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Abstract. Mt. Everest’s summit pyramid is the highest obstacle on earth to the wintertime jet-stream
winds. Downwind, in its wake, a visible plume often forms. The meteorology and composition of the
plume are unknown. Accordingly, we observed real-time images from a geosynchronous meteorological
10 satellite from November 2020 through March 2021 to identify plumes and collect the corresponding
meteorological data. We used the data with a basic meteorological model to show the plumes formed
when sufficiently moist air was drawn into the wake. We conclude the plumes were composed initially
of either cloud droplets or ice particles depending on the temperature. One plume was observed to glaciate
downwind. Thus, Everest plumes may be a source of snowfall formed insitu. The plumes, however, were

15 not composed of resuspended snow.
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1 Introduction

Mt. Everest’s summit is the highest elevation on earth and its summit pyramid (Fig. 1) is the largest
obstacle to the upper-air winds. With sufficient flow, a turbulent wake forms downwind of the pyramid
and a visible plume can form in the wake (Fig. 2). The meteorology and composition of the plume have
been studied, but not been determined conclusively. This study is a first-step to determine its meteorology
and composition. We studied the plume in winter as have all previous investigators. The previous studies,

to our knowledge, are as follows.

Figure 1. The Mount Everest and Lhotse summit pyramids are identified, respectively, by the black-dashed and black dash-
dot lines. The bases of the pyramids are at an elevation of approximately 7900m. The summits are, respectively, 8848m and
8501m in elevation. The map segment is from the November 1988 issue of the National Geographic Magazine.

A January 2004 plume was investigated by Moore (2004) (Fig. 2 - top and middle). He concluded the
plume was composed of resuspended snow blown from the peak. He argued that because the atmosphere
was too dry the plume could not be a banner cloud (Douglas, 1928), i.e., a collection of cloud droplets.
A plume photographed by Venables (1989) looks identical to Moore’s plume (Fig. 2 - bottom). Venables,
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who was on his way to climb Everest’s east face (obscured in the image by the plume), referred to the

plume as “the usual plume of cloud and snow, blasted off the summit by the prevailing westerlies”.

Cho Ovyu (8188m)

Figure 2. Top - The Everest plume studied by Moore (2004) imaged from the International Space Station (ISS) on 28 January
2004 at 1001Z (1601LST, Local Solar Time). Middle — The plume 3-minutes later from the ISS, not reported by Moore.
Bottom - The Everest plume published in Venables (1989) photographed from the Pang La in Tibet (China) on 6 March 1988
at about 0600Z (1200LST). The major peaks in the images are identified.
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Plumes from the Everest massif were observed in December 1992 by Hindman and Engber (1995), Fig.
3, and captured in a video by Hindman in November 1995 (see Mt. Everest plume in winter-Videos.zip).
As can be seen in the figure and in the video, the plumes were not present in the morning but appeared in
the afternoon. The video illustrates that the plumes formed like clouds and flowed and undulated like
clouds. Based on this behaviour plus investigations of the Everest airflow by Hindman and Wick (1990),

they concluded these plumes were banner clouds.

Everest Lhotse Everest Lhotse

26 November 1992, 1045LST from just north of the HEV
Lhotse

27 November 1992, 0900LST from Tengboche 1350LST from nortll of Tengboche (Everest out-of- sight left

Figure 3. The plumes studied by Hindman and Engber (1995) photographed from Nepal (HEV is the Hotel Everest View
located about 20 km south of Everest in Namche Bazar, Nepal; Tengboche is about 10 km south of Everest).

The appearance of resuspended snow and that of banner clouds will help define the composition of the
plumes. The appearance, how the phenomena look, has been reported by Schween et. al., (2007). Their

time-lapse videos of the Zugspitze peak in the Bavarian alps illustrate that resuspended snow looks
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different than banner clouds. Their Fig. 10 shows resuspended snow looked fuzzy and white while their

Fig. 4 shows banner clouds looked solid and white.

Further, numerical simulations by Reinert and Wirth (2009) and Voigt and Wirth (2013) demonstrate
banner clouds form in the lee of steep mountain peaks as a result of dynamically-forced lee upslope flow,
confirming the flows postulated by Hindman and Wick (1990) that were inspired by Douglas (1928). The
simulations show the speed of the lee upslope flow is much smaller than the speed of the wind impacting

the peak. Thus, we think the lee upslope flow is too weak to resuspend snow.

For this study, we observed daily real-time images from a geosynchronous meteorological satellite to
identify when the Everest massif was producing plumes and when it was not. We collected the
corresponding meteorological data. To determine the conditions for plume formation, we used the

meteorological data with a basic model that approximates the dynamically-forced lee upslope flow.

2 Procedures

To our knowledge there is no continuous imaging of the Everest massif from either Nepal or Tibet
(China). Additionally, there are no atmospheric soundings launched either. Thus, daily we observed the
Everest region during the 2020-21 winter, November through March, using real-time, every ten-minutes
images (Band03-visible) from the Himawari-8 Japanese geosynchronous meteorological satellite (GMS,
www.data.jma.go.jp/mscweb/data/himawari/sat_img.php?area=ha2). We used archived images to
illustrate the plumes studied here. The images and corresponding videos were produced following

procedures in the Data Availability section.

We collected the atmospheric soundings that corresponded to the GMS images from NOAA
(www.ready.noaa.gov/index.php), constant-pressure analyses from the College of DuPage

(weather.cod.edu/forecast/) and the surface measurements from the automatic weather station (AWS,
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earthpulse-raw.nationalgeographic.org/index.html) at Phortse, Nepal (27.84N, 84.75E). The village of
Phortse is about 10 km south of Everest. The AWS is described by Perry, et. al. (2021).

We used an atmospheric model to simulate an air parcel ascending the dynamically-forced lee upslope
flow in the wake of the Everest summit pyramid. The summit pyramid is illustrated in Fig. 1. It can be
seen in the figure that both Everest and its neighbour to the south, Lhotse, present pyramids to the typically
west-to-east air flow. Hence, both summit pyramids produce wakes and, as seen in Fig. 2-top, both

produced plumes.

The atmospheric soundings, profiles of temperature, dewpoint (moisture) and wind, used with the model
were for the location of Phortse. The profiles were displayed using the American Skew-T adiabatic
diagram. The profiles were graphically analysed to determine the lifted-condensation-level (LCL): the
temperature and dew point values at the 400mb level, the approximate pressure level at the base of the
Everest pyramid, were raised, respectively, dry-adiabatically and with moisture constant to the level
where saturation was achieved. If the LCL was achieved before reaching the 300 mb level, the
approximate pressure level at Everest’s summit, a plume was expected to form. If the LCL was not
achieved before reaching 300mb, a plume was not expected to form; the unsaturated parcel would be
swept downwind by the high-speed summit winds. We checked the LCL values using

www.csgnetwork.com/Iclcalc.html.

The initial composition of a plume was determined from the temperature of the LCL. Baker and Lawson
(2006) report the composition of mountain wave clouds, an analogue to Everest plumes. They found the
clouds could be ice particles at temperatures colder than about -35C. Thus, if a LCL temperature was
warmer than -35C, initially liquid droplets are expected to have formed. Conversely, if a LCL temperature
was at or colder than -35C, initially ice crystals are expected to have formed.

We looked for the following events in the daily satellite images:
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1. A day with no visible plume and no measured snowfall at Phortse either that day or the previous two
days. This sequence will illustrate the GMS view of the cloud-free Everest region and the corresponding
non-plume atmospheric conditions.

2. A day with a visible plume and no snowfall either that day or the previous two days at Phortse. This
sequence will illustrate the atmospheric conditions for plume formation.

3. A day with a visible plume with no snowfall measured at Phortse that day but snowfall measured the
previous three days, an event similar to Moore’s (2004) study. If the model does not predict a plume, we
concluded the plume was composed of resuspended snow. If a plume is predicted, we concluded the

plume was a banner cloud.

Lastly, we studied GMS images of the Moore (2004) plume event to determine if the plume behaved

similarly as our Event 3.

3 Results

3.1Event1

No plumes were observed (Figure 4) and no snowfall was measured at the AWS on 25, 26 and 27 January
2021. Sharp shadows cast by the Cho Oyu and Everest summits can be seen in these afternoon images

indicating no plumes present.

The shadows are more easily seen in the animation of the every-ten-minute images for 2021-01-27 from
just before sunrise to just after sunset, 0040 to 1150Z (0640 to 1750LST). The animation is in the attached
Mt. Everest plume in winter-Videos.zip. The Everest massif is in the center of the image. Scrolling across,
shadows can be seen moving from the lower right to left while no plumes are streaming from the summits.
Further, the animation illustrates the snow-covered, cloud-free east face of Everest illuminated by the

rising morning sun.
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Figure 4: The images and profiles, left-to-right, are for 2021-01-25, -26 and -27 at 15LST (Local Solar Time) or 09Z. The

130  locations of the major peaks are circled. The lifting-condensation-level (LCL) values are determined graphically on the
corresponding atmospheric profiles from Phortse and are listed in Table 1. The graphical procedures are described in the
text. The approximate pressures at the base and summit of the Everest pyramid, respectively, are approximately 400 and
300mb.

135  We computed the LCL values, as illustrated in Figure 4, on the atmospheric profiles corresponding to the
images. The values are given in Table 1. It can be seen the values were all above the level of the Everest
summit. The 400mb levels were too dry; the temperature-minus-dew point (T -Tq) values were all 21C

or larger. This result is consistent with the observation of no plumes.

140 It can be seen from the profiles and in Table 1, the winds at the summit were from the west at about 100

knots all three days.
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Table 1

Air parcels lifted from the 400mb level, approximate pressure at the base of the Everest summit pyramid,
to their condensation levels (LCL) using gdasl profiles for Phortse, Nepal (27.84N, 84.75E).
The approximate pressure at Everest’s summit is 300mb. The * signifies the IR images could resolve a plume.

Date Time Time T-Td at LCL TatLCL| Tat300mb| Plume Plume 300 mb winds
(LST) (Z) 400 mb (C) (mb) (C) (C) expected? |observed?| (degrees/knots)
25Jan 2021 15 09 31 220 -47 -38 No No 260/92
26 Jan 2021 15 09 33 270 -48 =27 No No 260/111
27 Jan 2021 15 09 34 210 -50 -32 No No 260/118
19 Dec 2020 15 09 23 280 -42 -37 No No 290/103
20 Dec 2020 15 09 21 280 -42 -37 No No 290/77
21 Dec 2020 15 09 4 380 =27 -38 Yes Yes 270/81
8 Feb 2021 06 00 20 280 -43 -41 No No 330/55
8 Feb 2021 09 03 15 290 -40 -39 No No 330/60
8 Feb 2021 12 06 14 300 -40 -40 Yes Yes 330/64
8 Feb 2021 15 09 13 310 -39 -40 Yes Yes 330/70
8 Feb 2021 18 12 11 320 -35 -38 Yes Yes 330/80
8 Feb 2021 21 15 10 330 -34 -37 Yes b 320/82
8 Feb 2021 24 18 11 320 -34 -37 Yes * 320/78
9 Feb 2021 03 21 13 310 -35 -36 Yes * 330/86
9 Feb 2021 06 24 22 270 -43 -37 No No 320/80

145 3.2 Event 2
A plume was observed on 21 December 2020 (Figure 5) but no snowfall was measured at the AWS
between the 19" and 21%. Sharp shadows cast by the Cho-Oyu and Everest summits in the 19" and 20%
images indicate no plumes present. On the 21%, plumes are streaming from these summits; the ovals in

the images are elongated to bracket the plumes. Convective clouds are seen to the south of the peaks.
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Figure 5. The images and profiles are for 2020-12-19, -20 and -21 at 09Z (15LST, Local Solar Time). The locations of the
major peaks are circled. The LCL values are determined graphically on the corresponding atmospheric profiles from Phortse
and are listed in Table 1. The graphical procedures are described in the text. The approximate pressures at the base and
summit of the Everest pyramid, respectively, are approximately 400 and 300mb.

These features are more easily observed in the animation of the every-ten-minute images for 2020-12-21
from just before sunrise to just after sunset, 0040 to 1150Z (0640 to 1750LST). The animation is in the
attached Mt. Everest plume in winter-Videos.zip. Scrolling through the animation illustrates the late-
morning onset of the plumes and convective clouds.

The LCL values computed on the profiles in Figure 5 are given in Table 1. The values were above the

level of the Everest summit the 19" and 20™, consistent with the observation of no plumes. The 400mb

levels T-Tq values were all 22C or larger. The LCL value was below the summit level on the 21%

10
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consistent with the observed plumes. That 400mb level T-Tq4 value was 4C, quite moist. The -27C

temperature at the LCL shows the plume was likely a liquid cloud.

It can be seen from the profiles and in Table 1, the winds at the summit were from the west-north-west

between 77 and 103 knots for the three days.

3.3 Event 3

A plume was observed on 8 February 2021 and snowfall was measured at the AWS on the 5" and 6™ but
none on the 7 and 8™ (images from the 5™ through 7™ are not presented in Figure 6 because the region
was obscured by clouds from a passing Western Disturbance (Lang and Barros, 2004)). As can be seen
in Figure 6, on the 8™ shadows from the summits appear in the 0730 and 0900LST images, indicating no
plumes. Cho Oyu and Everest are producing plumes in the 1200 and 1500LST images. These plumes
along with Makalu’s plume are seen as the three bright objects in the 1730LST image. The corresponding
1730LST IR image did not resolve the plumes nor did the overnight IR images. But, the visible image
the next morning at 0730LST, looks almost identical to the previous morning’s 0730LST image. This is
because the skies were clear both mornings. No plumes were observed either morning. Thus, the

afternoon plumes on the 8" dissipated overnight.

Images from the 5" through 7'" are not presented in Figure 6 because the region was obscured by clouds
from a passing Western Disturbance (Lang and Barros, 2004).

An animation of the every-ten-minute images for 8 February 2021 from just before sunrise to just after
sunset, 0050 to 1210Z (0650 to 1810LST), is in Mt. Everest plume in winter-Videos.zip. Slowing the
video using the scroll bar, the animation illustrates the development of the plumes in the afternoon and
their final illumination at sunset. At sunset, the animation reveals four plumes, one streaming from Cho
Oyu’s summit, one from Everest’s summit, one from the summit of nearby Lhotse and the fourth from

Makalu. The animation illustrates the plume from Lhotse was much larger than the plume from Everest;

11
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similar to the plumes in Figure 2-top (the mosaic image from the ISS, not shown by Moore, shows Cho

Oyu was producing a plume, too). Likewise, all four summits were producing plumes in Figure 2-bottom.

0130 UTC 08 Feb 2021 AHI Band 3 0300 UTC 08 Feb 2021 AHI Band 3 0600 UTC 08 Feb 2021 AHI Band 3

2021-02-08, 0730LST 2021-02-08, 0900LST 2021-02-08, 1200LST

0900 UTC 08 Feb 2021 AHI Band 3 0900 UTC 08 Feb 2021 AHI Band 3 0130 UTC 09 Feb 2021 AHI Band 3

2021-02-08, 1500LST 2021-02-08, 1730LST 2021-02-09, 0730LST

Figure 6. The visible images are for 2021-02-08 and -09 at Local Solar Time (LST). The locations of the major peaks are
195 circled. The corresponding LCL values are in Table 1.

The LCL values, shown in Table 1, were above the level of Everest’s summit (~300 mb) at 00 and 03Z

(06 and 09LST) consistent with the observation of no plumes. The LCL values were at and below the

summit level between 06 and 12Z (12 and 18LST) consistent with the observed plumes. The temperatures

at the LCL were colder than -35C showing the plumes likely were ice clouds. The 24Z (0O6LST the next
200 day) value is above the summit level consistent with the observation of no plumes.

12
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It can be seen from Table 1, the winds at the summit were from the northwest between 55 and 86 knots
on the 8" and 9. The persistent jet-stream during the 8" and 9" is shown in Figure 7 imbedded in the
205 trough of the Western Disturbance east of the Everest region.

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230
=] =

Figure 7. The 00Z Global Forecast System forecast for 8 February 2021 collected from the College of DuPage NEXLAB.
Shown are the 250 mb isotachs (knots) and geopotential heights (gpm). Left: 8 February 2021 00Z (06LST), Center: 8
February 2021 127 (18LST), Right: 9 February 2021 00Z (06LST).

210
3.4 The Moore plume
Moore (2004) studied the plumes streaming from Everest and Lhotse that were imaged late on the
afternoon 28 January 2004 from the International Space Station. To determine if the plumes were present
that morning and the next, we analysed all available images from the Geosynchronous Orbiting
215 Environmental Satellite-9 (GOES-9). The satellite imaged the Everest region. The GOES-9 was lent by
the USA to Japan after the failed launch of MTSAT-1.

The GOES-9 images are shown in Figure 8. The early-morning image on 28 January 2004 (0725LST)
shows the plumes were not present because the sharp shadows of the Everest massif and Makalu. |If the

220 plumes had been present, the shadows would have been fuzzy. The cloud-free east face of Everest is
visible in the 1013LST image as a bright, white blob. Thereafter, the plumes were not visible until lit by
the late afternoon sun (1613 and 1649LST images). This illumination at sunset also occurred in the
animation of the 8 February 2021 plumes.

13
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Makaly Everest Cho Ji Everest Kangshung

28 January 2004, 0725LST 28 January 2004, 1013LST

loud laver Lhotse and Everest plumes Cloud layer

28 January 2004, 1613LST 28 January 2004, 1649LST

Makalu, Lhotse, Everest and Cho lumes

29 January 2004, 0725LST 29 January 2004, 0902LST

225 Figure 8. GOES-9 0.65 micrometer images of the study region. The major features are labelled.

14
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The GOES images for the afternoon of 28 January 2004 revealed a cloud layer moved toward the
Everest region from the west. The layer is visible in the 1613 and 1649LST images. In the 1649LST
image, the layer cast a shadow on the lower clouds. Moisture preceding this layer may have formed
the afternoon plumes. Based on the GOES images, we conclude the plume Moore studied was not

present in the morning and formed in the afternoon.

Overnight, the cloud layer moved into the Everest region because at dawn on 29 January, the plumes

produced by the major summits are seen to protrude above the overcast (0725 and 0902LST images).

Finer detail of these plumes was found in Terra/MODerate resolution Imaging Spectroradiometer
(MODIS) image of 0910LST on 29 January 2004 (Figure 9). Unfortunately, the MODIS image on the
28™ was not useful because it was on the limb and pixilated, smearing features. This MODIS 0.85
micrometer wavelength image is good for cloud detection (compared to 0.65 micrometers on GOES)

because atmospheric scattering is less at 0.86 micrometers and contrasts are better maintained.

The MODIS image reveals the overcast shown in the GOES images and distinct plumes in the wakes of
the major peaks. The Everest plume casts a shadow on the lower cloud layer indicating it rises above that
layer. The shadow indicates the plume has a sharp edge, the edge of a liquid cloud. A short distance
downwind, the plume merges with the plume from Lhotse and becomes fuzzy, suggesting glaciation. The
fuzzy plume traveled across the Arun Valley. It is possible crystals fell as snow that may have reached
the surface.

15
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Cho Oyu plume Shadow of Everest plume Cloud droplets Ice crystals Makalu plume Arun Valley

Figure 9. Terra/MODIS 0.85 micrometer image of the study region on 29 January 2004 at 0910 LST. The main features

are labelled. The dots are the locations of the summits.

250 4 Discussion
4.1 Meteorology
The plumes we observed (Figures 5 and 6) and analysed the corresponding meteorological data (Table 1)
show moisture condensed in the Everest and Lhotse wakes forming the plumes. The plumes appeared
only in the afternoons. In the mornings, moisture likely was transported vertically in convection

255 (Hindman and Upadhyay, 2002) and entrained by the wakes producing the afternoon plumes. Some of
the moisture could have come from sublimation of snow. Stigter, et al. (2018) measured cumulative
sublimation and evaporation from a glacier in the Nepalese Himalayas to be 21% of the total annual
snowfall. Finally, the morning moisture transport and afternoon appearance of the plumes are consistent
with the findings of Wirth, et al. (2012) for banner clouds produced by Mount Zugspitze.

260
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All the plumes we present were absent in the mornings and visible in the afternoons (Figures 3, 5 and 6).
The plumes with corresponding meteorology (Figures 5, and 6) occurred with summit wind speeds 50
knots or greater and 400 mb T-Tq values of 14C or less. If the T-Tq values were larger than 14C, no

plumes were observed.

The plume Moore (2004) investigated was not observed in the morning (Figure 8). Had it been a plume
of resuspended snow, as he concluded, the plume would have been visible in the morning because the
wind speeds were between 85 and 120 knots all day (from the REANALYSIS archive at NOAA). On the
next day, the plume was observed in a MODIS image to glaciate downwind (Figure 9). The plume may

have produced snow.

4.2 Composition

The initial composition of the plumes was deduced from the temperature of the LCL. The initial
composition of the 21 December 2020 plumes (Figure 5) was expected to be cloud droplets because the
cloud formed at a temperature warmer than -35C. The plumes of 8 February 2021 (Figure 6) likely began
as ice clouds because the clouds formed at a temperature colder than -35C. The Everest plume imaged
in Fig. 9 appears initially liquid that glaciated downwind. This change in composition is supported by
the measurements by Baker and Lawson (2006) that revealed cloud droplets that formed initially could

nucleate to form ice/snow crystals further downwind (their Figure 6).

The plumes we observed, plus Moore’s, could not have been composed of resuspended snow because
they were not present in the mornings. The wind speeds were always high throughout the day. Thus, if

they were composed of resuspended snow, they also would have appeared in the mornings.

5 Conclusions
We studied the formation and composition of two wintertime plumes produced by the Mt. Everest massif.
We found the massif produced the plumes when the air entrained into its wake was sufficiently moist,

400 mb temperature-minus-dew point values 14C or smaller. The plumes studied occurred with summit
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winds 50 knots or greater. We concluded one plume initially was composed of cloud droplets, not
resuspended snow and the other was initially composed of ice particles. We present evidence that one

plume glaciated downwind. Hence, Everest plumes may be a source of snowfall formed insitu.

The animations of the GMS images we created, although pixilated, reveal the diurnal nature of the plumes.
The animations are a new tool for observing the Everest region. But, if the summit is continuously imaged
from the surface and, simultaneously, the atmospheric profiles measured, we expect the plumes to form
at lower wind speeds and larger moisture contents. The plumes we studied formed at large wind speeds

and small moisture contents.

The plume studied by Moore (2004) we show was a banner cloud, not a plume of resuspended snow. Our
study provides a framework and direction to Moore’s concluding statement: “It is hoped that this initial

analysis will provide the motivation for the further study of this interesting phenomenon.”

Data availability

Still images in Figs. 4, 5 6 and 8 were created using Geo2Grid software
(cimss.ssec.wisc.edu/csppgeo/geo2grid_v1.0.0.html) and Himawari Standard Data (HSD) files from
Himawari-8 available at the UW-Madison SSEC Data Center (courtesy of JIMA, the Japan Meteorological
Agency).

Animations were created from the still imagery using ImageMagick. Tutorials on how to use Geo2Grid
are available at this CIMSS Satellite Blog link: cimss.ssec.wisc.edu/satellite-blog/?s=geo2grid. The

videos, themselves, are in the accompanying archive Mt. Everest plume in winter-Videos.zip.

Data for the MODIS imagery were downloaded from the NASA LAADS (Level-1 and Atmosphere
Archive and Distribution System) DAAC (Distributed Active Archive Center) archive and processed into
imagery using Polar2Grid software available at www.ssec.wisc.edu/software/polar2grid/. A tutorial on

how to access and display archived MODIS data is at cimss.ssec.wisc.edu/satellite-blog/archives/36727.
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