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1.  INTRODUCTION

This paper deals with two sets of unusual contrails, one weak and the other very strong. The first occurred near the tropopause, the second at mid-levels.  The upper level one was detected photographically and by lidar. The Mid-level contrail was observed by Geostationary Operational Environmental Satellite (GOES) and lidar throughout most of its life cycle. Our goals are to understand their morphology and physical and radiative properties. We deal with observations taken on Dec 5, 2008 in eastern Maryland when contrails occurred unusually frequently near the tropopause.  With a westerly wind the contrails first pass over the home of the lead author and over the lidar at Goddard Space Flight Center a few minutes later to provide information on their height, structure and optical depth. 

This paper expands upon that of Atlas, Wang, and Duda (2006), hereafter referred to as AWD.
2. PHOTOGRAPHIC OBSERVATIONS

Nine photographs were taken to the southwest and east of the Atlas residence between 1451 and 1517 Z. (Times are rounded to nearest minute; all times are in UTC.) Each of these showed between 4 and 7 contrails, not necessarily different from those on other photographs. The first one used in this study taken at 1516Z toward the SW is shown as Fig. 1.  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. 5) 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=H/tan(, where H is the height of the top of the contrail and ( is the elevation angle, as shown on the left hand axis. 
_____________________________________________
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We see two thin sharp contrails at the center of Fig1. Although the trails converge with distance from the observer this is due mostly to perspective. The diffuse large cloud elements between the sharp trails are the remnants of an older one that originated farther to the west and arrived simultaneously with the younger ones. 

The photo in Fig. 2 was taken looking east at 1519Z.  The two major contrails shown here are likely to be the same as those observed to the southwest in Fig. 1. We shall discuss the fallstreaks coming from the left contrail later.
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Figure 1. Photo – looking southwest from Atlas residence at 1516Z on Dec 5, 2008. Structure at upper left provides elevation angle calibration. Elevation and azimuth angles shown were based upon prior calibrations in AWD. Scale on right corresponds to the distance from the zenith point over the observer at the 11 km level.
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Figure 2. Photo – looking East from Atlas residence at 1519Z. Camera elevated to view sky above structures in foreground. Otherwise as in Fig. 1.
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Figure 3. Plan position plot of contrails observed in Figs. 1 and 2 illustrating their geographical positions. Lines E and F correspond to cloud lines in a photo taken looking west but not shown. Range circles are centered on Atlas residence.

Using the ranges and azimuths in Figs. 1 and 2 we have plotted the contrails on a plan position diagram in Fig. 3.  There we see that trails A and B extend to the SSW while C and D extend to the NNE. In the 3 minute interval between photos 1 and 2, C and D have moved further east.  It is evident that C and D are the more northerly portions of A and B that have been slightly displaced to the east by the winds. C and D show evidence of fallstreaks of ice crystals that were not evident in A and B because we are viewing them along the direction of their fall in Fig.1 and normal thereto in Fig.2.  Curves E and F represent clouds viewed to the west. 

[image: image7.png]In Fig. 2 note the streaks emanating from the contrail at the upper left.  We have enlarged a segment of this contrail in Fig. 4 to illustrate its structure. These fallstreaks appear aligned like the teeth of a comb, but they are of blob-like texture, suggestive of turbulence.  They are not the smooth fine scale texture as seen in the fallstreaks shown by AWD (their Fig.1). In view of the dry environment we believe that the texture of the fallstreaks is due to evaporative cooling and turbulence induced by the descending chilled air.

Figure 4. Enlarged segment of the photograph in Fig. 2 to illustrate the vertical fallstreaks and their “blobby” nature. Arrow is pointing down. 

2.2 METEOROLOGICAL OBSERVATIONS 

Soundings of temperature and wind are shown in Fig. 5 for the location of the Atlas residence. These profiles were obtained from the RUC analyses (http://ruc. noaa.gov/ppt_pres/RUC20-tpb.pdf).  The winds aloft exceed 55 ms-1 above 8 km but are remarkably constant in direction between 240 and 250° above 4 km. The wind shear is modest (0.005 s-1) up to 10 km and negligible from there to 12 km.
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Figure 5. Temperature and winds
The maximum relative humidity with respect to ice between 500 and 300 hPa is mapped in Fig. 6.
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Figure 6.  A map of the maximum relative humidity with respect to ice between 300 and 500 hPa.

The maximum relative humidity with respect to ice (RHi) between 300 and 500 hPa heights is shown in Fig. 6.  The maximum RHi exceeds 100% only over the region running from WSW to ENE south of the Pennsylvania border.

3.  LIDAR OBSERVATIONS

 The lidar record between 1200 and 2245Z from the MPLNET at GSFC is shown in Fig. 7. The top panel represents the Attenuated Lidar Scattering Ratio (ALSR). The middle panel represents the extinction coefficient (km)-1. The curves at the bottom show the corresponding optical depth (t - dashed) and ice water path (IWP gm-2). Layer optical depths are derived by using molecular

signals above and below the cloud layer. When t is larger than 2, the uncertainty in derived t increases significantly due to strong solar noise. Then derived optical depths are used to constrain extinction retrievals by adjusting the lidar ratio (assuming the lidar ratio does not vary with height). For these reasons we specify optical depths greater than 2 only as (t>2). We remind the reader that there were no clouds other than contrails in the area under discussion during the personal observing period until 2000Z. 

The period from 1230 to 1830Z displays echoes with tops close to the tropopause at 11 km and bases of 10 km with slight variations.  We have used the 11 km height to determine the winds.

A second weak layer of echoes occurs between 8 and 9 km from 1615 to 2000Z when the echo intensity increases sharply for about 35 min. and decays thereafter until the end of the record. From observations by GOES, we found that the sudden increase 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 combinations of adjacent contrails. This is evident in the expanded lidar record of the upper layer (not shown) (http://mplnet.gsfc.nasa.gov).  There we found 2 to 3 contrail turrets in clusters of larger reflectivity separated by the striations such as those seen in Fig. 7.  The close spacing between adjacent clusters in the upper layer is due to the 60 sec averaging of the signals at the lidar. Such averaging amounts to a distance of 4.2 km at the speed of the wind at the 11 km level, and determines the effective horizontal resolution at that height. The corresponding averaging distance is 3.6 km at the 8 km level. Gaps between cells are decreased due to this effect.
4. SATELLITE OBSERVATIONS


Our first view from space was with the Moderate Resolution Infrared Spectroradiometer (MODIS) at 1820Z.  This showed a large area of waves oriented from NE to SW that appeared to be contrails in the upper segment of the domain as shown in the background of Fig.6.  With the aid of Michael King and Gala Wind

[image: image6.png]Figure 7. MPLNET lidar record at GSFC between 1200  and 2245Z. See text for details.
(personal communications) we obtained a map of the optical depth that showed values up to 10.  Such large values are unrealistic for contrails. 

We then referred to the GOES satellite.  Fig. 8 shows 4 of the last of 10 GOES images at 15 min intervals from 2002 to 2045Z. Here the overcast cloud cover moves in slowly from the NW but the cloud lines remain prominent until 2032Z. Note the line of cloud elements that appears in the SW area of the 2002Z image and extends toward the ENE in successive frames. It is especially fortuitous that this contrail started to pass directly over the lidar (marked by arrow) at 2005Z  synchronously with the strong lidar echo in Fig. 7. Also, the track of the contrail continued its passage over the lidar for about 35 min.  By the time GOES detects the trail it has already developed both horizontally and vertically so that the lidar is detecting an extensive region of highly reflective ice crystals. This accounts for the remarkably large t. 
In expanded GOES mages one can discern the following features of the contrail: 1) the spacing between cumuliform elements (as represented by the maximum signals)  is (20 km; 2) the leading edge of the contrail advances with the wind at (190 km h-1 ; and 3) fallstreaks 

extend from the right side of the contrail. These features are consistent with the unusually strong winds.
This behavior is similar to that observed by AWD and Jensen et al (1998).  There is also a similarity to the process of ice crystal growth in precipitating contrails described by Heymsfield et al (1998).


Figure 8.  Four GOES images at 15 min intervals as marked.  Notice the series of contrail elements starting in the lower left corner of the 2002Z image and advancing toward the ENE in sequential pictures.  Arrow marks the position of the lidar. Black arrow is scale of 100 km.

5.  SUMMARY AND CONCLUSIONS

In this work we have dealt with two distinctly different cases. Near the tropopause we found an extended series of thin contrails that appeared compressed on the lidar record because of the combination of very strong winds and the 60 second averaging time of the lidar.  While we observe contrails throughout the day, the ambient humidity with respect to ice is hardly suitable for their occurrence. Accordingly the optical depth ( and ice water path IWP for that layer are small.  The contrails are very thin and are undetectable by GOES.  Moreover the contrails yield fallstreaks that remain vertical as they fall. But they take on a ‘blobby’ texture indicative of turbulence in the evaporatively chilled air. 

Later in the day a single contrail is detected by GOES and fortuitously by lidar.  GOES does not see the early phases of this contrail; it detects only the later stages when the fallstreaks are well developed and ice crystals are distributed both horizontally and vertically. Moreover, 

the contrail remains over the lidar for an extended period. Together these factors account for the record large t>2. 

The structure of these fallstreaks has most of the characteristics of the streaks observed by AWD and simulated by Jensen et al (1998).
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