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Abstract : Mt. Everest is the highest mountain in
the world, with an elevation ending at 8848.86 m
above sea level, providing unique opportunity
for direct observation of the upper troposphere.
Utilizing the data from recently established five
automatic weather stations (AWSs) network
along the Everest climbing route, as part of
the National Geographic and Rolex Perpetual
Planet Expedition to Mount Everest 2019, from
June 2019 to May 2020, this study investigates
the meteorological environment over the
southern slope of the Mt. Everest. Precipitation,
temperature, radiations (income and outgoing
short wave and long wave radiation), wind
speed and direction along with derived variables
like Lapse Rate, Precipitation Gradient, 6.11 hPa
Isoline, and zero-degree Isotherm are analyzed
with the aim of understanding altitudinal
variation. Precipitation is mainly concentrated
in monsoon with highest in Phortse (530 mm).
Analysis of temperature lapse rate shows the
highest lapse rate (-5.6°C km™) in monsoon
and lowest in post-monsoon (-7°C km™). The
precipitation analysis reveals that the vertical
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and horizontal precipitation gradient for monsoon is -63 mm km™ and is -8.6 mm km
however, during the post-monsoon, precipitation increased by 0.75mm km™ and 4.6 mm
km™, respectively. Similarly, westerly winds dominate during winter in upper station
while it’s nearly uniform for lower stations. Radiation, likewise, are highly correlated
between the stations, with incoming shortwave being the highest in the upper station,
South-Col. Both isoline and isotherm lines are observed at around 6000 m above sea
level. The one-year data has revealed some of the interesting pictures of high-altitude
meteorology, but long-term data with fewer data gaps should be required to confirm
these patterns.

1. Introduction

Mountains are important perturbation factors to large-scale atmospheric flows.
They also have an influence on the formation of clouds and precipitation in their
vicinity, which is, in turn, indirect mechanisms for vertical exchange of heat and
moisture (Ouyang et al., 2020; Perry et al., 2020; Yang et al., 2018). In addition, snow and
ice, stored in the mountainous region, are the main source of fresh water for millions
of people living downstream. But, the mountains are warming rapidly in the recent
decades—accelerating mountain cryosphere shrinkage at an alarming rate worldwide.
However, there are no sufficient studies done concerning meteorological conditions on
glaciered catchments and the glacier-climate interactions. The paucity of such studies is
because of the rough topography and extreme weather conditions.

The high altitude of the southern slope of Mt. Everest in Nepal induces a
greater variation in meteorological conditions in space and time. Precipitation regime,
dominated by the summer monsoon, shows sharp south-north contrast (Cannon et al.,
2017; Sherpa et al., 2017; Shrestha et al., 2012), with rain falling in much of the lower
elevation and snow in the higher elevation (Immerzeel et al., 2014; Yang et al., 2018).
Surface temperature also shows variation based on the monsoon cycle, with temperatures
decreasing below -20 °C in winter and rising in subsequent months (Salerno et al., 2015).
These underlying interaction between the terrain and meteorological conditions affects
the cryospheric processes, including the melt processes (Khadka et al., 2022; Pratap et
al., 2019; Shea et al., 2015).

Climate change is predicted to affect cryosphere processes, with rapid glacier
shrinkage (Wagnon et al., 2021), snow and ice runoff increasing up to 2050 and thereby
decreasing (Khadka et al., 2014; Rees & Collins, 2006). With glaciers sensitive to such
climate change, and the country’s economy tied to water resources, detailed, high-
resolution remote sensing data from the region could be a source but needs ground
validation (Immerzeel et al., 2010; Khadka et al., 2022; Wagnon et al., 2021). There is
a lack of availability of sufficient hydrological and meteorological data of the high-
altitude (>4000m) regions of the Nepal Himalaya (Khadka et al., 2022; Matthews et al.,
2022; Shea et al., 2015). In addition, the complex orography results in major climatic
variability over short horizontal distances, and the representativeness of limited
measurements need to be addressed (Maussion et al., 2014).

A detailed meteorological dataset is needed, not just for understanding
climate-glacier feedback, but also for remote sensing and model validation. Thus, five
meteorological stations established by National Geographic Society and Rolex Perpetual
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Planet Expedition around Everest expedition route, up to 8400 meter, presents us with
unique opportunity to not just update and extend previous studies (Mathews et al. 2020,
Shea et al., 2015) but also to validate the models (Dawadi et al., 2021) and understand
the critical role driven by meteorology for glacial evolution. Several studies has been
conducted using Everest station(Grey et al., 2022; Khadka et al., 2021; Matthews et al.,
2020; Matthews et al., 2022; Perry et al., 2020; Perry et al., 2021) , however detail analysis
of meteorological variables covering all season of the year and its diurnal cycle has not
been done yet. Thus, this study aims to presents a detail meteorological analysis using
some of the world’s highest AWSs.

2. Material and method

2.1 Study Area

The study area lies the northern part of the well-known Khumbu valley, located
in the boundary region between Nepal and Tibet Autonomous Region of China (Figure
1). The valley is one of the heavily glacierized area in Nepal with elevation ranging from
3810 to the top of the world Mt. Everest 8448 m above sea level (a. s. 1.). This is one of
the most popular travel destinations in the world, which attracts 10s of thousands of
trekkers and climbers every year.
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Figure 1. Study area and locations of the automatic weather station at Mt. Everest region.
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2.2 Data

In this study, five new automatic weather stations established along the southern
slope of Mt. Everest in April and May 2019 by the National Geographic and Rolex’s
Perpetual Planet Everest Expedition were used (Matthews et al., 2020; Perry et al., 2020).
In addition, AWSs operated by Institute of Research for Development France (IRD) and
Central Department of Hydrology and Meteorology Tribhuvan University (CDHM) at
Pyramid (5035 m a. s. l.) and Pheriche (4260 m a. s. l.) were also used. The lower most
Phortse AWS (3810 m a. s. L) is installed in the flat grassy land surface. Basecamp AWS
(5315 m. a. s. 1.) is in the vegetated medial moraine, just opposite side of the Khumbu
Ice Fall. Camp-II AWS (6464 m a. s. 1) is in the valley between the two ridges Everest
-Nuptse on Khumbu glacier. South-Col AWS (7945 m a. s. L) is in the flat rock and
Balcony AWS (8430 m a. s. 1.) was the highest AWS station of the world when it was
installed, lies on the ridge of Mount Everest (Matthews et al., 2020). AWS at Pheriche
(4260 m a. s. 1.), and Pyramid (5035 m a. s. l.) are in the glaciated valley and grassy
old moraine, respectively. Details of the installed sensors, measured parameters, and
recorded data period are shown in Table 1.

Table 1. Station location, elevation, observation, sensor, data period and data gap (T =
Temperature, RH = Relative Humidity, U = Wind speed, © = Wind direction, InSw & OutSw =
Incoming & outgoing shortwave radiation, InLw & OutLw = Incoming & outgoing longwave
radiation, P = precipitation, BP= Barometric pressure).

Site Elevation  Observation Sensor Data Period Data gap
Phortse 3810 m T,RH, ©,U VaisalaHMP 2019/06/01 to
P, InSw, 155A-L5-PT, 2020/05/31
OutSw, InLw, Young 05108-45,
OutLw, BP OTT Pluvio2
1500, Hukseflux

SR30, Hukseflux
IR20, Vaisala

PTB110
Pheriche 4400 m P Geonor T-200B 2019/06/01 to

2019/10/01
Pyramid 5035 m T,RH, 6, U, Young 05103-5, 2019/5/30 to

InSw, OutSw, Young 05108-45, 2020/04/17
InLw, OutLw, P Kipp& Zonen
CNR4
Geonor T-200B
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Basecamp 5364 m T, RH, P, BP VaisalaHMP 2019/10/11 to From
155A-L5-PT, OTT  2020/06/07 2019/05/05 to
Pluvio2 1500, 2019/10/10
Vaisala PTB110 (all data were
removed due
to irregular
period)
Only
temperature,
precipitation,
and relative
humidity
data are used
Camp-II 6464m T,RH, U, ©, VaisalaHMP 2019/06/11 to
InSw, OutSw, 155A-L5-PT, 2020/06/07
InLw, OutLw, Young 05108-45,
BP Apogee SN-
500-SS, Vaisala
PTB210
South-Col 7945 m T,RH, U, ©, VaisalaHMP 2019/05/22 to
InSw, OutSw, 155A- L5-PT, 2020/05/27
InLw, OutLw, Young 05108-45,
BP Hukseflux NRO1,
Vaisala PTB210
Balcony 8430m T,RH, U, ©, BP VaisalaHMP 2019/06/01to After
155A-L5-PT, 2020/01/20 2020/01/20
Young 05108-45, station does
Vaisala PTB210 not work
3. Methodology

3.1 Identification of Errors

The data downloaded from the AWSs needs to filter, sometimes corrected before
the analysis due to the unusual dataset. For example, the temperature in Camp-II was
showing positive in post-monsoon when there are not positive temperature in Base-
Camp. Similarly in the same location, at 2 pm, the temperature was -100C but one hour
later it was 50C. These types of data were removed from analysis. Only Phortse had
a complete precipitation record. Basecamp’s precipitation data logger was repaired
in September, 2019. For the seven AWSs, the values of incoming shortwave radiation
(InSw) lower than 7 w m-2 were set to zero. When the incoming shortwave data is less
than 7 w m-2 and outgoing shortwave is less than 6 w m-2, the data were replaced by 0.
The maximum albedo was corrected to 0.95 for the observations where albedo exceeds
0.95. When the albedo value is found above 0.95 as in Shea et al., (2015), the shortwave
incoming is recalculated by

1)
InSw = SwOut
0.95
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3.2 Derived Meteorological Variables

3.2.1 Actual Vapor pressure

For analysis we converted each meteorological variables like temperature,
windspeed, precipitation, incoming long-wave and short-wave radiation to daily
mean from hourly data. We also divided year into four seasons: monsoon (June-
September), post-monsoon (October-November), winter(December-February) and
pre-monsoon(March-May). For diurnal cycle we calculated standard deviation of each
variable in every station to represent the spread about the mean. For actual vapor
pressure, we took an account of saturation vapor pressure and relative humidity from
0 to 100%, which is given below.

@)
e, =¢,xRH

17.67xT
3
e, = 6.12x 25T ®)
Where T is the observed temperature in °C.
3.1.2 Vapor pressure, Temperature and Precipitation Gradient

Vapor pressure gradient (Ye_a, hPa km-1) and temperature gradient (Y_t, °C km-
1) were calculated, which provided important information for distributed melt models,
as follows.

e —e, @)
Ye, =——=
Zl _Zz
y - b=k )
Zl _Zz

Where, Z_1 and Z_2 are elevation of automatic weather stations having actual
vapor pressure e_(a_1) & e_(a_2 )and temperature T_1 & T_2 respectively.

All precipitation data were converted into both hourly and daily. Precipitation
gradients were analyzed as a function of elevation, distance along the valley, latitude, and
longitude both annually and seasonally. Here, we calculated the vertical precipitation
gradient (mm/m) is defined as,

(6)
P -P
Z-7,

PG =

Where, P_1 and P_2 are the precipitation sums of the highest and lowest points
(in mm) and Z_1 and Z_2 are their respective elevations.
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3.1.3 Zero-degree Isotherm and 6.11 hPa Isoline

The calculation of latent heat flux and sensible heat flux requires for energy
balance model to estimate the near-surface temperature and vapor pressure. The zero-
degree isotherm and 6.11hPa isoline elevation helps in understanding of the seasonal
change in equilibrium line elevation. The 6.11hPa isoline also controls the energy gain
and loss at the surface (Shea et al., 2015). Zero-degree isotherm and 6.11hPa isoline,
gives important information about the precipitation phase and the melting condition
on glacier surface. The zero-degree isotherm and 6.11 hPa isoline is calculated from the
temperature gradient and vapor pressure gradient as follows,

7)
T (
2o oy=—""+7Z,
6.11 ®)
A==€
an:().ll = Ye . z

Where, T_a, e_a and Z_a are temperature (T, °C), actual vapor pressure (e_a,
hPa), and elevation of AWS.
Albedo was calculated by using the formula (Fujita & Sakai, 2000)

©)

4= OutSw
InSw

Where InSw and OutSw are incoming and outgoing shortwave radiation.

4. Results and Discussion

4.1 Comparison of Daily Meteorological Components

Continuous study of meteorological variables is important to understand the
overall meteorological condition and changing pattern. This study presents a detail
analysis of temperature trend, form and pattern of precipitation, temperature gradient,
vapor pressure gradient, zero-degree isotherm, and 6.11hPa isoline at different time
scale
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Figure 2. Summary of 2019-2020 mean daily (a) air temperature (T °C), (b) actual vapor
pressure (ea, hPa), (c) incoming shortwave (InSw, w m-2) and (d) incoming longwave (InLw,
w m-2) radiation.

4.1.1 Air Temperature

The mean daily temperature, aggregated from hourly data from six AWS shows
the higher stations have weaker seasonal variations of air temperature than the lower
stations (Figure 2). In monsoon, temperature shows less variability and is high during
winter. The mean daily temperature are highly correlated between the stations (r=0.70-
0.98), especially between Camp-II and South-Col (r=0.98) and less between Phortse and
Balcony (r=0.70).

Temperature shows the strong diurnal cycle of daytime heating at Phortse,
Pyramid and Basecamp stations whereas higher stations shows weak pattern (Figure
3). The minimum temperature at Balcony station is during the early morning, at around
6-7 A.M., while the maximum temperature is observed during the afternoon (1-2 P.M.).
At South-Col, the maximum temperature reaches at 3:00 P.M. Despite having a small
difference in distance and elevation between Pyramid and Base camp. These station
shows different temperature characteristics during post-monsoon, winter, and pre-
monsoon. The pyramid shows early heating than the Basecamp which may be due
to the (i) location of the station i.e., Basecamp station lies on the slop facing towards
the south east and Pyramid in the valley and (ii) valley wind circulation and daytime
radiation between the two stations (Khadka et al., 2019; Shea et al., 2015).
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Figure 3. Diurnal cycle of temperature for Monsoon, Post-monsoon, Winter, and Pre-monsoon.
Solid lines show the hourly mean and the shaded portion gives the plus-minus of standard
deviation.

4.1.2 Vapor Pressure

The evolution of the actual vapor pressure calculated from relative humidity and
air temperature show high correlation (r=0.77-0.98) in the daily time step. Most of the
mean daily value of vapor pressure calculated at Phortse AWS is higher than other AWS
sites (Fig. 2), indicating the presence of a high amount of moisture in the lower stations
and systemic decrease as the elevation increase. At seasonal scale, vapor pressure is
found lowest in winter and gradual increase after pre-monsoon at all stations. Seasonal
variation of vapor pressure is found less pronounced in two higher stations, South-Col
and Balcony, where value reached up to 3hPa. While, during the winter season, vapor
pressure is found less than 1hPa at these stations (Figure 2).

The diurnal pattern of vapor pressure also shows high variation with higher value
during 3:00 to 4:00 P.M and minimum during 7:00 to 8:00 A.M. According to season, the
value is found minimum in winter and maximum in the monsoon (Figure 4). In pre-
monsoon and post-monsoon, the diurnal cycle of vapor pressure is more gradual than
the observed temperature. Above the Camp-II station, the vapor pressure remains <2
hPa in all seasons. Overall seasonal and diurnal pattern of vapor pressure is observed
as similar as reported by Khadka et al., (2019).
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Figure 4. Diurnal cycle of actual vapor pressure for Monsoon, Post-monsoon, Winter, and Pre-
monsoon at different AWS sites. Solid lines show the hourly mean and the shaded portion gives
the plus-minus of standard deviation.

4.1.3 Incoming shortwave and longwave radiation

At all stations, incoming shortwave radiation increases from winter to pre-
monsoon and after the monsoon onset, incoming radiation starts to decrease due to the
increase in cloudiness (Figure. 2c). In contrast, the incoming longwave radiation shows
the opposite pattern, higher in monsoon and lower in winter (Figure. 2d). At higher
altitude stations incoming long-wave radiation is low than the lower altitude station
(Figure. 2c). The correlation coefficient of mean daily incoming shortwave radiation
is moderate (r=0.66-0.88). The highest correlation is found at Camp-II and South-Col
(r=0.88). The incoming shortwave is less during the pre-monsoon and monsoon season.
At the lower station it is mainly associated with the moist condition and frequently high
cloud presence whereas at the high elevation station i.e. South-col station has higher
incoming shortwave radiation due to lower air mass, water vapor content, aerosol
concentration (Yang et al., 2010), and maximum reflection from the nearby snow-cover
surface (Perry et al., 2021).

The incoming longwave radiations are low during winter at all stations and
higher during monsoon. There is a steep decrease in incoming longwave after monsoon,
indicating withdrawal of monsoon from the Everest region. The data show that the
downward longwave radiation decreases as an elevation increase (Figure 2d) due to
the higher stations having weaker seasonal variations of air temperature than the lower
stations. The cause of such variation is due to the seasonal variation of air temperature;
relative humidity and cloud cover (Yang et al., 2018). The correlation between these four
stations stands 0.77 to 0.95 and the highest correlation between Camp-II and South-Col
station (r=0.95).
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The diurnal cycle of mean downwelling longwave follows the same pattern
as temperature and vapor pressure (Figure 3, 4 and 5). Maximum values are found
during the late afternoon, and minimum values are observed between 7:00 to 8:00 A.M.
in all season (Figure 5.). These incoming long waves are highly affected by the cloud
cover and the wind pattern in the area. High fluctuation of the incoming longwave
at Camp-II during all seasons is due to its unique location and cloud movement over
the region. Besides, emission from the steep and high mountain slope (Nuptse north
face and Everest south face) could be the important factor. The afternoon peak over
the higher elevations station implies more clouds in the daytime could considerably
weaken solar radiation(Yang et al., 2010). In monsoon, during daytime, there is an
increase in incoming longwave radiation. This decreases in post-monsoon, winter, and
pre-monsoon.

As solar radiation is the major energy to drive snow and glacier melting, it is
very important to understand its abnormal pattern (higher elevation receives less solar
radiation) in this region (Yang et al., 2018). The observed incoming shortwave radiation
is high in South-Col station but incoming longwave is low compared to other stations.
This indicates the relatively low cloud cover at the elevation and higher exposure of the
higher stations.

Monsoon Post-monsoon
400-
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€ \.’-‘/——\_
Z 200 e — |- ﬁ
__————F-——_\___-
3 "
E 100 ]
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£ . = \
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Hour of Day Hour of Day

Figure 5. Diurnal cycle of downwelling longwave for Monsoon, Post-monsoon, Winter, and
Pre-monsoon at different AWS sites. Solid lines show the hourly mean and the shaded portion
gives the plus-minus of standard deviation.
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4.1.4 Wind Speed and Direction
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Figure 6. The wind speed in different direction in different AWS. Where, blue, red, black, and
yellow represent the East & South-Easterly, North & North-Easterly, South & South-Westerly,
and Westerly & North-Westerly.

A uniform wind speed is observed over lower stations (Figure 6: Phortse and
Pyramid), though the direction is variable. This is not so in higher stations, with
winter having highest wind speed in all three stations (Figure 6: Camp-II, South-Col,
and Balcony). West and Northwesterly winds dominate in winter. The highest wind
speed is found at the South-Col station in winter (45.91 m s-1). Anemometer stopped
working after that. On the Balcony highest wind speed (29.20 m s-1) is recorded in post-
monsoon. Compared to Balcony station, South-Col has the highest wind speed because
the Balcony AWS is located in a more sheltered location (Matthews et al., 2020). At both
South-Col and Balcony stations, the up-valley wind is strong and mainly affected by the
strong north-westerly wind during winter. At Camp-II station, mean daily wind speed
is found greater than 3 m s-1 with the highest value greater than 17 m s-1 during the
winter season. At the lower station, Phortse and Pyramid, the mean daily wind speed is
found between 1-3 m s-1.

In Phortse AWS there is a clear distinction of the direction of winds. In monsoon,
easterly and southeasterly winds dominate while in winter, it is the north and north-
easterly winds that gain prominence, though the wind speed barely exceeds 3 m s-1.
The highest wind speed is observed during April blowing from east and southeast. It is
important to note that there is an absence of westerly wind at Phortse throughout the
year which might have been due to the mountains in the western side that blocks the
westerly winds.

In Pyramid AWS, the monsoon and winter distinctions are not clear. westerly and
northwesterly winds dominate in early June and July and as the monsoon has settled,
it is easterly winds that come to dominate and well into post-monsoon. The beginning
of winter sees westerly dominance, particularly from the south well into the early pre-
monsoon. The maximum wind speed is also reached during this period.

The distinction becomes even more muddled in Camp-II AWS, with no clear
wind direction found during pre-monsoon, monsoon, and post-monsoon. The bell-
shaped curve is quite interesting with wind speed increasingly rapidly with the onset

0
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of November and decreasing with the onset of March. It is the northerly winds that
dominate in winter and wind speed reaches its peak.

Unlike the bell-shaped curve of Camp-II AWS, the South-Col AWS has periodic
rise and fall of wind speed. However, due to the loss of data at the beginning of 2020 due
to the strong gust, we cannot fully surmise if the same pattern is also in pre-monsoon.
Easterly and southeasterly winds dominate well into December, however, the strong
gust in November is due to north and north easterly wind. The abrupt end to easterly
wind gives way to westerly winds during mid-December, highlighting the influence of
westerly jet from that time onwards.

In the higher Balcony station, there is no influence of easterly winds. Perhaps
the monsoon circulation doesn’t reach the height of the Balcony station. The westerly
dominates though it is interesting that wind doesn’t reach as high as 50 m s-1 like
in South-Col. South-Col station is placed at the top of the ridge between Lhotse and
Mt. Everest and thus the wind forcing due to the mountain topography result in high
wind speed. The lower wind speed shown in Balcony could also be due to the abrupt
termination of data in mid-December when the wind speed might have begun rising
quickly as we know the maximum wind speed was reached at the beginning of 2020.

Monsoon Post-monscon

17— Phortse — Pyramid — Camp-ll — South-Col — Balcony

Winter Pre-monsoon

20+

~—~ 15-
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E.10
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0- 2|
0 5 10 15 20 0 5 10 15 20
Hour of day Hour of day

Figure 7. Diurnal cycle of wind speed for Monsoon, Post-monsoon, Winter, and Pre-monsoon.
Solid lines show the hourly mean and the shaded portion gives the plus-minus of standard
deviation.

At these stations, wind speed patterns are similar during the morning hour and
evening hour. During the afternoon 12:00- 14:00 P.M. wind speed reaches maximum
(Figure 7.) due to the variation in temperature difference between near-surface and
ambient atmosphere. The region shows three kinds of wind patterns (i) wind speed
increase from Phortse to Pyramid, (ii) after Pyramid station wind speed decrease
and, (iii) high and uniform wind speed with strong wind gust mostly affected by the
synoptic-scale pattern.

The lower station, Phortse, and Pyramid show the most variation due to the
existence of anabatic (8:00 to 13:00) and katabatic wind (14:00 to 17:00). However, the
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higher elevation station shows almost no variation. In post-monsoon, the higher wind
speed seen in the South-Col station is driven more by regional wind circulation, plus
the station lies at the pass between two ridges. The same is not seen for the Balcony
because Mt. Everest acts as a barrier against the western wind. The same might have
been seen in winter when the jet stream is at its strongest. In the lower station, the
wind is mostly affected by the local circulation and underlying terrain, whereas wind is
mostly affected by the synoptic-scale circulation in the higher stations.

Meteorological data observation and collection, AWS maintenance in the
Nepalese Himalaya is always tough and continuous data for a long time in such
elevation is tougher (Immerzeel et al., 2014; Shea et al., 2015). This is apparent for wind
speed where the Young 05108-45 wind vane for South-Col and Balcony was damaged
in winter due to high wind speed. However, the station itself was not damaged as we
get the continuous radiation data, and thus, albedo, through which we can infer snow
cover during winter.

4.1.5 Precipitation
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Figure 8. Mean daily precipitation at Phortse, Pheriche, Pyramid, and Basecamp station. The
gap is due to the station error during that period.

The total mean daily precipitation are shown in Figure 8. Total mean daily
precipitation highly varies in each station during every season. During the monsoon
season, precipitation is high in every station. Phortse receives the highest daily
precipitation of 530 mm during the monsoon season. Pheriche and pyramid receive
about 364.03 mm and 430 mm, respectively (Table 2) which is greater than a previous
finding of Bollasina et al. (2002) and Shea et al. (2015) at the pyramid site. It is
noteworthy to mention that Pyramid receives more precipitation then Pheriche despite
having the 665 m difference in elevation. Compared to Phortse station, precipitation in
Pheriche decreased by 31% (166.34 mm) during monsoon. From Pheriche to Pyramid,
the precipitation increased by 18% (66.34 mm). During the post-monsoon, mean daily
precipitation at all stations receive less than 15 mm. Precipitation occur mainly in the
form of snow in the winter season.
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Figure 9. Diurnal cycle of precipitation for Monsoon, Post-monsoon, Winter, and Pre-monsoon
at different AWS sites.
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Athigh altitudes, the timing and magnitude of precipitation can have a significant
impact on snow and ice melt, as the phase is determined by the air temperature. Diurnal
precipitation is characterized by periodic maxima and minima. Monsoon has a gentle
rise and dip of precipitation at the mid-range elevation. Sharp contrast exists in winter
and Pre-monsoon, where Phortse has maximum precipitation during early morning
and afternoon, while at Basecamp the maximum precipitation is observed in the late
afternoon to evening in Pre-monsoon (Figure 9), partly owning to lag in heat-driven
convective activities. The post-monsoon sees the most variation in diurnal precipitation
among the stations but the overall pattern of early morning and late afternoon holds. In
monsoon, high precipitation during nighttime is mainly due to the convergence between
prevailing upslope flow with downwelling mountain breezes (Perry et al., 2020).

The precipitation amount in the Everest region increases with an elevation
below 2500m a. s. L. but decreases with an elevation beyond 2500m a. s. 1. (Salerno et al.,
2015). The figure shows the seasonal variations in mean precipitation along the valley.
The precipitation amount at Phortse (3810m a. s. 1.) is higher than other stations. The
precipitation decreases from the Phortse to the Pheriche and slightly change above the
Pheriche station in the monsoon season which is similar to the previous finding by Yang
et al., (2018) and Perry et al., (2020). The mean daily precipitation at Phortse station
is 4.3 mm/day and at Pheriche station precipitation drop to 2.95mm/day and slightly
increases.At the Pyramid station with mean daily precipitation 3.49 mm/day during the
monsoon season. From post-monsoon total precipitation decrease at high elevation and
most of it falls as snow (Salerno et al., 2015; Yang et al., 2018).

Season/ Monsoon Post- Winter Pre- Annual
Station monsoon monsoon

Phortse 530 12 120 123 785
Pheriche 364 11 - - -
Pyramid 430 13 - - -
Basecamp - 12 49 100 -

Table 2. Total seasonal and annual precipitation (mm) at different AWS sites. Annual
precipitation at Pheriche, Pyramid, and Basecamp stations was not calculated due to

the missing data.
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Figure 10. Mean daily albedo of the meteorological year 2019-2020, at different AWS.
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At high-altitude above 4500 m a. s. 1., albedo calculated from the incoming and
outgoing shortwave radiation gives information about the form of precipitation and
the duration of snow cover in different seasons. Albedo plays a critical role on the
glacier surface through surface-atmosphere energy exchange, the variability of which
influences glacier mass balance as well as water resources. The mean daily albedo
shows, in the glacierized region the albedo increases as the increase of elevation during
the monsoon season and terrain shield influence the spatial distribution of snow cover
area (Wang et al., 2015). The albedo in upper and lower stations are opposite, one having
maximum in monsoon and the other having maximum in winter respectively, and vice-
versa for minimum. Figure 11 points out 0o isotherm being above 5000 meter with a
degree of variation in monsoon. In effect, precipitation above these elevation falls as
snow and lower temperature means the snowpack persists with relatively high albedo
as seen in Figure 10 for South-Col and Camp-II. For lower elevation, higher temperature
and rainfall much of the time ensures snow melt and hence, lower albedo. In winter,
however, higher stations sees a high wind speed (Figure 6), especially westerlies that
blows away the snow, resulting in ground exposure. Similarly, the wind speed is not
strong enough to dissipate the snow and temperature below freezing ensures the
persistence of snow and thus a high albedo for Pyramid and Phortse stations(Matthews
et al., 2020; Shea et al., 2015).

4.2 Variation in temperature gradient (TG) and zero-degree isotherm
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Figure 11. Temperature gradient (top) and zero-degree isotherm (bottom) at the Khumbu
catchment. Hourly value in grey and mean daily value in black.

Temperature gradient computed from hourly observed data at Phortse and
Camp-II station highlights the importance of weather stations on higher elevations. At
daily periods, temperature gradients vary from -4 to -7 °C km-1 during winter and post-
monsoon. This is less negative during the monsoon period (-4 to -5 °C km-1). During
study period, the lowest temperature gradientis -9.5 °C km-1 as shown in Figure 11. This
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is consistent with the previous study done in the Mera region, other parts of the Koshi
basin (Mera Peak region), using four year data from 2013-2016 (Khadka et al., 2019).
Immerzeel et al. (2014) and Shea et al. (2015) have also reported similar observation
from the transect of Langtang Valley, Central Nepal. Compared with monsoon and
post-monsoon, high variation is observed during winter and through pre-monsoon.
The calculated height of the estimated zero-degree isotherm varies from approximately
3000 m a. s. 1. in the winter to 6000 m a. s. 1. during the monsoon. In this region, the
Khumbu glacier is situated from 4700 to 7600 m a. s. 1., which means glaciers in the
region experienced melt and liquid precipitation during the monsoon.

At Phortse and Camp-II AWS station, calculated vapor pressure gradient range
from 0 to -4 hPa km-1 throughout the year. The strong gradient during monsoon results
in 6.11 hPa isoline values at approximately 6000 m a. s. 1. and lower in the rest of the year
as shown in the Figure 12.
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Figure 12. Vapor pressure gradient (top) and 6.11 hPa isoline (bottom) at the Khumbu catchment,
2019-2020, hourly value in grey and mean daily value in black.

The vapor pressure gradient (VPG) ranges from 0 to 3 hPa which is similar to
Shea et al. (2015). During the monsoon, VPG remains high which leads to an increase
in 6.11 hPa isoline near the 6000 m a. s. 1., but in other seasons VPG remains lower.
This means glaciers in the Khumbu region experience sublimation from the surface
as well as snow line also moves higher elevation, which is important for the surface
energy balance for the glacier. The zero-degree isotherm and 6.11hPa isoline during the
monsoon season lie near the 6000 m a. s. I. and during another season the altitudinal line
remains lower than 5000 m a. s. L.

Diurnal Cycle of Temperature and Vapor pressure gradient

The mean diurnal cycle of temperature gradient (TG) was calculated from the
two stations Phortse and Camp-II station from June 2019 to May 2020. The temperature
gradient is found least negative between 7:00 to 8:00 A.M (Figure 11). The temperature
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gradient in winter is lowest (-7°C km-1) which may be due to low moisture content in
atmosphere. During pre-monsoon and monsoon TG, this is higher than -6°C km-1 for
nighttime and lower during daytime.
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Figure 13. Mean hourly vapor pressure gradient (left) and temperature gradient (right) for
monsoon, Post-monsoon, Winter, and Pre-monsoon.

The calculated diurnal cycle of vapor pressure is higher negative during the
monsoon season (-2.5 to -3 hPa km-1) and least negative during the winter season (0 to
-1.5 hPa km-1). In all seasons there is high VPG in early morning (6:00 to 7:00 A.M) and
lower VPG in afternoon i.e., 3 P.M. In contrast, VPG reaches maximum after the late
afternoon in monsoon (Figure 13).

4.3 Temperature Lapse Rate

In this study, increasingly negative Lapse Rate, compared with the seasonal
value, are considered as the higher decrease of temperature with increasing elevation,
and while the fewer negative values are considered as the temperature inversion. The
increase in temperature from winter to monsoon is obvious throughout the valley. The
temperature and elevation relationship is strong, and temperature can be predicted
accurately as a function of elevation. During winter temperature interrupt in linearity is
due to the coldest temperature and stable atmosphere.
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Table 3. Result of the regression between seasonal mean temperature and elevation, where, Cm
maximum constant temperature at zero elevation, Lapse Rate is temperature lapse rate in °C
km-1, v is correlation coefficient.

Season C. Lapse Rate (°C km™?) r

Monsoon 31.85 -5.6 0.99
Post-monsoon 32.74 -7 0.98
Winter 24.99 -6.8 0.97
Pre-monsoon 29.33 -6.7 0.97

During monsoon, the temperature reaches its highest and the lapse rate is less
negative (-5.7 °C km-1) than in winter (-6.9 °C km-1) due to the reduction in radioactive
cooling, as during monsoon the temperature decrease with elevation is attenuated
by the presence of a consistent cloud cover. Post monsoon has a steeper lapse rate (-7
°C km-1) is due to the relatively small thermal forcing effect after the rainy summer.
Whereas the pre-monsoon season shows a lapse rate (-6.7 °C km-1) which corresponds
to the clear weather season and considerable sensible heat flux (dry convection). This is
steeper than monsoon.

The regression lapse rate was calculated for all seasons. Correlation coefficients
are very high for all seasons and vary between 0.97-0.99. The correlation between
mean temperature and elevation is lowest during pre-monsoon and winter (0.97) and
reach highest during monsoon (0.99). Very high correlation for temperature-elevation
relationship indicate elevation as the main controlling factor on air temperature
variability under high-temperature conditions, which occur mainly during the day.

The calculated temperature lapse rate is higher than ELR in post-monsoon (-7 °C
km-1) and during winter (-6.8 °C km-1) and pre-monsoon (-6.7 °C km-1) and lower in
monsoon (5 °C km-1). This is consistent with Kattel et al., (2013) during monsoon and
pre-monsoon and similar with Yang et al., (2018) in Mt Everest. During another period,
the calculated lapse rate is higher than the previous study Kattel et al., (2013); Yang
et al., (2018) are due to the surface characteristics and the which also associated with
surface energy balance.

4.4 Precipitation Gradient

Table 4. Vertical precipitation gradient (PGV) and horizontal precipitation gradient (PGH) in
mm m-1 at Khumbu region.2019-2020.

Season PGV PGH
Monsoon -0.063 -0.0086
Post-monsoon 0.00075 0.000046
Winter -0.045 -0.0037
Pre-monsoon -0.0147 -0.0012

Precipitation Gradient is calculated from Phortse to Basecamp AWS vertical, and
it shows the negative pattern except for the post-monsoon season, during the monsoon
and winter season vertical precipitation decrease by 63% m-1 and 45% m-1 in the
region. Calculated longitudinal precipitation gradient is negative during the monsoon,
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winter, and pre-monsoon, and positive during the post-monsoon season (Immerzeel et
al., 2014; Seko, 1987)

The calculated precipitation gradient is negative during the monsoon, winter,
and pre-monsoon season except for post-monsoon which differs from the Langtang
region. This shows that the both existence of vertical and horizontal precipitation
gradient and mainly precipitation occur in this region by the orographic convection. In
this study, during the monsoon season, there is a reduction in monsoon precipitation by
~63% m-1 moving from Phortse to Basecamp station in this basin but the station-wise
precipitation increases from Pheriche to Pyramid station.

5. Conclusion

This study presents the analysis of seasonal and daily meteorological variables
from 7 different automatic weather stations from Everest region i.e., Phortse, Pheriche,
Pyramid, Base camp, Camp-II, South-Col and Balcony for one hydrological year data
(June 2019 to May 2020). These observed values can be used for snow and ice melt
modeling and dynamical downscaling.

There are four detectable seasons over the year —monsoon with most precipitation
and high temperature; post-monsoon with gradually decrease in temperature; winter
with low temperature and snow as precipitation form and pre-monsoon with gradually
increase in temperature and occasional precipitation. Precipitation measurements
support previous observations of early-morning and late-evening precipitation
maxima during the monsoon in Khumbu and there is a strong seasonal difference in
the precipitation patterns and their controlling mechanisms.

However, maintaining the stations at such elevation is a challenge. Only radiation
and temperature have complete one-year record. Single year data is not enough to get
the full picture of the meteorology and its interaction between the variables. Long-term
operation of these stations would require building more robust version of the available
meteorological stations, able to withstand high wind speed. Local participation is
necessary for maintenance. Further extension of this data will facilitate towards
understanding glacier-climate interaction and impacts of climate in the regional water
availability.
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