud-free pixel

identification. The ITCZ region, on the other hand, had poor results for cloud-free pixel

identification. The poor classification of cloud-free pixels is likely due to contamination

by cumulus clouds. This type of cloud is often small compared with the (4-km)2 pixel size

and often found in groups which span several adjacent pixels. All of the ocean regions

had relatively high percentages of correctly identified overcast pixels. Because of

contamination by sunglint, many months had proportionately fewer cloud-free and

overcast pixels identified in the direction of forward scatter of reflected sunlight. Most of

the data loss from sunglint contamination occurred in the North Pacific and ITCZ regions

as a result of their low latitudes. Additionally, the North Pacific region had a reduced

range of latitudes in the dataset to avoid redundancy with the ITCZ region. For the ITCZ

region, the number of subframes with cloud-free pixels was proportionately greater than

the number of subframes with pixels overcast by uniform layered clouds. The low number

of subframes with overcast pixels may be due to the higher spatial variability associated

with the convective clouds common to the region. No dependence of the results was

found with respect to view angle or time of year.



Table 1: First Pass Identification of Overcast and Cloud-Free Regions:
North Pacific

Percentage
Percentage

Subframes
Correctly Subframes

Correctly
# of Viewing with Identified withMonth
Days Geometry* Identified with with Cloud-

Overcast Uniform
Uniform Free Pixels

Pixels Emission and
Emission

Reflection

f 160 96 122 71

Feb, 1985 2 n 193 97 343 51

b 181 93 139 43

f 74 100 144 86

Feb, 1986 4 n 288 95 500 83

b 248 91 188 76

f 138 67 52 88

April, 1986 5 n 683 75 517 74

b 368 98 417 73

f 111 62 293 88

July, 1985 5 n 277 76 225 77

b 545 90 404 50

f 132 81 167 89

July, 1986 5 n 364 83 381 82

b 501 89 472 50

f 136 84 165 60

Oct, 1985 3 n 510 90 818 72

b 299 95 375 76

f 31 100 9 100

Oct. 1986 5 n 601 81 1041 88

b 300 90 529 51

f=forward scatter(48°<0<67°,0° <4<64°)
n = nadir scatter (0° < 0< 22°, 0° <- < 57° and 74° <4 < 180°)

b = backward scatter (40° <0< 58°, 126° <4 < 180°)



Table 2: First Pass Identification of Overcast and Cloud-Free Regions:
North Atlantic

# of Viewing
Month

Days Geometry

f

Feb, 1985 4 n

b

f

Feb, 1986 4 n

b

f

April, 1985 5 n

b

f

April, 1986 5 n

b

f

July, 1985 6 n

b

f

July, 1986 5 n

b

f

Oct. 1985 4 n

b

f

Oct, 1986 6 n

b

* f = forward = forward scatter (L

n = nadir scatter (0° < 0< 22°, 0
b = backward scatter (40° < 0 <
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Percentage
Subframes

Percentage
Correctly

Correctly Subframes
with Identified with

Identified with with Cloud-
Overcast Uniform

Uniform Free Pixels
Pixels Emission and

Emission
Reflection

422 91 337

582 94 704

188 72 225

388 86 568

720 79 822

304 97 211

275 94 241

626 89 558

397 83 384

195 86 131

640 91 1061

305 90 620

456 88 390

495 96 412

499 89 332

260 86 288

634 97 190

414 96 343

387 78 311

487 84 1336

283 82 458

246 89 166

850 86 1309

189 92 521

8° <0<67°, 0° <- <64°)
<57° and 74° <-4 < 180°)

58°, 126° <4 < 180°)

84

87

82

73

91

87

65

78

48

75

86

82

74

59

43

62

46

42

65

94

60

78

82

61
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Table 3: First Pass Identification of Overcast and Cloud-Free Regions:
Intertropical Convergence Zone

Percentage
S ubframes

Percentage
Correctly

# of Viewing with
Correctly Subframes

Identified with
Month

Days Geometry* Overcast
Identified with with Cloud-

Uniform
Pixels

Uniform Free Pixels
Emission and

Emission
Reflection

f 76 93 124 40

Feb, 1985 2 n 152 81 416 34

b 356 100 353 9

f 18 100 102 72

Feb, 1986 4 n 79 100 745 50

b 127 100 590 41

f 113 78 262 27

April, 1985 5 n 285 97 760 43

b 389 97 673 17

f 37 86 173 29

April, 1986 5 n 169 96 1143 54

b 338 96 679 42

f 14 100 497 61

July, 1985 4 n 57 100 666 46

b 199 94 518 40

f 145 91 682 58

July, 1986 6 n 293 91 1571 75

b 366 90 1003 43

f 62 87 63 41

Oct, 1985 4 n 237 81 1004 57

b 341 99 737 52

f 0 0

Oct, 1986 5 n 350 89 1076 73

b 280 84 798 58

f = forward scatter (48° < 0< 67°, 0° <4 < 64°)
n = nadir scatter (0° < 0< 22°, 0°<- < 57° and 74° <4 < 180°)

b = backward scatter (40° <0< 58°, 126° <q < 180°)
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Land Results

The results for the three land regions are summarized by viewing geometry and month

in Tables 4 through 6. Over land, cloud-free pixels were more often correctly identified in

the North American and North African regions compared with the South American region.

Like the ITCZ region, the South American region was characterized by large numbers of

convective clouds that contributed to high spatial variability at visible wavelengths. The

number of subframes containing cloud-free pixels was consistent year-round for the North

African region and higher for July and October in the South American region. The

number of subframes with cloud-free pixels in the North American region was reduced in

months other than July due to the limitation in latitude imposed to avoid snow and ice.

Overcast pixels were more often correctly identified in the South American and North

African regions than in the North American region. As expected, there were few

subframes with overcast pixels identified in the North African desert region.

Currently, the spatial coherence method requires that 70% of pixel arrays found in the

warmest infrared foot in a frame also be found in the darkest visible foot. When the

requisite spatially uniform reflection is not achieved, all the pixels belonging to arrays

found in the foot are classified as being overcast by layered clouds. This requirement

may lead to significant numbers of cloud-free pixels being identified as overcast.

There are also cases of cloudy pixels exhibiting uniformity at visible wavelengths.

These pixels will be identified as cloud-free. Extensive low-level cloud layers and thick

storm clouds capped by the tropopause inversion occasionally exhibit such spatial

uniformity. While the case of cloud-free regions not exhibiting spatially uniform



Table 4: First Pass Identification of Overcast and Cloud-Free Regions:
South America

# of Viewing
Month

Days Geometry*

F

A

Ag

Ju

Ju

f

b, 1985 3 n

b

f

b, 1986 5 n

b

f

ri!, 1985 4 n

b

f

ril, 1986 4 n

b

f

ly, 1985 6 n

b

f

ly, 1986 5 n

b

f

Ct,1985 6 n

b

f

Ct, 1986 4 n

b

* f= forward scatter (48° <0<67
n = nadir scatter (0° < 0 < 22°, 0

b = backward scatter (40° <0 <

Percentage
Subframes

Percentage
Correctly

Correctly Subframes
with Identified with

Identified with with Cloud-
Overcast Uniform

Uniform Free Pixels
Pixels Emission and

Emission
Reflection

269 86

520 93

347 92

464 82

1162 93

544 97

292 85

463 83

337 100

329 86

589 87

165 98

283 93

497 91

227 67

282 87

483 87

212 94

399 91

689 93

539 92

255 90

470 100

229 87

°, 0° <-4o < 64°)

<4o <57° and 74° <-4 < 180°)

58°, 126° <- < 180°)

292

755

269

281

971

405

191

790

311

518

948

347

946

2200

867

963

2095

827

517

2090

806

333

1350

560

23

61

44

8

50

20

13

41

18

20

82

47

44

82

66

60

93

78

24

72

40

35

64

78

24
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Table 5: First Pass Identification of Overcast and Cloud-Free Regions:
North America

Month
# of
Days

viewing
*

Geometry

Subframes
with

Overcast
Pixels

Percentage
Correctly

Identified with
Uniform
Emission

Subframes
with Cloud-
Free Pixels

Percentage
Correctly

Identified with
Uniform

Emission and
Reflection

f 173 70 85 81

Feb, 1985 3 n 145 71 348 87

b 67 71 144 92

f 96 63 216 94

Feb, 1986 5 n 210 87 499 84

b 38 84 288 88

f 17 11 272 72

April, 1985 5 n 44 65 847 92

b 111 93 176 96

f 194 75 304 90

April, 1986 5 n 137 54 1387 99

b 67 92 344 91

f 182 72 766 75

July, 1985 5 n 710 66 1483 80

b 364 93 602 60

f 268 47 598 83

July, 1986 6 n 456 79 1812 85

b 150 98 752 65

f 169 73 358 80

Oct, 1985 5 n 198 95 915 92

b 108 54 317 91

f 158 83 303 83

Oct, 1986 4 n 223 74 716 100

b 799 100 298 99

f=forward scatter(48°<0<67°,0°<-0<M°)
n = nadir scatter (0° < 0<22°, 0° < 4-4 < 57° and 74° <- < 180°)

b = backward scatter (40° <0 < 58°, 126° <4- < 180°)



Table 6: First Pass Identification of Overcast and Cloud-Free Regions:
North Africa

# of Viewing
Month

Days Geometry*

F

AF

Ju

Ju

f

b. 1985 4 n

b

f

b, 1986 2 n

b

f

ri1, 1986 3 n

b

f

ly, 1985 5 n

b

f

ly, 1986 5 n

b

f

ct, 1985 6 n

b

f

ct,1986 5

b

f= forward scatter (48° <0<67
n = nadir scatter (0° < 0< 22°, 0
b = backward scatter (40° < 0 <

Percentage
Subframes

Percentage
Correctly

Correctly Subframes
with Identified with

Identified with with Cloud-
Overcast Uniform

Uniform Free Pixels
Pixels Emission and

Emission
Reflection

22 100

0 --

22 100

28 100

70 100

32 100

182 59

127 99

53 83

157 77

154 74

99 87

144 77

245 84

97 100

82 100

167 83

12 100

171 71

84 100

15 100

°, 0° <tl < 64°)

<- < 57° and 74° <-4 < 180°)

58°, 126° <4 < 180°)

629

1335

647

679

1315

560

473

1131

561

858

1871

801

879

1744

841

984

1834

869

849

1884

931

63

87

82

78

85

86

71

76

92

63

67

72

70

70

83

86

90

95

72

90

90

26
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reflection can occur, it is mainly confined to land, where the variability due to topography

and the distribution of vegetation within a frame can be significant.

In the current spatial coherence algorithm, only a single cloud-free foot may be

identified within each frame. Consequently, when multiple cloud-free regions exist in a

frame, such as land and water, or multiple bodies of water at different temperatures, the

warmest foot is selected as the cloud-free foot and the remainder is presumed to be cloud

contaminated. Finally, because cloud-free pixels and overcast pixels are identified at the

frame scale, any identification errors that are made will be carried over to all the

subframes making up the frame.

These examples illustrate some of the problems associated with the current spatial

coherence algorithm. The results of the composite study show that these factors can lead

to large numbers of incorrectly identified pixels. Clearly, the objective of the spatial

coherence method, to accurately identify cloud-free and overcast regions, is not

consistently being met. By incorporating other available AVHRR radiances into the

algorithm, a more robust method for separating the range of radiances for cloud-free

pixels and overcast pixels may be realized
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5. Using Visible and Near-Infrared Spectral Signatures to Identify
Clouds, Land and Water

To more accurately identify cloud-free and overcast pixels in the spatial coherence

algorithm, differences in the visible and near-infrared spectral signatures of cloud, land,

and water are used to refine pixel identification. The AVHRR has a visible channel at

0.63-jim and a near-infrared (NIR) channel at 0.85-jim. The ratio between these two

channels, defined as Q = reflectivity at 0.85-jim / reflectivity at 0.63-jim, varies depending

on whether a pixel is overcast or cloud-free (Saunders and Kriebel, 1988). For overcast

regions, Q is approximately unity. Clouds are gray. At wavelengths where absorption is

small, as is the case for the visible and NIR channels used here, clouds reflect sunlight

equally well at all wavelengths. Cloud-free regions over land exhibit Q values greater

than one, and can have values as high as 5 or 6. This difference in reflectivity is due to

green plants that have strong chlorophyll absorption bands near 0.63-jim and a high

reflectivity at 0.85-jim. This reflectance at NIR wavelengths helps prevent green plants

from overheating. Land without much vegetation is then expected to produce a value of Q

close to unity. Over water, visible wavelengths are affected more by aerosol and Rayleigh

scattering than are the NIR wavelengths. Therefore, Q over ocean and lakes tends to be

much less than one, but typically greater than 0.4.

When Q is plotted as a function of the 11 -jim emission temperature for a scene, the

values tend to group in domains representative of different reflecting surfaces.

Figure 5-1(a) illustrates the case for a 128 scan spot x 256 scan line GAC scene over the

southeast United States, including the Gulf of Mexico. 11-jim radiances have been
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converted to brightness temperature using the Planck function and a central wavelength of

10.8 x i0 cm as given by

C1u3
= (EQ 5-1)B(T)

[expJ i]

where

B = 11-pm radiance

C1 = 1.19 x i0 mW m2 sr cm4

C2 = 1.44cm K

Cloud decks tend to group around Q = 1 at low temperatures. Land and water have

warmer temperatures and Q values that depart from unity. The separation between the

groups in Figure 5-1(a) is unclear due to partly cloudy pixels, which have radiances that

mix the pure values for cloud-free and overcast pixels.

Values of Q and the 1 1-jim brightness temperatures for the same scene are also plotted

in Figure 5-1(b), but only for pixel arrays identified with the first pass analysis as

exhibiting uniform emission. In this case, the cloud, water, and land groups are widely

separated in the temperature-Q domain. Rarely do partly cloudy pixel-arrays exhibit

sufficient uniformity to be identified as cloud-free or overcast by the spatial coherence

method. Pixels that lie between the cloud-free land and water clusters are uniform coastal

regions and non-vegetated land.
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Figure 5-2 is identical to Figure 5-1(b), except that the pixels belonging to arrays that

exhibited spatially uniform emission and spatially uniform reflection are plotted in green,

while pixels belonging to arrays that exhibited spatially uniform emission only are plotted

in pink. Pixels belonging to arrays that exhibit spatially uniform emission and spatially

uniform reflection are interpreted as being cloud-free, and those pixels belonging to arrays

that exhibit spatially uniform emission only are interpreted as being overcast. Many pixel

arrays in the cloud cluster exhibited both spatially uniform emittance and spatially

uniform reflectance, particularly at colder temperatures. Pixels in these arrays were

classified as being cloud-free by the first pass analysis, when in fact they belong to a cloud

deck. Likewise, a large number of pixel arrays in the cloud-free water cluster did not
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Figure 5-1 (a) 11-tm brightness temperatures versus Q for 128 scan spot x 256 scan line
GAC scene in southwestern United States. (b) Same as (a), except only pixels belonging
to arrays exhibiting spatially uniform emission selected with first pass analysis are plotted.
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Figure 5-2 1 1-tm brightness temperatures versus Q for 128 scan spot x 256 scan line
GAC scene in southwestern United States. Pixels belonging to arrays exhibiting spatially
uniform emission selected with first pass analysis are pink, while pixels belonging to
arrays exhibiting spatially uniform emission and spatially uniform reflection are green.

exhibit spatially uniform reflectance. These pixel arrays were classified as overcast in the

first pass analysis.

As indicated by the results in Figure 5-2, many of the misidentified pixels, can be

properly classified when the ratio of NIR to visible reflectivities, Q, is brought into the

analysis. By applying simple thresholds above and below the Q values for the overcast

pixels, the cloud-free land and water pixels can be identified. If the individual clusters

representing overcast and cloud-free regions exhibiting spatially uniform emission can be

isolated automatically in the processing, cloud-free and overcast pixels can be more
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accurately identified. The objective of this study is to determine how this correction,

which is easily performed by visual inspection of images or diagrams like Figure 5-2, can

be implemented automatically. The study uses results from several climatologically

distinct regions and different times of year to explore the limitations of such an approach.
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6. Temporal, Regional, and View Angle Dependence of Spectral
Signatures for Clouds

In order to incorporate the spectral signatures described in Chapter 5 into the spatial

coherence algorithm, a determination of the range of Q for clouds must be made. The goal

here is to determine what values of Q can be used to distinguish between cloud-free and

overcast pixels in a scene, and whether these values exhibit any dependence on time of

year, location, or viewing geometry. A composite study was performed to examine the

temporal, regional, and view angle dependence of the values of Q for cloud-free and

overcast pixels.

First, cloud-free and overcast radiances from the first pass analysis were composited,

as in the spatial coherence composite study described in Chapter 4. For land composites, a

land mask was used to remove subframes containing mostly water, and for water

composites, a land mask was used to remove subframes containing mostly land. In order

to determine the dependence of the results on spatial variability and viewing geometry, the

dataset was divided into four equally sized latitude bands and three viewing geometries:

the directions of forward, nadir and backward scattering for reflected sunlight. Forward

scatter included satellite viewing angles in the range 48° <0 < 67°, and relative azimuth

angles in the range 0° < <64°. Nadir scatter included satellite viewing angles in

the range 00 <0 <22°, and relative azimuth angles in the range 0° < <570 and

74° < <1800. Backward scatter included satellite viewing angles in the range

40° < 0 < 58°, and relative azimuth angles in the range 126° < <180°. Twelve

sections were analyzed for each combination of region, month, and year. Up to eight
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months of data for each section were examined to determine the range ofQ associated

with overcast pixels. The method used to isolate overcast pixels and cloud-free pixels

differed for ocean scenes and land scenes.

Ocean Scenes

To identify overcast pixels for oceans, a relative frequency distribution of Q was

obtained from the subframe data for each latitude/viewing geometry section. The 1 -D

cluster algorithm described in the Appendix was used to identify significant peaks in the Q

distribution. As described below, distributions of 11 -tm brightness temperatures were

used to identify overcast pixels for land scenes. The 11-rim brightness temperature

distributions could not be used to identify overcast pixels for ocean scenes due to the

proximity of the brightness temperatures for cloud-free ocean pixels and pixels overcast

by low-level clouds or fog. Additionally, the values of Q for low-level cloud decks and

cloud-free ocean covered by haze occasionally overlapped. As a further complication, the

value of Q for low-level cloud decks is reduced due to water vapor in the atmosphere

above the cloud deck. Water vapor absorption at NIR wavelengths causes a reduction in

reflectivity at O.85-tm. Since the 0.85-jim reflectivity appears in the numerator of Q, Q is

reduced. This phenomenon is demonstrated in Figure 6-1, which shows mean values of Q

drawn from subframes containing low-level and upper-level cloud decks for both ocean

and land regions .The data are for pixels belonging to arrays that exhibited uniform

emission only. Additionally, the pixels had 0.63-jim reflectivities > 0.25 for ocean scenes,

> 0.40 for mid-latitude land scenes, and > 0.50 for desert scenes. 11-jim brightness
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temperatures > 275 K represented the low-level clouds and 11-tm brightness

temperatures <240 K represented the upper-level clouds. Values of Q for the warmer,

low-level clouds are typically much lower than those for upper-level clouds. The water

vapor effect is present over land, but to a lesser degree. When ocean scenes are covered

by haze, Q for cloud-free pixels approach those due to overcast pixels. Haze, which

consists of marine aerosols, scatters visible radiation strongly. The 0.63-rim radiances are

more strongly scattered in the forward direction than the O.85-pm radiances. Since the

O.85-tm radiance is in the numerator of Q, Q will increase when a haze layer exists

between the satellite and the ocean surface.

In addition to performing the analysis in the Q domain, only those pixel arrays that

exhibited spatially uniform emission but not spatially uniform reflection were used to

determine the limits of Q for overcast pixels. Analysis showed that arrays of haze-filled

cloud-free pixels are likely to exhibit both spatially uniform emission and spatially

uniform reflection.

Often, both low-level and high-level clouds were found within a given section. Since

atmospheric water vapor may cause reduced Q for low-level clouds, significant peaks of

pixels exhibiting spatially uniform emission at several distinct values of Q were possible.

Significant peaks identified with the l-D cluster algorithm with mean Q > 0.8 were

assumed to consist of overcast pixels and were combined. p, the mean value ofQ for the

overcast pixels, and a, the standard deviation of Q, were computed for each month and

viewing geometry. Values of Q representative of overcast pixels were taken to be at

± 4. Since the composite procedure used mean values of Q for subframes to

determine the cloud boundaries, an eight standard deviation width was considered
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necessary to ensure that the majority of overcast pixels in an image were identified.

Figure 6-2(a). shows mean 11-jim brightness temperatures and mean values of Q for

pixels exhibiting oniy locally uniform emission. The data were collected from the North

Pacific region during October 1986. The data include the nadir viewing region and

latitudes between 32°N and 45°N. Figure 6-2(b) shows the significant peak for overcast

pixels as obtained with the 1 -D cluster algorithm. Figure 6-2(c) shows mean 11 -jim

brightness temperatures and mean values of Q for all pixels exhibiting uniform emission.

The additional pixels that exhibited uniform emission and reflection are taken to be cloud-

free.

Figures 6-3 through 6-5 show means and standard deviations of Q for overcast pixels

over oceans and mean Q for the overcast pixels as a function of month and year. Each

point in the figures represents data for a cloud peak identified within one of the 12

latitude/viewing geometry sections. For the ocean regions, monthly mean values of Q for

all viewing geometry sections were nearly always in the range 0.85-1.05. Standard

deviations for these mean values of Q were in the range 0.0 1-0.06, and in most cases were

less than 0.04. Figures 6-3(a) through 6-5(a) also show categories describing the typical

range of 1 1-jim brightness temperatures, T found for the overcast pixels. Six categories

are shown: Low-level clouds with Tr> 275 K, mid-level clouds with 240 K Tr 275 K,

high-level clouds with Tr < 240 K, mid- and low-level clouds, mid- and high-level clouds,

and clouds at all levels. Though some variation in brightness temperature is due to

seasonal effects, the categories are meant to indicate the predominant cloud types for the

regions (e.g., low-level stratus and thick convective clouds).
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As shown in Figure 6-3(a), sections in the 1TCZ region most often contained either

low-level clouds or a mixture of low- and upper-level clouds. Distributions of cloud-top

11 -tim brightness temperatures for each month in the study also showed that the ITCZ

region was characterized by both low- and upper-level clouds. An example distribution

for July, 1985 is shown in Figure 6-6(a). February, 1986 was the only month when only

low-level clouds were identified. Q for the low-level clouds was usually <0.9, as shown

in Figure 6-3(a). The low value of Q is due to the effects of water vapor absorption at NIR

wavelengths shown in Figure 6-1. Due to the horizontal variability of cloud top altitudes

for convective clouds in the ITCZ region, many sections lacked cases of pixels overcast by
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Figure 6-6 Histograms of cloud-top 11 -tm brightness temperatures for selected regions
and months.

layered cloud systems. Additionally, areas north and south of the ITCZ were largely

cloud-free.

Both the North Pacific and the North Atlantic regions had a greater frequency of

identified cloud layers than the ITCZ region. In addition, the annual trends in Q for the

North Pacific and North Atlantic regions were similar. Values of Q are at a maximum in

winter, dropping to a minimum in sunimer. Distributions of c1oud-top 11-jim brightness
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temperatures show that in the North Atlantic region clouds were common at all levels in

February, but less often at upper-levels in July. Other months typically had greater

numbers of upper-level clouds than in summer. The increased occunence of upper-level

clouds is consistent with increased storm activity in winter. Storm activity is characterized

by greater cloud heights, while subsidence in summer is more likely to be characterized by

low-level clouds.

For most months, the North Pacific region had fewer upper-level clouds identified

than the North Atlantic region, explaining the lower mean values of Q found in Figure

6-5(b) compared with Figure 6-4(b). The distribution of cloud-top 1 1-pm brightness

temperatures for October, 1985 in Figure 6-6(b) shows the predominance of low-level

clouds for the North Pacific region. The annual trend seen in Figure 6-5(b) is due to

February and April having relatively more upper-level clouds than other times of year.

The difference in predominant cloud types may be partly due to differences in the range of

latitudes covered by the data. The North Atlantic region spans latitudes 27-60°N, while

the North Pacific region spans latitudes 20-46°N. The high latitudes of the North Atlantic

region are more likely to contain upper-level cloud systems than the lower latitudes of the

North Pacific region.

Figure 6-4(b) shows evidence of an increase in mean Q for limb view angles. Ozone

absorption at O.63-jim may increase values of Q for upper-level clouds when viewed at

the limb. An increase in ozone absorption due to the longer path for large satellite viewing

angles results in a lower O.63-jtm reflectivity. Lower concentrations of water vapor above

upper-level cloud results in a higher O.85-tm reflectivity. Since the numerator of Q is

increased, while the denominator is decreased, the net effect is an increase in Q. As
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shown in Figure 6-1, atmospheric water vapor absorption at 0.85-tm can cause low-level

clouds to exhibit lower values of Q than upper-level clouds.

The ozone and water vapor factors were examined to determine the effect each has on

Q for overcast pixels. To isolate the different factors affecting Q, low and mid-level

clouds were separated from upper-level clouds. To determine what temperature cutoff to

use within a section to isolate pixels with low/mid-level and upper-level clouds, the

relative frequency distributions of 11 -tim brightness temperatures of overcast pixels were

examined. Thresholds were chosen which adequately isolated pixels with low/mid-level

from pixels with upper-level clouds.

Satellite viewing angle and Q for pixels with mid/low-level and upper-level cloud

from first pass analysis were compiled for up to six days for each region and month. For

the purpose of this analysis, pixels in a given subframe were considered to be overcast

when they exhibited uniform emission only and had mean reflectivities that were expected

for overcast regions (30% for ocean). With this definition of cloud, inclusion of some

partly cloudy pixels was unavoidable. Q for low-/mid-level cloud data and upper-level

cloud data for ocean are shown in Figures 6-7 through 6-9. Positive view angles indicate

sunlight reflected in the direction of forward scattering. The data fall into 24 view angle

quadrature points, one for each subframe. Points along the solid curve identify the

monthly mean values of Q calculated by averaging the daily mean values of Q at each

quadrature point. The enor bars identify the standard error of the mean defined by

G/(.J), where is the standard deviation of the daily means and N is the number of

days used in the calculation of the monthly mean. Breaks in the curve identifying the
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Figure 6-7 ITCZ region. Daily means of Q and satellite zenith angles (dots) for low-
level and high-level clouds. The solid curve identifies the monthly mean of Q for each
satellite zenith angle quadrature point. The error bars identify the standard error of the
monthly mean.
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Figure 6-8 North Atlantic region. Daily means of Q and satellite zenith angles (dots) for
low-level and high-level clouds. The solid curve identifies the monthly mean of Q for
each satellite zenith angle quadrature point. The enor bars identify the standard enor of
the monthly mean.



46

February, 1985 High Clouds February,_1985 Low Clouds February, 1986 High Clouds February,_1986 Low Clouds
1.20 '' 1.20 '''' 1.20 1.25

1.10 1.10 1.10 1.10

i11 11,i.L/ 100 °° 00

09O 09O S90 rIrlIØI,., Ilkill

0.80 0.80 0.80 0.80

0.70 . 0.75 . 0.70 . 0.70 _______________________
-50 0 50 -50 5 50 -50 0 50 -50 0 55
Satellite Zenith Angle Satellite Zenith Angle Satellite Zenith Angle Satellite Zenith Angle

April, 1986 High Clouds April, 1986 Low Clouds July, 1985 High Clouds July, 1985 Low Clouds
1.25 1.20 1.20 1.20

1.10 1.10 1.10 1.10

:1::

$t$ftft*.t.44i3Outs1

:

I144414f4ft441

:
flptIJ!

:::
ft41iflll

0.80 0.80 0.80 0.80

0.70 0.70 . 0.70 . 0.70 _____________________
-50 0 50 -50 0 55 -50 5 50 -5S 0 50
Satellite Zenith Angle Satellite Zenith Angle Satellite Zenith Angie Satellite Zenith Angie

July, 1986 High Clouds July, 1986 Low Clouds October, 1985 High Clouds Octobgr, 1985 Low Clouds
1.20 1.20 1.20 1.25

1.10 1I0 1.10 ItS

1.00 . 1.00 ,.. . 00

Ø1110hv'
IMlfI!

: :590

0.80 0.80 0.80 0.80

0.70 . 0.70 . 0.70 . 0.70 .

-SO 0 50 -50 S 50 -50 0 50 .50 0 55
Satellite Zenith Angle Satellite Zenith Angle Satellite Zenith Angle Satellite Zenith Angle

October, 1986 High Clouds October, 1986 Low Clouds
1.20 1.20

1.10 . 1.10

ISO 1.00

.-,.

:090 :090

0.80 0.80 --

0.70 . 0.70 _____________________
-55 0 50 -50 S 50
Satellite Zenith Angle Satellite Zenith Angle

Figure 6-9 North Pacific region. Daily means of Q and satellite zenith angles (dots) for
low-level and high-level clouds. The solid curve identifies the monthly mean of Q for
each satellite zenith angle quadrature point. The error bars identify the standard error of
the monthly mean.
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monthly mean indicate quadrature points where observations were made on one or fewer

days.

Results for the ocean regions show Q values for mid- and low-level cloud layers are

significantly lower than those for upper-level cloud layers. Q for low-level clouds is

reduced by water vapor absorption at NIR wavelengths. The difference is particularly

noticeable for the ITCZ region, where atmospheric moisture burdens are larger. An

increase in Q at the limb due to ozone absorption and reduced water vapor concentrations

is clearly seen in the results for upper-level clouds for all ocean regions.

It is clear from all the ocean regions that Q for overcast ocean scenes rarely falls

outside the range 0.8-1.1 and only in certain months for the North Atlantic region did Q

rise above 1.05. An error in the first pass navigation code caused some land-filled

subframes to be missed by the landmask. The outlying values ofQ are attributed to the

misidentification of land as water.

Land Scenes

To identify the range of Q for overcast pixels using land composites, the minimum

cloud-free land temperatures were identified for each latitude-viewing geometry section.

By isolating overcast and cloud-free pixels, a more accurate Q signature for cloud could

be determined. A relative frequency distribution of 11 -tm brightness temperatures was

created using only those subframes which had Q> 1. The 1 -D cluster algorithm described

in the Appendix was used to identify significant peaks in the 11 -pm brightness

temperature distribution. The warmest peak, which was assumed to consist entirely of

land pixels, was selected as the initial land cluster. Two criteria were considered before
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identifying the warm cluster as cloud-free land. First, the mean 0.63-gm reflectivity for

the warmest cluster was required to be < 45%. Cloud-free desert regions, which represent

the most reflective cloud-free regions not covered with snow or ice, may have mean

reflectivities near 40%. Overcast regions over land typically have mean reflectivities

much greater than 45%. Secondly, the cloud-free peak was required to consist of values

from at least 40 subframes.

The peak with the highest brightness temperatures often did not include cloud-free

pixels at lower brightness temperatures. Regions that were evidently vegetated often had

brightness temperatures that were lower than those for regions that evidently had little

vegetation. These vegetated cloud-free land pixels were identified by taking the mean

0.63-gm reflectivity of the initial cloud-free land peak to be representative of the most

reflective land in the section. Any pixels in the section with 0.63-tm reflectivities less

than the mean value for the initial cloud-free land peak were assumed to also contain

cloud-free land. These pixels were grouped with the initial peak, and the fifth percentile

of the 11-jim brightness temperatures for the cloud-free land pixels was defined as the

cloud-free land threshold.

Figure 6-10(a-c) shows an example of the steps used to identify the cloud-free land

threshold for a nadir viewing section located in the continental United States for July,

1985. The initial land peak had a minimum temperature of 305.4 K and a mean 0.63-p.m

reflectivity of 11.3%. The lowest land temperature for subframes with 0.63-p.m

reflectivities lower than 11.3% was 290 K. The fifth percentile of all pixels exhibiting

uniform emission with mean brightness temperatures > 290 K and 0.63 -p.m reflectivities
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Figure 6-10 Identification of cloud-free radiances for land pixels within subframes
exhibiting locally uniform emission. (a) Mean temperatures and Q for nadir viewing
section of subframe data from six NOAA-9 passes over the continental United States in
July, 1985. Dotted line identifies cloud-free land temperature threshold obtained from the
data. (b) Relative frequencies of mean brightness temperatures for all pixels exhibiting
locally uniform emission in (a). Dashed lines identify initial land cluster identified with
1-D cluster algorithm. (c) Temperatures and reflectivities for data in (a). Dotted line
identifies mean reflectivity of initial land cluster used to determine cloud-free land
temperature threshold. (d) Data used to identify subframes containing overcast pixels.
Dotted lines identify upper and lower cloud thresholds obtained from data.
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<11.3 % was found to be 292.9 K. This value was used as TL, the cloud-free land

brightness temperature threshold.

To define the limits of Q for overcast pixels in individual sections, all pixels with

temperatures greater than TL were removed. Significant cloud peaks were found by

applying the 1 -D cluster algorithm to a relative frequency distribution of Q for the

remaining pixels. Initial tests showed that 0.8 <Q < 1.1 for overcast pixels. The standard

deviations of Q, o, for overcast pixels within individual viewing geometry sections were

typically <0.1. A significant peak in the Q frequency distribution meeting these

requirements was taken to represent overcast pixels. Multiple peaks that met these

requirements were combined. As with ocean scenes, the mean value of Q for the

overcast pixels, and GQ were computed for each month and viewing geometry. Values of

Q representative of overcast pixels were taken to be at ± 4o. Figure 6-10(d) shows the

values of Q that represent overcast pixels for one example. Figure 6-11 shows the means

of the brightness temperatures and Q, temperature thresholds, and Q boundaries for the

two limb sections in the swath that also contained the data used in Figure 6-10.

Desert scenes used in the composite study had few overcast pixels, and those

identified typically contained upper-level clouds. The means and standard deviations of Q

for cloud-free desert sections were similar to those typically found for overcast pixels:

Q = 1 ± 0.1. To ensure that the automated selection of overcast values of Q for a desert

section did not include cloud-free pixels by mistake, only data from sections with at least

two significant 11-tim brightness temperature peaks were used. If the coldest emitting

pixels exhibited a mean 0.63-.im reflectivity greater than 0.45 they were taken to be
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forward direction.

overcast. For such cases, the cloud-free land temperature threshold was determined from

the pixels with the highest emission temperatures, as done for other land regions.

Figures 6-12 through 6-14 show means and standard deviations of Q for overcast

pixels over land, mean Q for the overcast pixels as a function of month and year, and

minimum land temperatures as a function of month and year. As for the ocean regions,

cloud-top temperature categories are shown in Figures 6-12(a), 6-13(a), and 6-14(a). The

temperature categories for land are the same as those for ocean: Low-level clouds with

Tr > 275 K, mid-level clouds with 240 K Tr 275 K, high-level clouds with Tr < 240 K,

mid- and low-level clouds, mid- and high-level clouds, and clouds at all levels.

Compared with the results for the ocean regions, clouds over land tended to be at

higher altitudes and the Q values did not exhibit large temporal variations. The mid- and
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upper-level clouds identified over land tended to have a narrow range of Q values. Mean

values of Q for all land regions were typically in the range 0.95-1.05, and standard

deviations were typically less than 0.04. As shown in Figures 6-12(a), 6-13(a), and

6-14(a), the standard deviations for the mid- and upper-level clouds tended to be low

compared to when clouds were found at lower levels. No obvious view angle dependence

was found for mean values of Q over land.

Figure 6-12(b) for the North America region shows a slight dip in mean Q values for

clouds in July and October. Examination of monthly distributions of cloud-top 11 -I.tm

brightness temperatures over the North America region showed that clouds were

identified at low-levels more often in June and October than in February and April. An

example distribution for July, 1986 is shown in Figure 6-6(c). Only the first two latitude

bands were analyzed in the North America region during February and April to avoid

regions that included snow- or ice-covered land. The spectral properties of snow and ice

are similar to those of clouds, making difficult the identification of overcast and cloud-free

pixels. Figure 6-12(c) shows the temporal dependence of the minimum land temperatures

for the North America region. A drop of minimum land temperatures with increasing

latitude is apparent.

In the South American region, the distribution of cloud-top 11-tm brightness

temperatures consisted primarily of upper-level clouds in most months with relatively

fewer low-level clouds. The distribution for April, 1986 is shown in Figure 6-6(d). June

of both years had similar numbers of low- and upper-level clouds. No temporal or

latitudinal change in temperature can be seen in Figure 6-13(c) for the South America

region, where the climate is relatively constant throughout the year.
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As expected, few overcast pixels were identified in the North Africa desert region.

Those cloud decks identified in the North Africa desert region were typically at mid- and

upper-levels.

Figures 6-15 through 6-17 show the satellite viewing angle dependence for midflow-

level and upper-level cloud for land scenes. As with ocean scenes, pixels in a given

subframe were considered to be overcast when they exhibited uniform emission only and

had mean reflectivities that were expected for overcast regions. For land scenes, a

minimum reflectance of 40% was used. For the North America region, February and

April did not provide enough data at low latitudes to be of use. For July and October, Q

for subframes with mid- and low-level clouds was only slightly lower than Q for upper-

level clouds. In the South America region, Q was constant throughout the year, although

the number of pixels with mid- and low-level clouds varied considerably with view angle.

As with the North America region, Q for subframes with mid- and low-level clouds was

only slightly lower than Q for upper-level clouds. The North Africa region was

characterized by a small number of pixels with upper-level clouds and few, if any, pixels

with low-level clouds. There was little variation in Q throughout the year for upper-level

clouds identified in the North Africa region. The increase in Q at the limb is apparent for

all three land regions when sample sizes of upper-level clouds were sufficiently large.

From the composite study, it is apparent that groups of pixels with Q in the range

0.8-1.1 are likely to be overcast. The same range was obtained by Saunders and

Kriebel (1987). Over land, the range is narrower, primarily due to a reduction in

atmospheric water vapor. Other criteria may be required to identify cloud-free pixels that

lie in this range of Q, such as over desert. For example, reflected sunlight at visible
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Figure 6-15 North America region. Daily means of Q and satellite zenith angles (dots)
for low-level and high-level clouds. The solid curve identifies the monthly mean of Q for
each satellite zenith angle quadrature point. The enor bars identify the standard error of
the monthly mean.
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Figure 6-16 South America region. Daily means of Q and satellite zenith angles (dots)
for low-level and high-level clouds. The solid curve identifies the monthly mean of Q for
each satellite zenith angle quadrature point. The error bars identify the standard error of
the monthly mean.
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Figure 6-17 North Africa region. Daily means of Q and satellite zenith angles (dots) for
low-level and high-level clouds. The solid curve identifies the monthly mean of Q for
each satellite zenith angle quadrature point. The error bars identify the standard error of
the monthly mean.

wavelengths is expected to exhibit a greater degree of local uniformity for pixels with

cloud-free desert than for pixels overcast with layered clouds. Except for low-level

stratus, cloud-free pixels should also exhibit 1l-.tm brightness temperatures that are much

greater than those for overcast pixels. Finally, cloud-free pixels, including those over

desert, typically exhibit O.63-jtm reflectivities that are less than those for overcast pixels.



7. Pixel Identification of Water Scenes Incorporating the Spectral
Signatures of Reflecting Surfaces

Based on the composite study results described in Chapter 6, the spatial coherence

algorithm has been modified to include tests to help identify cloud, water and land based

on their spectral signatures. Additionally, the method for identifying cloud-free pixels

now relies on the spatial uniformity of pixels from large geographic regions of

approximately (300-km)2 to determine representative cloud-free radiances that are then

used to identify cloud-free pixels for smaller subregions of approximately (150-km)2.

Other aspects of the original algorithm have been removed. First, the use of the 1-D

cluster algorithm to identify pixels in the low standard deviation feet was eliminated. A

requirement that at least 70% of pixels found in the warmest IR foot also be found in the

lowest reflectivity foot was also eliminated. The resulting algorithm is simple to

implement and does not rely on ancillary information such as surface temperatures and

landmasks often employed in other schemes.

The results of the composite study indicated that Q values for overcast pixels varied

between land and water and that some view angle and temporal dependence exists. Few

cases, though, fell outside the range 0.8 <Q < 1.1 for either land or water. Additionally,

cloud-free water and land pixels which fall into this range might be identified through

other spatial or spectral tests. Therefore, uniform overcast pixels can be removed from

most scenes by applying a lower threshold at Q = 0.8 and an upper threshold at Q = 1.1.

Cloud-free pixels can then be identified using the algorithm described below.
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As part of the first pass spatial coherence analysis, pixel-level classifications of

regions exhibiting uniform emission and regions exhibiting both uniform emission and

uniform reflection are stored for the analyzed scenethese are the classifications which

were used to derive the color-coded mask shown in Figure 2-i. Each pixel in the mask is

classified as either cloud-free, overcast, or partly cloudy. In the algorithm used to

construct this mask, no distinction was made between cloud-free land and cloud-free

water pixels. As part of the new analysis, a determination of the number of potential

cloud-free land pixels within each scene is made. Pixels with Q> 1.2 are classified as

potential land pixels, and are not included in the analysis to identify cloud-free water

pixels. Only the identification of cloud-free water pixels will be discussed here.

To examine the local characteristics, each scene is divided into frames that are

analyzed individually. For this analysis, each frame measured 160 scan lines x 160 scan

spots. The results are relatively invariant to the size used. Beginning with the lower left

corner, the scene is analyzed from left to right and bottom to top. For each frame,

distributions of local mean cloud-free radiances are obtained. These distributions are

used to obtain pixel-scale classifications for the inner-most 80 scan line x 80 scan spot

region of the frame. The exception is any frame that is located on the edge of the scene,

where results are saved for pixels up to the edge. Subsequent frames overlap previous

ones so that each pixel in the scene will have undergone cloud-free tests when all frames

have been analyzed. As discussed next, the spatial uniformity of reflected and emitted

radiances and spectral signatures are used to tentatively identify cloud-free pixels within

the larger region. The ranges of probable cloud-free radiances is then determined on the
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basis of the tentative identifications. Simple thresholds based on these ranges are then

applied to the smaller inner region to make the cloud-free identifications.

As in the original algorithm, each frame is divided into (8-km)2 arrays formed with

two pixels in the along-track direction and two pixels in the cross-track direction of the

satellite path. The local means and standard deviations of the 11 -Jim radiances, 0.63-tm

radiances, and Q are calculated for each pixel array within 160 scan line x 160 scan spot

frame. For each of the three cases, a standard deviation threshold is applied to identify

locally uniform pixels. Distributions of cloud-free radiances are constructed from the

local mean radiances for pixel arrays that exhibit uniform emission, reflection, and Q and

also have a local mean Q < 0.8. The fifth percentile of the local mean 11-tim radiance

distribution and the 95th percentiles of the local mean 0.63-jim reflectivity distribution for

pixels exhibiting both uniform emission and uniform reflection are then used as thresholds

for identifying cloud-free pixels. Pixels that exhibit neither uniform emission or uniform

reflection are considered to be partly-cloudy. The 50th percentile of the local mean

0.63-rim reflectivity distribution for partly-cloudy pixels is used as a threshold for

identifying overcast pixels. The thresholds are applied to the inner 80 scan line x 80 scan

spot subregion of the frame. Pixels in the subregion that exhibit uniform emission,

reflection, and Q, have an 11 -tm radiance greater than the fifth percentile of the infrared

distribution, a 0.63-Jim reflectivity less than the 95th percentile of the visible distribution,

and Q <0.8 are identified as cloud-free. In the version of the algorithm under study here,

pixels in the subregion that exhibit uniform emission and uniform Q, have a 0.63-pm

reflectivity greater than the 50th percentile for the partly-cloudy distribution of visible
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reflectances, and Q >0.8 are identified as cloudy. No limitation is made on the 11-jim

radiance for cloudy pixels to avoid removal of low cloud and fog.

Figure 7-1 compares the results from the spatial coherence method using the previous

algorithm and the algorithm modified as described here. The image on the left shows a

128-pixel x 256-pixel 0.63-jim reflectivities from the ITCZ region collected in October

1985 overlaid with the mask created with the original algorithm. The image consists of

cloud-free ocean and low-level clouds for backscattered sunlight. The image in the center

shows only the 0.63-jim reflectivities for the scene, and the image at the right shows the

0.63-jim reflectivities overlaid with the mask created with the new algorithm. In each

cloud mask, pixels identified as cloud-free ocean are colored blue and pixels identified as

overcast are colored red. All other pixels in each scene are assumed to be partly cloudy.

One obvious error that occurred using the original algorithm is the frame containing a

large number of cloud-free pixels that were identified as being overcast. Similarly, there

are cloud-free pixels in the upper right corner that have been identified as being overcast.

The image at the right shows that in both cases the new algorithm successfully identified

these pixels.

Below each set of images are figures showing the 11-jim radiances and 0.63-jim

reflectivities for uniform pixels identified with both algorithms, as well as 11-jim

radiances and Q for uniform pixels identified with both algorithms. As with the cloud

masks, pixels identified as cloud-free ocean are colored blue and pixels identified as

overcast are colored red. Clearly, the pixels identified in the original algorithm as being

cloudy were misidentified. These pixels had reflectivities and Q associated with cloud-

free ocean. Other pixels that were identified in the original algorithm as being cloud-free
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had Q as high as 0.8 and likely contain significant cloud contamination. Lower values of

the standard deviations of reflected and emitted radiation are used in the new algorithm.

These pixels were not identified as exhibiting uniform emission and reflection in the new

algorithm.

Figure 7-2 shows analogous results for a scene collected in October, 1985 over the

North Atlantic Ocean near Morocco. This case also consisted of cloud-free ocean and

low-level clouds. A few upper-level clouds are located in the lower right corner. A frame

of cloud-free pixels misidentified in the original algorithm has been conectly identified in

the new algorithm. Only small differences exist in the remainder of the scene.

The results from the new algorithm shown in these examples were obtained using

uniformity thresholds of 0.5 mWm2sf1cm for 1 1-jtm radiances, 0.5% for the reflectances

at 0.63-tm, and 0.02 for Q. The units for these thresholds will be dropped from the

remainder of the discussion to simplify the presentation. Figure 7-3 shows the placement

of 11 -jim radiance and 0.63-jim reflectance uniformity thresholds for the data in Figure

7-2. The dependence of the results on the values of the uniformity thresholds must be

determined. A sensitivity study was performed to determine how the mean cloud-free

11-jim radiance and mean 0.63-jim reflectivities change when either the 11-jim radiance

uniformity threshold or the 0.63-jim reflectance uniformity threshold is modified. The Q

uniformity threshold was kept fixed at 0.02 for this study.

The sensitivity study consisted of selecting a variety of scenes from the dataset and

comparing cloud-free radiances obtained using different uniformity thresholds. One set of

calculations was performed with the 11-jim radiance uniformity threshold fixed at 0.5

while the 0.63-jim reflectance uniformity threshold was set to the following values: 0.1,
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Figure 7-1 (a) 500 km x 1000 km GAC 0.63-tm image over the ITCZ region overlaid
with a cloud mask created with the original spatial coherence method. (b) Same as (a),
except not overlaid with a mask. (c) Same as (a), except overlaid with a mask created with
the new spatial coherence method. (d) 1 1-jim radiances and O.63-jtm reflectivities for
pixels identified by the original spatial coherence method. Blue points represent pixels
identified as being cloud-free, and red points represent pixels identified as begin cloudy.
(e) Same as (d), except pixels identified with new algorithm. (t) 11-jim radiances and Q
for pixels identified by the original spatial coherence method. (g) Same as (O except
pixels identified with new algorithm.
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Figure 7-2 (a) 500 km x 1000 km GAC 0.63-p.m image over the North Atlantic Ocean
region overlaid with a cloud mask created with the original spatial coherence method. (b)
Same as (a), except not overlaid with a mask. (c) Same as (a), except overlaid with a mask
created with the new spatial coherence method. (d) 11 -p.m radiances and 0.63-p.m
reflectivities for pixels identified by the original spatial coherence method. Blue points
represent pixels identified as being cloud-free, and red points represent pixels identified as

begin cloudy. (e) Same as (d), except pixels identified with new algorithm. (0 11-p.m

radiances and Q for pixels identified by the original spatial coherence method. (g) Same
as (0 except pixels identified with new algorithm.
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40

Figure 7-3 (a) 11 -m local mean radiance versus local mean standard deviation for

2-scan line x 2-scan spot pixel arrays within a (64 km)2 NOAA-9 GAC image over the
North Atlantic Ocean. Dashed line shows placement of uniformity threshold. (b) Same
as (a), except 0.63-nm reflectivities. The axes in both cases have been cropped in order to
show the location of the uniformity thresholds.

0.2, 0.5, 1.0, 1.5, and 2.0. A second set of calculations was performed with the 0.63-nm

reflectance uniformity threshold fixed at 0.5 and the 11 -m radiance uniformity threshold

modified, as above. A standard uniformity threshold combination of 0.5 for 11 -m and

0.5 for O.63-jtm was selected based on early results that showed this combination to

adequately identify cloud-free pixels. The regions used for this study were approximately

(200-km)2 in size with viewing geometry in the direction of backscatter for reflected

sunlight.

Figure 7-4 shows the mean 0.63-tm reflectivity and mean 11-nm radiances for cloud-

free ocean for seven (200-km)2 subregions in the ITCZ region obtained using different
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Figure 7-4 Normalized depatures of mean cloud-free 0.63-pm reflectivity and 11 -pm
radiance on adjustment to 0.63-jtm reflectance uniformity threshold and 11-pm radiance
uniformity threshold.

uniformity threshold combinations. The seven subregions were selected from different

scenes containing significant numbers of both cloud-free and overcast pixels. Figures

7-4(a) and (c) show the dependence of the mean radiance and mean reflectivity for cloud-

free ocean on the reflectance uniformity threshold. To allow one to compare the results

for different scenes, the means have been normalized by subtracting the corresponding

mean using the standard uniformity threshold combination and dividing the result by the

range of radiances for the subregion. Here the range of radiances is defined as the 90th

percentile radiance minus the 10th percentile radiance for the subregion. Points

representing cloud-free mean radiances calculated from fewer than 100 pixel values were
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not included in this figure. In most of the seven cases, changing the reflectance uniformity

threshold had little effect on the resulting mean O.63-jm reflectivity or mean 11-pm

radiance for cloud-free ocean. In one instance, the mean O.63-tm reflectivity increased

substantially for reflectance uniformity thresholds greater than 0.5. The 11-tm radiance

was affected similarly for this subregion, as the mean 11-tm radiance continually

decreased as the uniformity threshold was increased. This behavior is evidence of cloud

contamination in the cloud-free radiances. The curve is expected to flatten out at lower

uniformity thresholds in these cases as cloud contamination is reduced. Further reduction

in the mean O.63-tm reflectivity or increase in the mean 11 -pm radiance for low threshold

values may indicate that some cloud contamination was present when using the standard

uniformity thresholds. Fluctuations in mean radiance at low uniformity thresholds is also

indicative of gradients in sea surface temperature or reflectivity. For example, if cloud-

free pixels from one area of a scene exhibit greater uniformity than cloud-free pixels at a

warmer temperature from a different area of the same scene, the mean cloud-free 11 -pm

radiance may decrease as the uniformity thresholds are decreased.

Figures 7-4(b) and (d) show the dependence of the mean radiance and mean

reflectivity for cloud-free ocean on the 11-Itm radiance uniformity threshold. For the

scenes used here, adjusting the infrared threshold had a smaller effect on the mean

radiance and mean reflectivity than adjusting the reflectance uniformity threshold.

Whether the mean radiance is sensitive to the uniformity threshold depends on the

radiance range for the subregion. Scenes from the ITCZ region were characterized by

large areas of cloud-free ocean and low-level clouds, with a lesser quantity of convective

high clouds. Figures 7-5(a) and (b) show distributions of the O.63-tm reflectance ranges
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and 11 -.im radiance ranges for 500 randomly selected subregions from all available scenes

in the ITCZ region. The 0.63-tm reflectance range was typically <40%, while the

11-jtm radiance range was typically <60 mWm2sf1cm, and most often

<20 mWm2sr1cm. In Figure 7-4 there were cases where reducing the uniformity

threshold from 0.5 to 0.1 resulted in a change in the normalized mean cloud-free

reflectivity of 0.01. In the scene with the largest deviation, the actual change in

reflectivity was 0.2%. For the other scenes the changes in reflectivity were <0.1%.

Reducing the 11-tm uniformity threshold from 0.5 to 0.1 resulted in a change in the

normalized mean 11-jim radiance of 0.025 for one case. Since the 11-tm radiance range

for this scene was -16 mWm2sf1cm, the change in mean 11-tim radiance was

<0.4 mWm2sf1cm. This particular case was characterized by a gradient in sea surface

temperature which led to rather large changes in the mean radiance as the threshold was

decreased.

It is also important to determine whether there is any dependence of the technique on

geography or time of year. Figures 7-5(c) through (I) show similar reflectivity and

radiance range distributions for the North Pacific Ocean and North Atlantic Ocean

regions. Figures 7-5(g) through (n) show distributions for a subset of scenes from the

northern midlatitudes, southern midlatitudes, northern midlatitude summer, and northern

midlatitude winter. These distributions suggest substantial differences in cloud amount

and cloud top height for the different regions.

Normalized cloud-free reflectivities and radiances were obtained with different

threshold values for a large number of scenes. Figure 7-6 shows several distributions of
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Figure 7-5 Ranges of 0.63-tim reflectivities and 11 -pm radiances in (a)-(b) the ITCZ
region; (c)-(d) the North Pacific Ocean region; (e)-(f) the North Atlantic Ocean region;
and (g)-(h) scenes in the northern midlatitudes. For each figure, 500 (200-km)2

subregions randomly selected from all available scenes contributed to the distributions.
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Figure 7-5 (Cont.) Ranges of O.63-m reflectivities and 11-tm radiances in (i)-(j)
scenes in the southern midlatitudes; (k)-(1) scenes in northern midlatitude summer; and
(m)-(n) scenes in northern midlatitude winter. For each figure, up to 500 (200-km)2

subregions randomly selected from all available scenes contributed to the distributions.
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normalized departures of the mean cloud-free 0.63-.im reflectivities from their standard

values for the ITCZ region. The departures for each distribution are similar to those found

in Figure 7-4. Each distribution consisted of results from up to 500 different subscenes.

The left column shows distributions for the case with the 11-tim radiance uniformity

threshold fixed, while the right column shows distributions for the case with the 0.63-tm

reflectance uniformity threshold fixed. For each case, results are shown with the other

threshold set at 0.1, 1.0, and 2.0.

Since the departures are from the cloud-free radiances obtained with both uniformity

thresholds fixed at 0.5, the mean reflectivities should show a decrease or remain stationary

as one of the thresholds is decreased. The mean reflectivities should show an increase or

remain stationary as one of the thresholds is increased. Figure 7-6 shows the expected

behavior. The corresponding distributions for adjustments to the 11 -tm and 0.63-tm

uniformity thresholds are similar, indicating that for large ensembles of cases, neither

threshold controls the result more so than the other. For low threshold values, most of the

normalized departures in the mean reflectivities were spread out in the range 0.0-0.02. As

the thresholds were increased, the distribution actually tightens, although there are a

greater number of values lying at the wings of the distributions. Figure 7-7 shows similar

results for the distributions of normalized departures in the mean 11 -tm cloud-free

radiances. The mean 11 -jim radiances should increase or remain stationary as one of the

thresholds is decreased, and the mean radiances to decrease or remain stationary as one of

the thresholds is increased. The main difference between this figure and the previous one

is the large number of 0.1 uniformity threshold cases where the normalized departure of

the mean cloud-free radiance actually decreases from the value obtained for a threshold of
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Figure 7-6 ITCZ region. Distributions of normalized departures of mean cloud-free
reflectivities for various uniformity thresholds. Histograms in the left column are for
cases where the 11-tm radiance uniformity threshold was fixed at 0.5. Histograms in the
right column represent cases where the 0.63-.tm reflectance uniformity threshold was
fixed at 0.5.
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Figure 7-7 ITCZ region. Distributions of normalized departures of mean cloud-free
11-p.m radiances for various unifonnity thresholds. Histograms in the left column are for
cases where the 11-p.m radiance uniformity threshold was fixed at 0.5. Histograms in the
right column represent cases where the 0.63-p.m reflectance uniformity threshold was
fixed at 0.5.
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0.5. As discussed earlier, these are cases where subregions have a substantial gradients in

sea surface temperature.

Figures 7-8(a) and (b) show evidence of the sea surface temperature gradients. The

scatter diagrams show the relationship between the departure of the mean cloud-free

11 -jim radiances when using an 11 -jim uniformity threshold of 0.5 from its value when

using an 11-jim uniformity threshold of 0.1 and the standard deviation of cloud-free

11-jim radiances when using an 11-jim uniformity threshold of 0.5. Figure 7-8(a) shows

data for subregions from the ITCZ region, and Figure 7-8(b) shows data for subregions

from the North Atlantic Ocean region. Cases with large standard deviations in 11 -jim

radiance suggest that gradients in sea surface temperature are present. In most cases, the

departure in mean cloud-free 11-jim radiance is relatively small. As the standard
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Figure 7-8 (a) ITCZ region. Departures of mean cloud-free 11-jim radiances and
standard deviations of cloud-free 11-jim radiances using an 11-jim uniformity threshold of
0.5. Departures are with respect to the mean cloud-free 11-jim radiance using an li-jim
uniformity threshold of 0.1. (b) Same as (a), except for the North Atlantic Ocean region.
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deviations increase, the probability of obtaining higher cloud-free 11 -tim radiances with

the larger uniformity threshold is evidently larger.

Figures 7-9 and 7-10 show distributions of normalized departures of the mean cloud-

free 0.63-nm reflectivities and 11-.tm radiances from their standard values for northern

midlatitude summer scenes. In this case, the corresponding distributions for adjustments

to the 11-tm and 0.63-pm uniformity thresholds vary. The distributions are slightly

broader for the cases where the 0.63-pm uniformity threshold is fixed and the 11-urn

uniformity threshold is modified. The distributions were generally more narrow than

those from the ITCZ region. The distributions of mean 11 -pm radiance show that

adjusting the 11 -utm uniformity threshold has a larger effect than adjusting the 0.63-urn

uniformity threshold. The distributions for uniformity thresholds of 0.1 clearly show a

problem with sea surface temperature gradients as there are many cases where the mean

radiance decreased from the value using a threshold of 0.5.

Figures 7-11 and 7-12 show analogous results for northern midlatitude winter scenes.

There is little difference in the distributions of normalized departures of mean cloud-free

0.63-Itm reflectivities compared with Figure 7-9. The distributions of normalized

departures of mean cloud-free li-um radiances are also similar to Figure 7-10, though the

sea surface temperature gradient problem appears to be lower. Though not shown, the

results for the North Pacific Ocean, North Atlantic Ocean, northern midlatitudes, and

southern midlatitudes are consistent with the distributions in these figures.

The fact that the distributions of normalized departures of mean cloud-free 11 -um

radiances and 0.63-um reflectivities were often wide in the 0.1 uniformity threshold case

may be evidence of cloud-contamination in the cloud-free radiances obtained using the
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Figure 7-9 Northern midlatitude sunimer. Distributions of normalized departures of
mean cloud-free reflectivities for various uniformity thresholds. Histograms in the left
column are for cases where the 11-pm radiance uniformity threshold was fixed at 0.5.
Histograms in the right column represent cases where the O.63-m reflectance uniformity
threshold was fixed at 0.5.
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Figure 7-10 Northern midlatitude summer. Distributions of normalized departures of
mean cloud-free 11-..tm radiances for various uniformity thresholds. Histograms in the
left column are for cases where the 11 -jim radiance uniformity threshold was fixed at 0.5.
Histograms in the right colunm represent cases where the 0.63-pin reflectance uniformity
threshold was fixed at 0.5.
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Figure 7-11 Northern midlatitude winter. Distributions of normalized departures of
mean cloud-free reflectivities for various uniformity thresholds. Histograms in the left
column are for cases where the 11-tm radiance uniformity threshold was fixed at 0.5.
Histograms in the right column represent cases where the O.63-jm reflectance uniformity
threshold was fixed at 0.5.



-0.10 -0.05 0.00 0.05 0.10
Normalized Departures of Mean Cloud-Free il-pmi Radiance

0.8

O.6

0.4

0.2

0.0 .1-
-0.10 -0.05 0.00 0.05 0.10

Normalized Departures of Mean Cloud-Free 11 -gun Radiance

(-\\) Reflectance_Uniformity_Threshold = 2.0
1.5

0.8

0.6

0.4

0.2

0.0. 1
#epunurea 01 Mean u.Juus-rree I I-Jum eaolaflce

I I-/.L !cuoIonce U
1.0

1.8

1.6

1.2

l_0

rlarmalizea oepanoree a! Mean ¼.00a r,ee!I

I 1 1 -/2m Nathonce uniiormiiy I nresnoIO I

1.0

1.8

1.6

1.2

10

(f\

0.8

0.6

0.4

0.2

0.0

sarmalizea naparrures 01 Mean Llcua-rree I I -par] naoI000e

81

-0.10 -0.05 0.00 0.05 0.10
Normalized Departures of Mean Cloud-Free 11 -pin Radiance

Figure 7-12 Northern midlatitude winter. Distributions of normalized departures of
mean cloud-free 11-.tm radiances for various uniformity thresholds. Histograms in the
left column are for cases where the 11-tm radiance uniformity threshold was fixed at 0.5.
Histograms in the right column represent cases where the O.63-tm reflectance uniformity
threshold was fixed at 0.5.
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standard uniformity thresholds. An assessment of the bias in cloud-free radiances

calculated using the standard thresholds was performed by assuming that the true cloud-

free 11 -.tm radiances and O.63-tm reflectivities are reached in the limit when one of the

uniformity thresholds approach zero. The true cloud-free 11 -tm radiances and 0.63-tim

reflectivities were estimated by performing a linear extrapolation to a threshold of zero

using the results for uniformity thresholds of 0.5 and 0.1. The bias is the difference

between the radiance calculated using the standard thresholds and the radiance obtained

by dropping one of the uniformity thresholds to zero using the extrapolation method.

Figure 7-13 shows distributions of estimated bias for cases where one of the

uniformity thresholds approaches zero. The data were from the North Atlantic Ocean

region. Since sea surface gradients may affect the cloud-free radiance estimates at low

uniformity thresholds, as shown in Figure 7-8, some of these occurrences were removed

for this analysis. Figures 7-13(a) and (b) show the bias in mean cloud-free 0.63-im

reflectivities where the true 0.63-pm reflectivity was estimated by dropping the 0.63-jim

uniformity threshold to zero or the 11 -tm uniformity threshold to zero. The results

indicate that the error in mean cloud-free 0.63-pm reflectivity using the standard

thresholds is rarely > 0.4% and quite often < 0.2%.

Figures 7-13(c) and (d) show analogous results for mean 11-tm radiances, where the

results have been converted to brightness temperatures using the Planck function. As with

the 0.63-tm reflectivities, the results indicate that the error in mean cloud-free 1 1-jtm

brightness temperature using the standard thresholds is rarely > 0.4 K, and typically

<0.2 K. The bias in 11-tm brightness temperatures and 0.63-tim reflectivities would
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Figure 7-13 North Atlantic Ocean region. (a) Estimated bias in mean cloud-free
0.63-p.m reflectivities when using standard uniformity thresholds compared with result
when 0.63-p.m uniformity threshold approaches zero. (b) Same as (a), except compared
with result when 1 1-km uniformity threshold approaches zero. (c) Same as (a), except for
11-p.m brightness temperatures. (d) Same as (b), except for 11-p.m brightness
temperatures.
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likely be reduced as lower uniformity thresholds are applied. The results for the ITCZ

region and the North Pacific Ocean region were similar to those shown in Figure 7-13.
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8. Conclusion

The primary objective of the spatial coherence method is to obtain representative

cloud-free radiances for regions of approximately (200-km)2. These radiances are then

used to derive parameters, such as sea surface temperature, surface albedo, and

atmospheric aerosol concentrations. Additionally, the spatial coherence method is used to

determine cloud top temperature, cloud albedo, and cloud amount.

The algorithm presented here is based on the characteristic that cloud-free regions

typically exhibit uniform emission and uniform reflection over small scales, whereas

overcast regions typically exhibit uniform emission. While this is true in many cases,

clouds may, on rare occasions, exhibit sufficient uniformity at visible wavelengths that

they are identified as being cloud-free, and cloud-free regions may exhibit significant

variability at visible wavelengths that they are identified as being cloudy.

The spectral signature of reflecting surfaces, defined as the ratio, Q, of the reflectance

at 0.85-tm to the reflectance at 0.63-pm, has been incorporated in the algorithm to more

accurately identify cloud-free and cloudy pixels in daytime scenes. While some

geographic and seasonal variability is evident, this study has shown that Q for cloudy

pixels rarely falls outside the range 0.8 <Q < 1.1. A threshold separating cloud-free ocean

from cloud at Q 0.8 and a threshold separating cloud-free land from cloud at Q = 1.1

may be applied for most scenes.

Application of the Q threshold, as well as the use of percentiles to identify cloud-free

pixels, has resulted in significant improvement over the original method in identifying

cloud-free ocean in AVHRR scenes. It has been shown that the results are relatively
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invariant to seasonal and geographical differences. A study of the method's sensitivity to

the uniformity thresholds showed that the mean cloud-free 11-tm brightness temperature

is rarely biased by > 0.4 K, and the mean cloud-free 0.63-.tm reflectivity is rarely biased

by > 0.4%. Current use of the algorithm on higher resolution 1-km AVHRR data has

shown that similar results are obtained with the higher resolution data.
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Identification of Significant Peaks in a 1-Dimensional Distribution

The identification of significant peaks in a 1-dimensional distribution is taken to be

equivalent to finding peaks that stand out against a random, uniformly distributed,

background noise. What must be determined is the location of the peak within the domain

of the distribution. Here a heuristic solution is offered. The solution take the background

noise to be uniformly and randomly distributed. The peak that is sought is represented by

a Gaussian Distribution. A Gaussian distribution is chosen because it is decidedly

nonuniform. No attempts have been made to either optimize the solutions or to ensure that

the solutions are unique. Nevertheless, the solutions are relatively insensitive to arbitrary

choices invoked in the procedure, provided these choices are reasonable.

To identify significant peaks within a domain, Xm±n X Xrnax the domain is

arbitrarily divided into bins so that the average number of points in a bin, assuming that

the points are uniformly distributed, is larger than some statistically reasonable number,

w-1O, i.e., Ax> (x Xmax), where N is the total number of points in the domain. TheN mm

background noise is assumed to be distributed uniformly and randomly among these bins.

Every peak in the distribution of points, f(x), formed by binning the N points on

[Xrrin,Xmc], using a binsize of Ax is then found and each peak is tested for significance.

The significance test is as follows: the bin containing the peak and the adjacent bins on

either side of the peak are taken as an initial, trial estimate of the domain spanned by the

peak. The actual domain for the peak will be the x-interval over which 90% of the points

in the Gaussian distribution representing the peak would be located, i.e., x1 Xm2G and
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X2 Xm+2O where x is the mean of the points in the peak; c is the standard deviation; x1

is the lower boundary of the bin for which the indicated inequality is just satisfied, and x2

is the upper boundary of the bin for which the inequality is just satisfied. The domain of

the peak is determined iteratively. The mean and standard deviation of the points within

the trial domain are calculated. If the limits of the domain as defined above fail to satisfy

x2-x1 4c, or if the number of points within this domain is smaller than v - 10, then the

trial domain is expanded by adding to the domain the next adjacent bin containing the

largest number of points. If the bins on either side of the trial domain contain the same

number of points, then both bins are added to the domain. If in this expansion the number

of points found in the adjacent bin is larger than that in the peak being tested, then the test

is stopped. It is presumed that because of the larger number of points in the adjacent bin,

the peak being tested would probably fail all tests of significance in which its density of

points is compared with that of the neighboring bins. In any case, the presence of an

adjacent bin with more points than that of the peak being tested suggests that peaks with

larger numbers of points are in the neighboring domain. These other peaks may prove

significant. Adjacent bins are added sequentially until either the significance test is

stopped because a bin is encountered that has a larger number of points than are in the

peak, the domain for the peak equals the entire domain, Xmjn X Xmax, or x2-x1 4G.

If x2-r1 4G, the domain of the peak is further expanded, as prescribed above, until a

new domain satisfying x 8G is found. As before, if in this expansion a bin with

the number of points greater than that in the peak is encountered, then the test for the

particular peak is stopped. Once the second domain is established, the number of points,
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m, within the first domain, {x1,x2J, for which the number of bins is 1, and the number of

points n within the second domain, [x1, x;1, for which the number of bins is k, are used to

calculate the number of points, p, in the Gaussian distribution used to represent the peak.,

and the number of points, q, of the uniformly distributed background noise with the larger

of the two domains. p and q are obtained by solving m = O.9p + fq and n = p + q,

where it is assumed that 90% of the points in the Gaussian distribution fall within ±2 of

the mean, and all of the points fall within ±4o.

The peak is taken to be significant if both p and q are greater than zero and

m fq + 3, where 1) is the expected standard deviation of the number

of points to be found in the smaller of the domains, [xi,x21, if the q points are randomly

and uniformly distributed over all the bins within the domain, [x1, X;]. The domain of the

peak is then taken to be [xi,x21. The number of points is the number falling within this

domain. The mean and standard deviation associated with the peak are those for the

points falling within this domain.




