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ABSTRACT

This work deals with two kinds of contrails. The first comprises a large number of optically thin contrails

near the tropopause. They are mapped geographically using a lidar to obtain their height and a camera to

obtain azimuth and elevation. These high-resolution maps provide the local contrail geometry and the

amount of optically clear atmosphere. The second kind is a single trail of unprecedentedly large optical

thickness that occurs at a lower height. The latter was observed fortuitously when an aircraft moving along the

wind direction passed over the lidar, thus providing measurements for more than 3 h and an equivalent

distance of 620 km. It was also observed by Geostationary Operational Environmental Satellite (GOES)

sensors. The lidar measured an optical depth of 2.3. The corresponding extinction coefficient of 0.023 km21

and ice water content of 0.063 g m23 are close to the maximum values found for midlatitude cirrus. The

associated large radar reflectivity compares to that measured by ultrasensitive radar, thus providing support

for the reality of the large optical depth.

1. Introduction

We have had a longstanding interest in the nature and

origin of contrails both from the point of view of the cloud

physics and from the continuing concern about their in-

fluence on climate. On the morning of 5 December 2008,

the lead author observed a plethora of contrails to the

west of his home in Silver Spring, Maryland. He photo-

graphed these throughout much of the day and obtained

corresponding data by lidar and satellite observations

online from the National Aeronautics and Space Admin-

istration (NASA) and National Oceanic and Atmospheric

Administration (NOAA) databases.

Our goals are to understand their morphology and

physical and radiative properties through the examina-

tion of the characteristics of two extremely different kinds

of contrails. This paper expands upon that of Atlas et al.

(2006, hereafter AWD). A concise but informative review

of contrails is that of Minnis (2003). A comprehensive

study of the optical depth of contrails is that of Duda et al.

(2004).

2. Photographic observations

Photographs were taken to the southwest and east of

the Atlas residence between 1451 and 1530 UTC (Times

are rounded to the nearest minute; all times are in UTC.).

Each of these showed between four and seven contrails,

not necessarily different from those on other photographs.

The photo shown in Fig. 1a was taken at 1516 UTC while

looking toward the southwest. It includes a portion of the

building and a tree that we have used as elevation and

azimuth markers. Since we also know the heights of the

contrails from the lidar record (Fig. 2), we may determine

the horizontal distance Y from the zenith point above the

camera to any point on the frame along the y axis (right-

hand scale), Y 5 H/tanu, where H is the height of the top

of the contrail and u is the elevation angle, as shown on

the left-hand axis.

We see two thin sharp contrails at the center of Fig. 1a.

Although the trails converge with distance from the ob-

server, this is due mostly to perspective. The diffuse large

cloud elements between them are the remnants of an

older contrail that originated farther to the west and

arrived simultaneously with the younger ones as shown

in AWD. The photo in Fig. 1b was taken looking east at

1519 UTC. The two major contrails shown here are likely
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to be the same as those observed to the southwest in

Fig. 1a. The alphabetical letters in both photographs cor-

respond to those in the map of Fig. 1c.

Using the ranges and azimuths in Figs. 1a and 1b we

have plotted the contrails on a plan position diagram in

Fig. 1c. There we see that trails A and B extend to the

south-southwest while C and D extend to the north-

northeast. In the 3-min interval between photos 1 and 2,

C and D have moved farther east. It is evident that C and

D are the more northerly portions of A and B that have

FIG. 1. (a),(b) Photos taken looking southwest at 1516 UTC and east at 1519 UTC, respectively, from the Atlas residence. Scale on right

corresponds to the distance from the zenith point over the observer at the 11-km level. (c) Plan position plot of contrails shown in (a) and

(b). Range circles are centered on the Atlas residence. Note position of the lidar at GSFC. Letters A, B, C, and D correspond to contrails in

(a)–(c). (d) Enlarged segment of the photograph in (b) to illustrate the vertical fall streaks and their ‘‘blobby’’ nature. Arrow is pointing at

nadir. (e) Temperature (solid line), frost point temperature (dashed line), and wind speed (dashed–dotted line) and direction (dotted line)

in proximity to the Atlas residence from RUC analysis at 2000 UTC 5 Dec 2008. At 11 km winds are from 2508 at 66 m s21; at 7.7 km winds

are from 2408 at 57 m s21. (f) Map of maximum RHi between 500 and 300 hPa at 2000 UTC. The dotted line represents the contrail

position as seen in Fig. 3. See text for details.
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been slightly displaced to the east by the strong winds.

Trails C and D show evidence of fall streaks of ice

crystals that were not evident in A and B because we are

viewing them along the direction of their fall in Fig. 1a

and normal thereto in Fig. 1b. A plan view such as that in

Fig. 1c, which is based on the high-resolution observa-

tions by the camera rather than the poor resolution of

the lidar (see section 4), is particularly important in ra-

diation measurements because it shows the actual por-

tion of the sky that is optically clear.

In Fig. 1b note the streaks emanating from the contrail

at the upper left. We have enlarged a segment of this

contrail in Fig. 1d to illustrate its structure. These fall

streaks appear aligned like the teeth of a comb, but they

are of bloblike texture, suggestive of turbulence. The tex-

ture is quite different from the smooth finescale structure

seen in the fall streaks shown by AWD (their Fig. 1). In

view of the dry environment, the stability of the sounding,

and the lack of wind shear near the tropopause, we sug-

gest that the texture of the fall streaks may be due to

evaporative cooling and turbulence induced by the de-

scending chilled air.

3. Meteorological observations

Soundings of temperature and wind are shown in

Fig. 1e for the location of the Atlas residence (39.0568N,

76.8678W). These profiles were obtained from the Rapid

Update Cycle (RUC) analyses (http://ruc.noaa.gov/ppt_

pres/RUC20-tpb.pdf). The winds aloft exceed 55 m s21

above 8 km but are remarkably constant in direction be-

tween 2408 and 2508 above 4 km. The wind shear is

modest (0.005 s21) up to 10 km and negligible from there

to 12 km. Note that the frost point exceeds the temper-

ature over the layer extending from 7 to 11 km. Ac-

cordingly, any ice crystals in this layer will grow. We shall

see the results of this when we discuss the lidar observa-

tions in section 4.

A map of the maximum relative humidity with re-

spect to ice (RHi) between 500- and 300-hPa heights for

1900 UTC is shown in Fig. 1f. Although, it is well known

that radiosondes underestimate the humidity at high

altitudes (Miloshevich et al. 2001), the map provides a

picture of the pattern of RHi. Also, the RUC model

computes a grid-averaged value of relative humidity, and

higher relative humidity could exist in the subgrid scale.

Accordingly, a RHi ’ 100% or less is reasonable for the

occurrence of persistent contrails (Duda et al. 2004). The

RHi exceeds 100% slightly only over the region runn-

ing from west-southwest to east-northeast south of the

Pennsylvania border. We have added a dotted line in this

illustration depicting the linear contrail (shown in Fig. 3).

It runs along the boundary of the region of RHi 5100%.

The persistence of this contrail suggests that the RHi

is actually considerably greater than 100%, as shown by

the frost point profile in Fig. 1f.

4. Lidar observations

The lidar record between 1200 and 2245 UTC from

the Micro-Pulse Lidar (MPL) network at the Goddard

Space Flight Center (GSFC) (39.0178N, 76.8678W; http://

mplnet.gsfc.nasa.gov/) is shown in Fig. 2. The top panel

represents the Attenuated Lidar Scattering Ratio (ALSR).

The middle panel represents the extinction coefficient

(km21). The curves at the bottom show the corresponding

optical depth (t; dashed) and ice water path (IWP; g m22;

solid). Layer optical depths are derived by using mo-

lecular signals above and below the cloud layer. When t

is larger than 2, the uncertainty in derived t increases

significantly because of strong solar noise and weak

molecular signals above the cloud layer. Then the de-

rived optical depths are used to constrain extinction

retrievals by adjusting the lidar ratio (assuming the lidar

ratio does not vary with height). During the period of

2000 to 2030 UTC, contrails almost totally attenuated

MPL signals. Based on the MPL detectable signal level

estimated in the nearby profiles, we put the upper

limit of t as 2.3 in this paper (with uncertainty as large

as 25%).

The period from 1230 to 1830 UTC displays echoes with

tops close to the tropopause at 11 km and bases of 10 km

with slight variations. We have used the 67 m s21 winds at

the 11-km level to determine the speed with which the

contrails are moving. A second weak layer of echoes oc-

curs between 8 and 9 km from 1615 to 2000 UTC when

the echo intensity increases sharply for about 35 min

and decays thereafter until the end of the record. From

Geostationary Operational Environmental Satellite

(GOES) observations, we found that the sudden in-

crease in t to the remarkable value of 2.3 resulted from

the appearance of a single new contrail that fortuitously

passed over the lidar throughout a major portion of its

life cycle. Note that both layers are striated so that they

are clearly not continuous clouds. Rather, the striations

are due to the passage of either individual or combined

adjacent contrails. This is evident in the expanded lidar

record of the upper layer (not shown). There we found

two to three contrail turrets in clusters of larger reflec-

tivity separated by the striations such as those seen in

Fig. 2. The close spacing between adjacent clusters in the

upper layer is due to the highly compressed time scale

and the 60-s averaging of the lidar signals. Such temporal

averaging amounts to a distance of 4.2 km at the speed

of the wind at the 11-km level, and determines the ef-

fective horizontal resolution of lidar measurements at
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that height. Examination of Figs. 1a and 1c shows that

contrails C and D are actually spaced about 5 km apart.

However, when viewed by the lidar at vertical incidence,

they would barely be resolved from one another.

5. Satellite observations

Our first view from space was with the Moderate

Resolution Imaging Spectroradiometer (MODIS) at

1820 UTC. This showed a large area of multiple lines

oriented from northeast to southwest. However, these

clouds were north of the domain covered by either the

camera or the lidar and will not be discussed further. We

then referred to the GOES-12 satellite visible measure-

ments. Figure 5 shows 4 of the last of 10 GOES visible

images at ;15-min intervals from 2002 to 2045 UTC.

Note the line of small white elements that appears in the

southwest area of the 2002 UTC image and extends to-

ward the east-northeast in successive frames. It is a re-

markable coincidence that this contrail started to pass

directly over the lidar (marked by the arrow) at 2005 UTC

synchronously with the strong lidar echo in Fig. 2. An

earlier segment of the contrail could also be seen in the

two prior images (not shown). The young contrails near

the tropopause such as those in Figs. 1a and 1b are op-

tically too thin to be detected by GOES.

The scale on Fig. 3 is shown between the images.

Between the 2015 and 2045 UTC GOES images, the

contrail line has advanced by ;100 km, consistent with

the wind speed of 57 m s21 (205 km h21) at the 8-km

level. Although we have no knowledge of the aircraft

that produced this contrail, we assume that it has a speed

.400 km h21 in calm air and .600 km h21 with this

strong tailwind. Also, assuming that it requires 0.5–1 h

for the crystals to grow to detectable size to be observed

by GOES (Duda et al. 2004), the aircraft would lead the

head of the detectable portion of the contrail by 100–

200 km, respectively. Heymsfield et al. (1998) showed

that relatively large precipitating ice crystals developed

within 15–45 min. Also, Jensen et al. (1998, plate 1)

showed that GOES-9 first detected the aircraft contrail

at ;30 min. Of course, all persistent contrails are seen

by eye directly behind the aircraft.

Figure 4 shows an expanded version of the dense

contrail layer as observed by the lidar along with the

record of the vertical IWP (solid) and t (dashed) below.

The record covers a period of 3.1 h or 620 km at the

speed of 200 km h21, perhaps the longest time of mea-

surement of a single contrail ever reported. It occurred

only because the aircraft passed over the lidar and flew

exactly along the wind direction.

The record is comprised of three segments of dis-

tinctively different characteristics. These are due to both

spatial and time dependent variations in the contrail

structure. The segment from 1918 (19.3) to 2036 (20.6)

UTC includes the strongest portion of the contrail with

FIG. 2. MPL observations at GSFC between 1200 and 2245 UTC. (top) Attenuated Lidar Scattering Ratio (ALSR).

(middle) Extinction coefficient (km)21. (bottom) Traces show the (left) ice water path (IWP, solid, gm22) and (right)

optical depth t.
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maximum optical depth of 2.3 and IWP 5 0.063 kg m22.

Note that the top and bottom of the zone of maximum

reflectivity slope down with time, but the depth of the

layer is close to 1 km. Since t is the average extinction co-

efficient hai over depth L, and L 5 1 km, hai5 2.3 km21.

Similarly, IWP 5 hWiL, and the average ice water content

hWi 5 0.063 g m23. These large values are evidently due

to the growth of large ice crystals and occur in a region of

high RHi, as shown by the temperature and frost point

profiles in Fig. 1e.

The segment from 20.60 to 21.40 UTC is distinctly

weaker and more erratic than the first one with average

optical depth of about 0.4. It is likely that this portion of

the contrail occurred in a region of lesser relative hu-

midity than the prior one. The final segment has the

smallest optical depth and is characterized by widely

separated fall streaks of about 2-km depth.

The bottom panel of Fig. 4 provides an expanded

version of the 19.3–20.6 UTC segment in the top panel of

Fig. 4. We see that it is actually composed of several cells

each of which begins with a thin turret and ends with

a low base. Note also that both top and bottom of each

cell lowers with time and space. The cells between 20.3

and 20.6 UTC are clustered together and can be seen as

separate cells only by the variation in the internal

structure. We suggest that these cells are in fact in-

dividual fall streaks that are not separated from one

another because of the 60-s time integration and their

rapid motion across the lidar beam at the speed of the

wind. Had they been separated they would resemble the

fall streaks observed by AWD and modeled by Jensen

et al. (1998). Examination of the major contrail in Fig. 3

shows that it too is composed of individual cells. Each of

these is thought to be a generating cell that gives rise

to a fall streak. The intense fall streaks during 20.1 and

20.5 UTC have grown in a humidity-rich environment

to produce the maximum optical depths and ice water

paths.

FIG. 3. Four GOES images at ;15-min intervals as marked. Notice the series of contrail elements starting in the

center left of the 2002 UTC image and advancing toward the east-northeast in sequential pictures. The head of the

arrow is the position of the lidar at GSFC.
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6. Comparison to prior observations

To establish the basis for comparison of the present

values of a and W to prior observations, we summarize

the work of Atlas et al. (1995), who developed an ice

particle parameter diagram starting with the relations

Z
e
5 0.91 3 10�6rW(D

o
)3, (1)

a 5 (3.5/r)(W/D
o
), (2)

where Ze is the equivalent radar reflectivity factor

(mm6 m23), W is ice water content (g m23), Do is the

median volume diameter, a is the extinction coefficient

(km21), and r is the ice particle density. The diagram is

based on the following assumptions: 1) the particles are

larger than the optical wavelength, and 2) the size dis-

tribution is a gamma function with shape factor or dis-

persion m 5 1, so that 3) the ratio Do/De 5 1.17, where

De is the effective diameter.

While it is valid to use r 5 0.91 g cm23 for particles

smaller than 100 mm, it is necessary to determine the

dependence of r on Do for larger particles. Atlas et al.

(1995) used the particle size distributions of the First

International Satellite Cloud Climatology Project (ISCCP)

Regional Experiment (FIRE) to obtain the scattergram

FIG. 4. (top) Expanded lidar record showing detailed structure of the contrail. Record ex-

tends over 3.1 h and 620 km of distance. (bottom) As at top, but expanded to show contrail

structure from 1940 to 2040 UTC.
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shown in Fig. 5. There we see a sequence of regression

relationships W 5 CZb, where the coefficient C in-

creases with Do while b varies from 0.930 to 1.10 as Do

increases from 100 to 900 mm, respectively. Since b var-

ies only slightly they set hbi 5 0.95. In this manner they

found that the variation of C corresponds very closely to

that of the ice density relation found by Brown and

Francis (1995):

r 5 140(D
o
)�1.1 (D

o
. 100 mm). (3)

This is close to the relation found by Heymsfield et al.

(2004).

Using Eq. (3) in Eq. (1),

Z
e
5 1.27 3 10�4W(D

o
)1.9. (4)

Thus, Eqs. (2) and (4) permit the construction of the ice

particle parameter diagram of logW versus 10logZ for

isopleths of Do and a in Fig. 6. The diagram is valid for

Do . 100 mm and the conditions specified above. The

domain of points corresponds to midlatitude cirrus clouds.

We believe that they also represent contrails except dur-

ing their early stages after release from the aircraft. Note

that the maximum value of W ’ 0.1 g m23 regardless of

particle size.

There is a paucity of data of actual particle sizes in

contrails. Heymsfield et al. (1998) reported maximum

sizes of 250 mm in a penetration of one contrail, but this

depends on the age and rate of growth. AWD found

particle sizes up to 1000 mm in fall streaks emanating from

contrails. Other measurements of sizes up to 0.5 cm were

reported in cirrus clouds by Heymsfield (2003).

The values of a 5 2.3 km21 and W 5 0.063 g m23 for

the dense contrail are at the tip of the arrow in Fig. 6.

Based on the cirrus data in Fig. 6, the present values of

a and W are unlikely to exceed 4 km21 and 0.1 g m23,

respectively. The dashed line is the regression relation

found by Heymsfield et al. (2003) for midlatitude cirrus.

The parameters for the mature contrail in the present

study fall close to this line. The dotted line is the re-

lationship W ’ 0.12Z0.64 of Matrosov et al. (2003), based

on the use of a 35-GHz radar method. Of course thick

cirrus clouds may have larger optical depths, but their

ice water contents are unlikely to exceed W 5 0.1 g m23.

The present value of t is a factor 6.5 larger than that

reported in the contrail case study by AWD. It is also

considerably larger than all those reported in the liter-

ature (see AWD, p. 15). Moreover, both t and W also

exceed the largest values observed by Wang and Sassen

(2002) for cirrus as observed by the millimeter cloud

radar in Oklahoma. Duda et al. (2004) report a range of

0.1 , t , 0.6 derived by a variety of satellite methods

including GOES visible and infrared. D. Duda (2009,

personal communication) noted the occurrence of t 5 1

and occasionally larger. However, these were discarded

because they appeared to be untrustworthy.

At the limit of W 5 0.1 g m23 the Z of cirrus clouds

and beam-filling contrails have radar reflectivity in the

range of 211 , Z , 17 dBZ. As far as can be deter-

mined, only once before have contrails of any intensity

been detected by radar. This was done with the ultrasen-

sitive 3- and 10-cm radars at Wallops Island by Konrad

and Howard (1974). They reported radar reflectivity in

the range 214 , Z , 116.5 dBZ. The latter observation

provides some degree of confidence that the large con-

trail optical depth reported here is not unreasonable. In

addition, Konrad and Howard were able to determine

the three-dimensional structure of the contrails.

We note that the minimum detectable reflectivity of

the 10.7-cm wavelength Weather Surveillance Radar-

1988 Doppler (WSR-88D) is 27.5 dBZ at a range of 50 km

and 213.5 dBZ at 25 km. In other words the U.S. net-

work of WSR-88 radars should provide excellent op-

portunities to detect optically dense contrails at modest

ranges. Recent developments in radar signal processing

at the National Severe Storms Laboratory have increased

the sensitivity by 7 dB (V. Melnikov 2009, personal

communication), thus indicating even greater promise

for such studies. Such sensitive scanning radars promise

to provide further insight into the nature and frequency

of the stronger contrails.

FIG. 5. Scattergram of ice water content W vs radar reflectivity

factor Z for each of a set of values of median volume drop size, Do.

Curves A–I represent Do from 100 to 900 mm, respectively. Data

are from FIRE I. From Atlas et al. (1995).

SEPTEMBER 2010 A T L A S A N D W A N G 3071



7. Summary and conclusions

In this work we have studied both young contrails of

very small optical depth and an older one of very large

optical depth on the same day. Our tools were a simple

digital camera, a vertically pointing lidar, and the GOES

satellite. The young thin contrails with average optical

depth of 0.2 were observed near the tropopause and

moved very rapidly toward the east-northeast with a

speed of 200 km h21. These trails emanated from air-

craft flying toward the south-southwest and passed over

the lidar very frequently because of the high wind speed.

The blobby nature of the fall streaks from these trails

is suggestive of turbulence. The combination of height

measured by the lidar and the camera images provide

a high-resolution plan position display of the trails show-

ing the optically clear zones.

We also observed a contrail of very large optical depth

that passed directly over the lidar fortuitously, thus per-

mitting measurements of optical depth and ice water path

for about 3 h. The leading edge of this trail advanced with

the wind at ;200 km h21 toward the east-northeast. The

trail would have been immediately visible to the eye but

not to GOES until ;0.5–1 h later, the particles having

grown to produce sufficient albedo in the interim. Maxi-

mum optical depth occurred ;2.5 h after initial detection

by the lidar to produce t 5 2.3 and IWP 5 63 g m22. With

layer thickness of 1 km shown by the lidar, these values

correspond to extinction coefficient a 5 2.3 km21 and ice

water content W 5 0.063 g m23. The latter values are

near the upper limit of a 5 4 km21 and W 5 0.1 g m23 for

midlatitude cirrus clouds. The structure of the contrail as

seen by the lidar varies both spatially and temporally in

large part because of the variations in relative humidity

with respect to ice. The large values of ice water content,

optical depth, radar reflectivity, and lifetime are due to

the growth of the crystals in the layer of large RHi.

The probability of occurrence of an observing op-

portunity such as the present one is exceedingly small.

Not only does the aircraft have to pass over the lidar, but

it must fly along the wind direction in a region of large

relative humidity relative to ice. Sensitive scanning ra-

dars such as the WSR-88D may detect dense contrails at

modest ranges; they offer new opportunities for further

study and validation.
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