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Automatic Contrail Detection and Segmentation

John M. WeissMember, IEEE Sundar A. Christopher, and Ronald M. Welch

Abstract—Automatic contrail detection is of major importance  Recently, it has been shown that the radiative forcing of
in the study of the atmospheric effects of aviation. Due to the large syrface temperature is about 30 times more sensitive to aircraft
volume of satellite imagery, selecting contrail images for study by ¢ pissions of nitrogen dioxide than to surface emissions alone
hand is impractical and highly subject to human error. It is far 181 3 s al . b f thin ci
better to have a system in place that will automatically evaluate an [18]. e_t contrails also are ar.1 Important subset of thin cirrus
image to determine 1) whether it contains contrails and 2) where clouds in the atmosphere. Thin cirrus clouds are thought to be
the contrails are located. Preliminary studies indicate that it is enhancers of the greenhouse effect due to their semitransparent
pOSSible to automat|ca”y detect and locate contrails in Advanced nature [29] They are nearly transparent to the Solar energy
g:g eilgc?f ng}gg’éﬁgfad'ometer (AVHRR) imagery with a high 0. hing the surface, but they reduce the planetary emission

Once contrails have been identified and localized in a satellite ©© SPace due to their cold ambient temperatures. However, a
image, it is useful to segment the image into contrail versus quantitative assessment of the degree to which jet contrails

noncontrail pixels. The ability to partition image pixels makes it perturb the radiative balance of the earth-atmosphere system
possible to determine the optical properties of contrails, including  gtjj| is lacking.

optical thickness and particle size. In this paper, we describe a L . .
new technique for segmenting satellite images containing con- Subsonic aircraft, which fly at an altitude between 8 and

trails. This method has good potential for creating a contrail 13 km, have continued to increase through the years [7]. The
climatology in an automated fashion. emissions from these aircraft, which include NOCOy, CO,
The majority of contrails are detected, rejecting clutter in  HC, CO,, soot, and water vapor [31], lead to contrail and

the image, even cirrus streaks. Long, thin contrails are most 4qr450] formation [24]. Pitchfordt al. [25] argue that if the
easily detected. However, some contrails may be missed because

they are curved, diffused over a large area, or present in short upper troposphgrit; and Iower Stratoslpheric (UT/LS) buildgp
segments. Contrails average 2—3 km in width for the cases studied. Of €xhaust emissions continues to increase, photochemical

reactions and surface changes of these particles could enhance
CCN formation. This would lead to enhanced opacity of
cirrus clouds formed from such conditions. Having “seeded”
|. INTRODUCTION the environment, contrails often elongate and widen into

HE RADIATIVE energy budget of the earth-atmospher&i”“S'”ke feature;. Josepét al. [20] used Earth Resourcesl
I system is in delicate balance between the incoming So@chnqlogy Satellite (ERTS) photographs and found contrails
energy and the outgoing longwave radiation. The incominyth widths up to 100 km. Contrail widths of 5-30 km are
solar energy is attenuated by clouds, aerosols, and other pafg€en in Advanced Very High Resolution Radiometer (AVHRR)
cles in the atmosphere, and the outgoing longwave radiatior22ges, but the average width is 2-3 km.. .
absorbed and reemitted by gases and these particulates. Withonsiderable uncertainty exists regarding the impact of
increasing trace gas emissions from anthropogenic sourcg¥trails on surface temperature and precipitation [4]-{6],
there is a growing concern about greenhouse warming aSd [13]. Changnon analyzed records of monthly sky cover,
possible climate change implications. NASA's Earth Obser{mperature, and sunshine for 1901-1977. An area in the
ing System (EOS), to be launched in 1999 [1], is dedicated ggntral United States that has experienced large increases in jet
understanding these complex interactions between the ealAffic was found also to have shifted to cloudier, less sunny
atmosphere system. conditions. Temperatures also decreased during this period,
The study of jet contrails is of major importance to &ading to the suggestion that these anomalous changes were
wide range of disciplines, from military planners to climatélué to jet-induced cirrus. Detwiler [9] argued that contrails
researchers. Contrails, that form at the wake of jet aircraft, #6pd not so much to increase cloudiness but to enhance the
as tracers that may serve as potential intelligence to militaf§rmation of natural cloudiness. In one of the earlier works
planners. In terms of atmospheric effects, climate researchefsthe interaction of contralls_ with thermal rad!atlon, Kuhn
are interested in the radiative effects of jet aircraft emissiorld2] showed that a 500-m-thick contrail sheet increases the
infrared emission below the sheet by 21% and decreases the
Manuscript received November 7, 1996; revised June 23, 1997. This wo?PIa.r radle_‘tlon below the S_heet by 15%, thereby leading to a
was supported by NASA under Grant NAG 5-2712. net incoming power depletion at the earth’s surface by about
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Sciences, South Dakota School of Mines and Technology, Rapid Ciyatyration with respect to ice is fairly frequent, the chances for
SD 57701-3995 USA. They are now with the Department of Atmospheric . fi il id blv higher th th
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from the engine emissions have a short residence time. The TABLE |
current (and projected) fleet of subsonic aircraft operate in TAET;ETO:I ﬁ\g*uisvbﬁf TS:;;RXLiiiTE)LEsL/J;:AS%iSTEleSED
the upper troposphere, thereby increasing the possibilities

of persistent contrail formation that could possibly lead to ~ Pate | SatID | Orbit # Lig{‘utsg Egr’]‘gfr Figure

changes in the radiation balance. tude
Contrails have been regularly observed in satellite imagery 07/05/88] NOAA- | 1834747 47.35N | 136.76W| 7a
[4], [5], [8], [19], [28]. The spectral capabilities of the AVHRR F/9

sensor was utilized by Lee [23] to produce images with 07/05/88 N?:gA' 1834747 458IN | 141.92W) 63

enhanced contrails. Trav_is [30] zoomeq satellite_images and—g7/05/8 | NOAA- | 1834 747] 4L.18N | 142.33W| 7b
then manually counted pixels to determine the width, length, F/9
and areal coverage of contrails. A first attempt at automated 07/06/88| NOAA- | 1837070/ 69.82N | 41.33W |  6b

: : F/9
detection of gontra!ls was performed.by Engelsthdl. [1_2].  07/06/88] NOAA. | 1837070 713N | 30.96W 70

The present investigation extends this approach and identifies F/9
contrail pixels in an image. Section Il provides background 10/01/92] NOAA- | 2587071 65.07N | 22.43W 9a

on the subject, and Section Il describes the methodology. H/11
: ; 10/04/93| NOAA- | 2590808 59.97N | 122.42E| 8a

Section IV presents the results, and Section V concludes. H/11
10/04/93] NOAA- [ 2591112 61.07N | 20.00E 9b

Il. BACKGROUND H/11
The AVHRR channels 4 and 5 are centered in the 10.8- and 10/04/93 Nﬁlfi’i\‘ 2591112 54.6IN | 1945 | 9c
12.04+:m atmospheric window regions, respectively. Becau;e 10/07/93] NOAA- 12595151 53.96N | 70.02E 3b

these wavelengths are spectrally close, most features radiate H/11

similarly in the two channels and are therefore suppressed in 10/07/93 Nﬁ’fﬁ\' 2595151 59.09N | 74.43E 8c
the difference image. Howev_er, c_ontralls, as \{vell as certqm To/0192] NoAA 12587071 38,91 | 0922w 5
cirrus clouds, are enhanced in this difference image, making H/11
subsequent contrail detection much easier.
AVHRR imagery has a spatial resolution of 1.1 km at nadifye examine the image directly beneath and perpendicular to
In thg channel 4-5 <_j|ffer§nce image, contraﬂs are chargctenqﬁg Hough line segment for contrail pixels.
as thin, nearly straight linear features of higher intensity than
the background. Thin features in an image are knowndaes I1l. M ETHODOLOGY
when they are of higher intensity than the background [15].
Contrails can be enhanced further in the channel 4-5 differerfse Data and Preprocessing
image by first applying a ridge detection operator [12]. This In this study, 12 AVHRR Local Area Coverage (LAC)
operator enhances thin linear features in the difference imaggages are used to develop the detection algorithm. Table |
eliminating much of the noncontrail data (including manghows the regions and times over which the images were
cirrus clouds). acquired. The AVHRR sensor has a nominal spatial resolu-
Contrails possess another highly characteristic feature; théyn of about 1 km at nadir and five spectral channels [21]
tend to create straight lines in satellite images. There argq®58-0.68;m, 0.72—1.1;:m, 3.55-3.93:m, 10.3—11.3;:m,
number of schemes for detecting straight lines in an imagend 11.5-12.5:m). The infrared channels (channels 4 and
the best known of which is undoubtedly the parametric Houd®) are calibrated onboard. However, the calibration scheme
transform [11], [16]. In order to detect contrails, the Hougis not completely linear. Nonlinear calibration of the infrared
transform is applied to the channel 4-5 difference image, aftgfannels is performed following Browet al. [3]. Since the
enhancement by the ridge operator. This results in an autisible and near-infrared channels (channels 1 and 2) do not
mated technique for contrail detection in satellite imagery [124ave any online calibration, postlaunch calibration coefficients
After contrail detection, it is useful to segment the imagg27] are used to correct for degradation effects. Channels 1 and
into contrail versus noncontrail pixels. Then it becomes pos$i-are converted to albedos, and channels 3-5 are converted to
ble to retrieve further information concerning contrail opticaemperatures [21].
properties and their contributions to radiative forcing. The
Hough transform produces a list of straight line segments kh Difference Images
the image that are approximately coincident with the contrails.Figs. 1-3(a)-(e) show the five channels for three
However, contrails may vary in thickness, may not lie directl$12 x 512 pixel regions from different AVHRR images
beneath the Hough line segments, and may have regi@mhtaining contrails. The 10-bit values have been calibrated
in which they dissipate entirely. Additional processing iand then mapped into 8 bits for display purposes. Also, linear
required for segmentation, even after the Hough transform hamtrast stretching [17] is applied to enhance the contrast.
successfully detected the presence of image contrails. Histogram equalization [14] is an alternative approach for
There are several ways in which segmentation may besualizing contrails in AVHRR imagery.
accomplished. In this study, we present an approach similafFig. 1 shows high-altitude contrails as straight line segments
to searching near an approximate locatid@]. Given the over an underlying stratus cloud layer. The darker straight line
approximate location of a contrail from the Hough transfornsegments seen in Fig. 1(a) and (b) may be contrail shadows on
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Fig. 1. AVHRR contrail image: (a) channel 2, (b) channel 2, (c) channel 3, (d) channel 4, (e) channel 5, and (f) channel 4-5 difference.

-

Fig. 2. AVHRR contrail image: (a) channel 1, (b) channel 2, (c) channel 3, (d) channel 4, (e) channel 5, and (f) channel 4-5 difference.

the underlying cloud deck. Such features are not observableshown, both in this laboratory [12] and elsewhere [23], that
Figs. 2(a) and (b) or 3(a) and (b) over a dark background in teabtracting AVHRR channel 5 from channel 4 produces an
visible and near-infrared channel 1 and 2 images, respectivaipage in which contrail signatures are greatly enhanced.
Contrails are not reliably detectable using the mid-infrared The calibrated pixel values in channels 4 and 5 represent
channel 3 images, as demonstrated in Figs. 1(c), 2(c), and 3{emperatures, typically between 180 and 327 K. However,
However, they are discernible as dark streaks in the infrartite resulting difference image has extremely low contrast,
channel 4 and 5 images, as seen in Figs. 1(d) and (e)-3jce the difference values are often less than 8 K. Some
and (e). form of contrast enhancement is essential to visualize
The first step in contrail detection and segmentation ise contrails in the difference image. Figs. 1-3(f) show
generation of the channel 4-5 difference image. It has beds® channel 4-5 difference images corresponding to the
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Fig. 3. AVHRR contrail image: (a) channel 1, (b) channel 2, (c) channel 3, (d) channel 4, (e) channel 5, and (f) channel 4-5 difference.

512 x 512 regions of Figs. 1-3(a)—(e), after applying linean the neighborhood is classified as a ridge if three of the nine
contrast stretching. Note the dramatic enhancement \aflues form an elevated line in one of four possible ridge
contrails, and suppression of many other image featuresientations. The ridge orientation may be in a horizontal,
Many contrails that were hidden by other image features arertical, or diagonal direction, as follows:

visible in the difference image. 0 0 0 1 0 0 01 0 0 0 1
. S 1 11 01 0 01 0 01 0
C. Ridge Classification 00 0 00 1 01 0 1 0 0

Classification of pixels into ridges provides candidates f@the three values along the line (the ones) must be greater
contrail identification, making contrail detection via the Hougkhan the values alongside the line (the adjacent zeros), since
transform more robust. A ridge is a connected linear structyig rigge definition requires a local maximum perpendicular
that is very long relative to its width, with a skeleton alongq the ridge direction.
which the pixel intensities change slowly [15]. Ridge points The ridge location and direction are stored for later use
are brighter than the surrounding background in at least tWp the Hough transform. The ridge direction is given by
directions. The ridge width need not be constant, but it shoyige maximum response of the ridge operator; i.e., whichever
change slowly (if at all). _ . of four ridge orientations is maximally elevated over its

Contrails form ridges in the channel 4-5 difference imageighboring values. A pixel is classified as belonging to a ridge
(Figs. 1-3). A ridge operator is used to eliminate many nognly when the ridge operator response exceeds a threshold,
contrail pixels from these contrail-enhanced images. Our ridgg giscussed in Engelstad al. [12]. Fig. 4(a)—(c) shows the
operator is based on two observations. First, the definition l‘?(ﬁges found in the contrail-enhanced images of Figs. 1-3,
a ridge requires that every point along the ridge is a |°Cfﬂspectively.
maximum in at least one direction (perpendicular to the ridge). at this point, we have an image in which the features of
Second, inside a small neighborhood, a digital ridge may Rferest (contrails) have been greatly enhanced with respect to
oriented in one of four directions: horizontally, vertically, Olthe original AVHRR imagery. These are the long line segments
along the two diagonals. seen in Fig. 4(a)—-(c). However, there are significant numbers

The ridge-finding algorithm used for contrail detectiomf other bright points and short line segments that constitute
is described in detail in [12]. This algorithm examines @oise. There remains the problem of detecting and locating the
6 x 6 neighborhood for horizontal, vertical, and diagonalontrails. To do so, we make use of the fact that contrails tend
ridges. The 6x 6 neighborhood was specifically selected foto form straight lines in satellite images.
detection of contrails in AVHRR imagery. Jet contrails are
seldom more than 3 km wide [10], so ridges tend to be thr& Hough Transform
pixels wide or less, and they are readily detectable inside aConsider the general problem of detecting and locating a
6 x 6 neighborhood. straight line in an image. After performing ridge detection, we

Inside this 6x 6 neighborhood, nine values are computeldave a collection of ridge pixels, some of which lie on the
by summing groups of four adjacent pixels. The central pixéhe and some of which do not. A straightforward approach
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Fig. 4. (a)-(c) Ridge detection applied to AVHRR channel 4-5 difference images and (d)—(f) Hough line detection superimposed upon AVHRR channel
4-5 difference images.

would involve counting how many ridge pixels lie along each The above formulation suffers from the problem that the
possible line. The line with the greatest number of ridge pixetsoper is undefined for vertical lines. Duda and Hart [11] pro-
corresponds to the actual line in the image. posed an alternate formulation based on a different parametric
Unfortunately, this approach is computationally prohibitiveequation for a linep = z cos 6 + ¥ sin 6. In this formula,
Given N ridge pixels, there ar&V(N — 1)/2 possible lines. p is the perpendicular distance from the origin to the line
Comparing every ridge pixel to every line leads to@(V?3) and# is the angle the perpendicular makes with thaxis.
algorithm, in whichV could be a substantial fraction of allAs 8 varies from 0 to 369, the value ofp is computed and
the image pixels. the corresponding location in the accumulator atidy, 6] is
A more efficient approach was originally proposed bincremented.
Hough [16]. In its most basic form, the Hough transform maps Local maxima in the accumulator array indicate straight
a point (z, ) into a line in Hough parameter spaée:, b). lines in the image. A local maximum whose value is higher
The parameters: andb correspond to the slope and intercepthan a given threshold indicates the presence of a contrail.
of a line, from the parametric equatign= mx + b. Collinear From the values op and g, it is simple to superimpose the
points will generate lines in Hough space that intersect détected line on the image.
a single point. The paramete(s:, b) at this point give the  Several modifications to the standard parametric Hough
equation of the line. technique are used in the present contrail detection scheme.
To implement the Hough transform, a two-dimensiondh the classic Hough transform, an edge detector is used to
(2-D) accumulator array is set up to represent the Houghoduce candidate line points rather than a ridge detector. Edge
parameter space. One dimension represents possible valugsbafls are typically found using a digital approximation to
the parametem, and the other dimension represents possiblee gradient operator (the first derivative), such as the Sobel

values of the parametér The algorithm is as follows: or Prewitt operators [14]. Edge detectors do not perform as
initialize the accumulator array A to zero well in this application because they respond to all edges,
including cloud boundaries, land-water interfaces, etc. Ridge
run a ridge detector on the image detectors respond only to thin linear features, such as contrails
and thin cirrus streaks, and hence produce fewer false contrail
for each ridge pixel f(x, y) in the image do identifications.
for each value of m do There is another advantage to using the ridge operator
compute b = -mx +y described in the previous section. Since the ridge operator
increment A[m, b] gives the approximate direction of the line (horizontal, vertical,
endfor or diagonal), a computational speedup is possible. Instead of
endfor varying 6 over 360, we vary it by only 45 (£22.5 from

the ridge direction). This significantly reduces the amount of
find maxima in A, corresponding to lines in the image. processing required to increment the accumulator array.
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Fig. 5. (a) AVHRR contrail image (channel-45 difference). Horizontal line yields the intensity profile. (b) Intensity profile showing ridgeuitkeressr
that correspond to contrails in the image.

Contrails seldom extend over the entire breadth of amwllinear with the Hough line segment. Additional processing
AVHRR image. Better results are achieved by partitioning required for segmentation, even after the Hough transform
an AVHRR image into overlapping 12& 128 subimages has successfully detected image contrails.
and performing the Hough transform individually on each There are several ways in which segmentation may be
subimage. Line segments that cross subimage boundariesam@mplished. Perhaps the most straightforward approach is
easily identified and linked together as a postprocessing steparching near an approximate location [2]. Given the approx-

A major problem in contrail detection is false identificationimate location from the Hough transform, we examine the
of thin cirrus streaks as jet contrails. Rather than using #nage directly beneath and perpendicular to the Hough line
absolute threshold for selecting maxima in the accumulatsgégments for contrail pixels.
arrays, we apply a dynamic threshold based on the amounContrail pixels are characterized by higher intensities than
of ridge “clutter” in the image [12]. In each of the fourthe surrounding pixels in the channel 4-5 difference image.
possible ridge directions, an adaptive threshold is computedwever, it is difficult to identify contrail pixels using an
based on the number of ridge pixels oriented in that directioabsolute intensity threshold. In some cases, contrails lie over
The threshold is larger when thin cirrus streaks are presetiérk ocean; in others, they lie over bright clouds or snow. The
helping prevent false contrail identification. In the absence pdsulting intensity values can vary dramatically, even in the
cirrus streaks, or in a different direction, the threshold is loweghannel 4-5 difference image.
allowing more sensitivity in contrail detection. Instead, we make use of the characteristic shape of the

The results of contrail detection by the Hough transform argige cross section for searching. A ridge is a long, thin
shown in Fig. 4(d)—(f). Most of the contrails that are observestructure, higher in intensity than the background. Along the
in the channel 4-5 difference images shown in Figs. 1(f-3(fge, pixel intensities may increase, decrease, or stay the
are correctly identified by this technique. However, a few smajhme, just as elevations may vary along a ridge line. However,
contrails are not marked as straight lines by the Hough meth@ide cross section of a ridge has a characteristic profile that
and there is at least one cirrus streak that is incorrectly markedembles a Gaussian curve, as shown in Fig. 5. Fig. 5(a)
as a contrail [Fig. 4(d)]. This is due in part to certain thresholdows a horizontal segment arbitrarily selected that crosses
in the HOUgh tranSfOfm, such as the threshold for SEIGCtiWH‘ contrails. F|g 5(b) shows the channel 4-5 difference
maxima in the accumulator array. Decreasing this threshqiglensity profile along this segment. The cross-sectional profile
marks more straight line segments, increasing the numberfgitures a local maximum (or peak) at the position of each
contrails that are marked, but also increasing the number pfge. Pixel intensities drop on either side of the ridge and
mismarked cirrus streaks. Increasing this threshold redu%ntua"y reach the level of the surrounding background.
the number of mismarked cirrus streaks, but it increases thq_:,y searching in a direction perpendicular to the detected
number of weak contrails that are not marked as straight Iin%ugh line segments, the characteristic ridge cross-sectional
This represents the major limitation of the present scheme.rqfile may be used to identify contrail pixels. First, the loca-

tion of the ridge itself must be found. This corresponds to the
E. Contrail Segmentation peak in the cross-sectional profile. We search perpendicularly

The Hough transform produces a list of straight line sed¢p locate the peak, which may not lie directly underneath the
ments in the image that are approximately coincident with tihdough line segment, but it will certainly be located nearby.
contrails. However, the contrails are not necessarily exactlyln the ridge cross-sectional profile, pixel intensities decrease
one pixel thick. In some places, they may have spread to tapidly on either side of the peak, as seen in Fig. 5(b).
several pixels wide; in others, part of the contrail may néafter locating the peak, we search for the beginning of
longer be visible. Furthermore, the contrail may not be exactilye intensity drop off by examining the difference between
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adjacent pixel intensities along the perpendicular. When tBegmentation by searching perpendicularly to the detected
difference between two adjacent pixels exceeds a threshditbugh line segments makes it simple to classify contrails
the beginning of the drop off has been found. according to width. For each pixel along the line segment,

Pixel intensities continue to decrease rapidly in the ridgge compute the ridge cross-sectional width to mark contrail
cross-sectional profile on either side of the peak, but eventugliixels. This allows the average contrail width to be readily
the rate of decrease slows as the edge of the ridge is reaclwetnputed.

By continuing to monitor the difference in adjacent pixels )

along the perpendicular, we detect the end of the drop off. Other Processing Steps

When the difference between two adjacent pixels no longerAs mentioned earlier, the channel 4-5 difference image con-
exceeds a threshold, the end of the drop off has been founsists of relatively small temperature differences. For processing

At this point, we have identified the end of the intensitefficiency and image display purposes, we linearly rescale the
drop off on either side of the peak in the ridge cross-sectior@dta to 8-bit unsigned integer values prior to ridge detection.
profile, perpendicular to the detected Hough line segmefemperature differences in the rangd.00 to+6.65°C are
All pixels between these two points are marked as contraéiscaled to the integer range 0 to 255. The few values outside
pixels. This is done for every pixel on the Hough line segmerthis temperature range are simply clipped at 0 to 255. This
Because contrails tend to be fairly narrow, the search procgsslds excellent image display results for a wide variety of
is quite efficient. AVHRR images.

There are several cases in which the algorithm will not Linear contrast stretching not only improves image display,
mark contrail pixels along the Hough line segment. If a loc&lut it also helps reduce the selection sensitivity of ridge
maximum corresponding to the ridge peak cannot be fourttop-off thresholds. When the ridge “height” relative to the
the point is rejected as a contrail pixel. This may occur whdrackground may be as little as °Z, results are extremely
the contrail has partially dissipated or is obscured by a brigb¢nsitive to threshold selection. Increasing the ridge “height”
cloud. If the beginning or end of the drop off cannot be founcklative to the background by roughly 30-fold makes it easier
in either direction, once again the point will be rejected asta select general thresholds that work effectively across a wide

contrail pixel. range of images.
The search algorithm for identifying contrail pixels is the Smoothing [14], [26] is another processing step that im-
following: proves the results of contrail segmentation. The characteristic

ridge cross-sectional profile may be degraded by random noise.
Smoothing reduces the noise, yielding superior segmentation
results. A centerweighted 8 3 smoothing filter is applied to
the channel 4-5 difference image after contrast stretching and
prior to segmentation, as follows:

for each Hough line segment
for each pixel(x, y) along the line segment
search perpendicularly to the line segment
from (z, y) in both directions until
a peak is located dtz,,, y,)

search perpendicularly to the line segment 1 1 21
from (z,, ) to the “left” until the — |2 4 2
beginning of the “left” drop-off 16 1 21

(zr, yr) is located . ) .
continue to search perpendicularly to the Centerweighted filters such as these tend to preserve delicate

line segment fron(zzz., vz, to the image features better than simple averaging filters. Preprocess-
“eft” until the end of 7thte “eft” ing the channel 4-5 difference image with this centerweighted
3 x 3 smoothing operator tends to spread contrails slightly,

drop-off (z,, y,) is located e .
but it improves the overall accuracy of segmentation.

search perpendicularly to the line segment
from (z,, y,) to the “right” until

the beginning of the “right” ) IV. REsuLTs _ _
drop-off (z,., y..) is located Flg._ f?‘(a)—(c) sh_ows three_ channel 4-5 difference images
continue to search perpendicularly to the ~ containing contral!s, and Elg. 6(d)—(f) shpws the detected
line segment fron(z,., 7.) to the segmented contraﬂs overlaid onto Fhese images. As can pe
“right” until the end of the “right” seen, the Qetectlon a.nd. segmentation 'algorlthm is rpbust in
drop-off (x,., y.) is located discriminating the majority of contrails in a scene. Fig. 6(a)
it (z,, up), (zz, yr) and (z,., u») f';lnd (d) shows that the four strong C(_)ntralls in the center of _the
are successfully located, image are successfully Qetected without human_ intervention.
mark pixels from(z ., y1.) to Cl_utter from an underlym.g cloud deck, shown in Fig. 1, is
(2, y,) as contrail pixels. rejected. The only false signal appears to be a small streak at

the top of the image, labeled “A.”

It is also possible to classify ridges into different widths Fig. 6(b) and (e) shows a scene with a large number of
using this segmentation approach. Contrails tend to spread comtrails. Once again, the majority of contrails are detected,
and widen with time under certain atmospheric conditions. Théearly rejecting clutter in the image, even cirrus streaks. Some
width of a contrail may yield important information about itscontrails are missed because they are curved, diffused over
duration or the conditions under which it formed and persistedl.larger area, or present only in short segments. Long, thin



1616 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 36, NO. 5, SEPTEMBER 1998

Fig. 6. (a)-(c) Three channel 4-5 difference images. (d)—(f) Images with contrails overlaid.

contrails are most easily detected. The Hough line identifire correctly discriminated against in Fig. 8(f). In order to
cation approach is applicable only to straight lines. Whileorrectly identify the major contrails in an image, Fig. 8
it is capable of detecting lines consisting of line segmentdemonstrates that a few thin contrails are missed and a few
the Hough approach may fail if the segments are too sparether linear features may be falsely identified. Nevertheless,
The failure of the algorithm to detect the diffuse contrailghe contrails are successfully discriminated, even against a
such as the one labeled “B” in Fig. 6(e), may be traced ftoisy background.

the 6 x 6 pixel ridge detection approach. The present resultsFig. 9 shows the final three scenes that contain a very
suggest that a larger neighborhood ridge detection schefiéitered background. Once again, the algorithm is robust
be required for diffuse contrails. The reason that a largtl identifying most of the major contrails. Several potential
neighborhood mask has not been used in this investigatiorF@trails are not identified in Fig. 9(d) and (e), labeled A-E,
that it then tends to falsely identify cirrus streaks as contrails. imarily due to their faint or diffuse nature. Contrail detection

new approach specifically designed to detect diffuse contrdiismore problematic over cluttered backgrounds because the
is under development. ridge identification using the & 6 pixel mask may fail in

Fig. 6(c) and (f) show three major contrails correctly idersUch cases.

tified in the center of the scene. Only the line segment Iabeled'_n agreemer_n Wit_h Engels.taet al. [12], we conclude that_
“C” appears to be a false detection. while the algorithm is robust in the detection of most contrails,

Figs. 7-9 show additional channel 4-5 difference imag%ssis less effective when features are weak, diffuse, or curved.

with detected contrails overlaid. Fig. 7(d) shows that contrai specially difficult are highly _cluttere_d SCenes W'th. many
Sjorus streaks. Increased contrail detection may be achieved but
may be successfully detected even when they are closé

spaced. In Fig. 7(d), the contrail labeled “A” is not detecte t¥ly at the cost of increasing false alarms, while decreasing

due to the fact that it is both faint and curved. Two falselxoit?:irlzber of false alarms necessarily eliminates some faint
detected cirrus streaks are labeled as “B” and “C.” Thin ’

cirrus streaks that have a ridge structure may be falsely

detected as contrails. Fig. 7(e) shows that relatively broad

contrails are detected by the algorithm. However, two diffuse V. CONTRAIL WIDTHS

contrails labeled “D” and “E” in Fig. 7(e) are not detected, The method developed by Engelstitchl. [12] is successful
while complicated cloud structure appears to be producifg detecting the presence of contrails in an image. However,
false detections in Fig. 7(f), labeled “F.” Nevertheless, a largBat approach is not capable of discriminating all contrail pix-
number of streaks are correctly rejected by the algorithm. els in the image. The present approach eliminates noncontrail

In Fig. 8, contrails are correctly identified except the linegixels from straight line contrail identifications and segments
labeled “A” in Fig. 8(d), “B” in Fig. 8(e), and “C” in Fig. 8(f). the contrails for additional processing. This is an essential
Some very faint straight lines may be seen in Fig. 8(e) thsttep if automatic analysis of contrail properties in contrail
may be contrails. However, a number of faint linear featuretimatologies is to be achieved.
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Fig. 7. (a)-(c) Three channel 4-5 difference images. (d)—(f) Images with contrails overlaid.

Fig. 8. (a)—(c) Three channel 4-5 difference images. (d)—(f) Images with contrails overlaid.

One important parameter is contrail widths. This infordevelopment. Therefore, the present results, while valid for the
mation is needed to test the hypothesis that jet contrailast majority of contrails observed in the present investigation,
spread to create additional upperlevel cloudiness. Such ame not complete.
increase in cloudiness is hypothesized to have importantFig. 10 shows contrail widths in terms of pixels for the
climatological consequences. As a caveat, it should be notE?lscenes examined in this investigation. Contrail widths
that, in the results presented below, large, diffuse contraifigically show peaks of two pixels in this study. AVHRR
are not included because the present algorithm is designexhgery is 1.1-km spatial resolution at nadir. However, spatial
to discriminate against them. As mentioned previously, rasolution varies significantly with viewing angle, and con-
new approach for the detection of diffuse contrails is undémail widths will vary with orientation within an image; for
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. 9. (a)-(c) Three channel 4-5 difference images. (d)—(f) Images with contrails overlaid.

1400

1200 |

1000

800

600 |

400

200

width (pixels)

. 10. Histogram of contrail widths in 12 AVHRR scenes.

upon the number of contrails present. Contrail segmentation
took under 0.5 s.

VI. CONCLUSIONS

The results presented in this paper show that it is possible
to automatically detect and segment contrails in AVHRR
images by using the multistep protocol outlined above. For
contrail detection, the difference between channels 4 and 5 is
used to generate a contrail-enhanced image. Ridge detection
eliminates many of the remaining noncontrail pixels. Finally,
the parametric Hough transform is applied to overlapping
subregions of the contrail-enhanced image to detect contrails.

Once contrails have been detected, segmentation is per-
formed by searching perpendicularly to the maximum at the
location of the ridge line, with an intensity drop off to either
side. By searching first for the peak and then the boundaries
of the drop off, contrail pixels may be identified. The results
of this technique thus far have been promising.

The majority of the contrails are detected, clearly rejecting

to be increased by a factor of 1.4. Taking these factors indfutter in the image, even cirrus streaks. However, some
consideration, contrail widths in this investigation peak &ontrails may be missed because they are curved, diffused over
about 2-3 km, in agreement with Detwiler and Pratt [10] argl|arge area, or present in short segments. Long, thin contrails

Travis [30]. In terms of area covered in a 532512 pixel

are most easily detected and segmented with the present

scene, contrails covered from a low of 0.4% to a high of 2.7%igorithm. Increased contrail detection may be achieved, but

of

the scenes.

only at the cost of increasing false alarms. This strategy

This investigation will be extended to a contrail climatology\ecessarily eliminates some faint contrails.
in the near future. Contrail widths will be computed taking into A new approach designed to detect diffuse contrails is
account viewing geometry and contrail orientation. However,under development. In addition, a contrail climatology will
more robust method for the detection of large, diffuse contraiie compiled. Now that segmentation is achievable, contrail
first must be developed.
In terms of CPU requirements on a 486-66 PC, ridge detesize, and emissivity may be retrieved.

tion required approximately 6 s for a 522 512 region. The

physical properties, such as optical thickness, effective particle

Neglecting the large diffuse contrails, the peak in contrail

Hough algorithm required between 4.8 and 10.3 s, dependinglths, for the 12, 512« 512 pixel regions investigated, was
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2-3 km. The algorithm is relatively efficient, requiring ar26] w. K. Pratt, Digital Image Processing. New York: Wiley, p. 698.
average of 12 s on a 486-66 PC. [27] C. R. N. Rao, M. P. Weinreb, and J. Chen, “Recalibration of the Ad-

vanced Very High Resolution Radiometer for climate change research,”
Adv. Space Resvpl. 14, pp. 117-120, 1994.
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