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Abstract: Due to the extreme, harsh natural environment in the Himalayas higher than 8000 m above
sea level (asl) long-term and continuous meteorological observation is still a great challenge, and
little is known about water vapor transport in this extremely high region. Based on the Automatic
Weather Stations (AWSs) at 3810 m, 5315 m, 6464 m, 7945 m and 8430 m asl on the southern slope of
Mt. Everest, this study investigates the meteorological characteristics and water vapor transport in
the Mt. Everest region from June 2019 to June 2021. The results show that (1) with the increase of
altitude, the temperature lapse rate becomes deeper from −4.7 ◦C km−1 to −8.1 ◦C km−1; (2) the
relative humidity increases significantly in summer, and precipitation during the monsoon period
accounts for more than 70% of the annual total; and (3) during the monsoon in 2020, the number of
days with negative daily water vapor divergence in the whole layer accounted for 31% at the height
from ground to 350 hPa, and the moisture amount transported through water vapor convergence
was about 122 mm. The study indicates that, with sufficient moisture supply, strong water vapor
convergence and a relatively large vertical velocity, a small amount of water vapor can climb to an
extreme height and be transported from the southern to the northern slope of the Himalayas.

Keywords: Mt. Everest; moisture; water vapor flux divergence; monsoon; vertical variation
of precipitation

1. Introduction

The Tibetan Plateau (TP), with an average altitude of more than 4000 m asl and an
area of 2.5 million km2—has a variety of underlying surfaces including glaciers, snow and
frozen soil—stores ice third only to the Antarctic and the Arctic, and is called the “The
Third Pole” [1–4]. As the Asian water tower, the TP provides essential water resources for
nearly 40% of the world’s population [5,6]. Over the past few decades, the TP has warmed
almost twice as fast as the global average, which is called Tibetan amplification (TA), which
is significantly higher than other regions at the same latitude [7–9]. As one of the most
ecologically fragile regions in the world [10,11], the TA has exacerbated the cryospheric
changes, and further affects the regional hydrological cycle [6,12–15].

The Himalayas, the most majestic mountain range on earth, are located on the southern
edge of the TP, with an east–west length of about 2400 km and a north–south width of
about 200–300 km [16]. The ridges, with an average altitude of over 6000 m, occupy 30% to
50% of the troposphere, which is mainly influenced by the Indian monsoon and the tropical
easterly wind belt from June to September, and controlled by the Asian Westerly Jet in
the upper troposphere from October to May [17–20]. Due to the high altitude and long
east–west span, the Himalayas serve as a natural barrier to prevent the Indian monsoon
from transporting water vapor northward to the TP interior. Therefore, the climate varies
significantly between the northern and southern slopes of the Himalayas [17,21]. The
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highest mountain in the world, Mt. Everest with the height of 8848.86 m, is located in
the central Himalayas [22]. Due to the harsh natural environment, there is still a lack of
long-term continuous systematic observation data for meteorological elements and little
research on water vapor transport on Mt. Everest.

Previous researchers have studied the moisture content, precipitation characteristics
and moisture transport characteristics over the TP using different types of data, including
observations, reanalysis datasets, remote sensing data and some proxy indicators [20,23–25].
Some researchers have also analyzed the isotopic composition of TP precipitation using
observed and simulated stable oxygen and hydrogen isotopes to analyze the source area
of water vapor [26–28]. In addition, there are researchers who have used high-resolution
satellite data and WRF models to build a model of up-and-over transport and to quantify
the relationship of precipitation between central-eastern India and southwestern TP [29,30].
For the Mt. Everest region, despite the limitations of the harsh environment, the scarcity of
meteorological stations and the low altitude where the stations are located, some scholars
have analyzed the variation of meteorological elements such as relative humidity and
specific humidity with altitude in their regions using the measured data from automatic
weather stations (AWSs), so as to discuss the vertical distribution characteristics of water
vapor in the Mt. Everest region [18,31–37].

Due to the lack of AWS observations in the extremely high-altitude regions, fewer
studies have been conducted on water vapor transport in the Mt. Everest region, especially
quantifying the water vapor transport across the extremely high Himalayas. From the
perspective of weather, climate and glacier health, little is still known about Mt. Everest in
its highest reaches [38]. To further explore water vapor transport in the Mt. Everest region,
we analyzed the meteorological data from the AWSs deployed by National Geographic
and Rolex’s Perpetual on the Nepalese side of Mt. Everest in April 2019 [39,40]. Based
on the temporal and spatial characteristics of temperature and humidity on the southern
slope of Mt. Everest, and combined with ERA5 reanalysis data from the European Centre
for Medium-Range Weather Forecasts (ECMWF), this study aims to quantify the moisture
content on the southern slope of Mt. Everest and its surrounding region.

2. Data and Methods
2.1. Observational Data

We used the observational hourly meteorological data from the AWSs on the southern
slope of Mt. Everest, including the two highest AWSs at 7945 m on South Col and 8430 m
on Balcony (Figure 1 and Table 1). Temperature refers to the 2 m air temperature at
Phortse, Base Camp and Camp II, and 1.5 m air temperature at South Col and Balcony,
respectively. As an initial quality control, missing measurements (−999) and unreasonable
values (e.g., temperature < −60 ◦C) in the AWSs data were removed.

Table 1. The detailed information about the AWSs used in this study.

Station Name Latitude
(◦ N)

Longitude
(◦ E)

Elevation
(m) Observed Period Elements

Phortse 27.8456 86.7472 3810 1 June 2019–30 June 2021 T, RH, prep, press
Base Camp 27.9952 86.8406 5315 1 November 2019–30 June 2021 T, RH, prep, press

Camp II 27.9810 86.9023 6464 1 June 2019–30 June 2021 T, RH, press
South Col 27.9719 86.9295 7945 1 June 2019–30 June 2021 T, RH, press
Balcony 27.9826 86.9292 8430 1 June 2019–20 January 2020 T, RH, press

Note: T refers to air temperature; RH refers to relative humidity; prep refers to precipitation and press for pressure.
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Figure 1. The topography of Mt. Everest and its surroundings. The selected meteorological stations
are shown with red symbols.

The data are available from the website, https://www.nationalgeographic.com/
environment/topic/perpetual-planet (accessed on 1 September 2021) [41].

2.2. ERA5 Reanalysis Dataset

As the fifth generation of the ECMWF weather datasets, based on the 4D-Var assimila-
tion method, ERA5 reanalysis is the latest global weather and climate dataset from 1950
to present [42]. Compared to the ERA-Interim, ERA5 assimilates more observations and
satellite data to estimate atmospheric conditions more accurately, and has an enhanced
temporal resolution, with the horizontal resolution of 31 km grid spacing, compared with
79 km in ERA-Interim [43]. ERA5 includes two types of data sets: on pressure levels and
on single levels. The former contains 16 atmospheric quantities on 37 pressure levels from
1000 hPa (surface) to 1 hPa (around the top of the stratosphere), while the latter is available
for a number of atmospheric, ocean-wave and land surface quantities.

To further research the circulation situation and water vapor transport characteristics
on the southern slope of Mt. Everest and its surrounding area, this study analyzes the
ERA5 hourly different pressure levels datasets of temperature, relative humidity, specific
humidity, u-component of wind, v-component of wind and vertical velocity. The data are

https://www.nationalgeographic.com/environment/topic/perpetual-planet
https://www.nationalgeographic.com/environment/topic/perpetual-planet
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available free from the website https://cds.climate.copernicus.eu/#!/search?text=ERA5
&type=dataset (accessed on 1 September 2021) [44].

2.3. Methodology

Temperature lapse rate is an important component of mountain meteorological obser-
vation and research. It reflects the change of temperature with height and provides certain
feedback on the arrival of the monsoon period [45]. There are two ways to calculate temper-
ature lapse rates. One is to use the temperature at a lower altitude minus the temperature
at the higher altitude [46]. Another method is to use the temperature and its corresponding
altitude and use the linear correlation method [45,47]. With the observational data at
different altitudes, we chose the first method to calculate the temperature lapse rates based
on the temperature differences between two adjacent stations. The temperature lapse rate
(TLR, ◦C km−1) can be written as:

TLR =
T2 − T1

Z2 − Z1
(1)

where T2 and Z2 are the temperature and altitude of the AWS at the lower altitude between
two adjacent stations, and T1 and Z1 are at the higher altitude. We calculated the water
vapor flux and water vapor flux divergence to determine the direction of moisture transport,
moisture content and the convergence and divergence characteristics of the circulation
background in and around the southern slope of Mt. Everest. Water vapor flux is defined
as the amount of water vapor (gram) flowing through the unit area perpendicular to the
horizontal wind direction in unit time. Water vapor flux is a vector, the wind direction
is its direction, its unit is g/(s·cm·hPa), and 1 hPa refers to 103 g/(cm·s2). According to
Trenberth [48], vertical integration of water vapor flux is calculated as follows:

Qu =
1
g

∫ Pt

Ps
qudp (2)

Qv =
1
g

∫ Pt

Ps
qvdp (3)

where q is specific humidity, u is eastward wind, v is northward wind and g is gravita-
tional acceleration. Since water vapor is mainly distributed in the lower troposphere, the
atmospheric top pressure Pt is taken as 300 hPa here, and the Ps is surface pressure.

Water vapor flux divergence is calculated as follows:

A = ∇·
→
Q =

1
g

∫ Pt

Ps
∇·
(→

Vq
)

dp (4)

where
→
V is horizontal wind vector, A < 0, indicates water vapor flux convergence and A > 0

indicates water vapor divergence.

3. Results
3.1. Spatial and Temporal Variation of Meteorological Characteristics during 2019–2021

Due to the harsh environment of Mt. Everest and the limitation of detection technology,
there are very few AWSs above 5000 m. We know very little about the weather and climate
change in very high-altitude areas. In this study, we analyzed the spatial and temporal
characteristics of temperature, relative humidity, temperature lapse rates and precipitation
from June 2019 to June 2021 using data from five newly established AWSs on the southern
slope of Mt. Everest (see Table 1 for details).

As shown in Figure 2 and Table 2, the daily mean, daily maximum and daily minimum
temperatures on the southern slopes of Mt. Everest decreased with increasing altitude.
The average daily maximum temperatures all appeared in summer (JJA), with values of
12.4 ◦C, 5.4 ◦C, −1.5 ◦C, −8.8 ◦C and −11.7 ◦C for each station from low to high, while the

https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset
https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset
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average daily minimum temperatures all appeared in winter (DJF), with values of −8.7 ◦C,
−17.0 ◦C, −25.5 ◦C, −38.6 ◦C and −40.2 ◦C.

Figure 2. Mean daily temperature, relative humidity, temperature lapse rate (TLR) and monthly
precipitation from June 2019 to June 2021.

The range of temperature lapse rate is generally from 9.8 ◦C km−1 (dry adiabatic
decrement) to 4.0 ◦C km−1 (saturated adiabatic decrement). When there is not a high
accuracy requirement, the average temperature lapse rate used is generally 5.5 ◦C km−1,
6.0 ◦C km−1 or 6.5 ◦C km−1 [46]. However, due to the complex topography and extremely
high elevation in the Mt. Everest region, the conventional temperature lapse rate may not
be applicable, so we calculated the temperature lapse rate between two adjacent stations
using Equation (1) to determine the gradient of temperature with altitude. As shown in
Figure 2, the temperature lapse rates increase with increasing altitude, and the average
temperature lapse rates during the observation period for Phortse-Base Camp, Base Camp-
Camp II, Camp II-South Col, and South Col-Balcony were −4.7 ◦C km−1, −6.3 ◦C km−1,
−7.7 ◦C km−1 and −8.1 ◦C km−1, respectively. In addition, temperature lapse rates varied
significantly with the season. In summer, the water vapor supply is sufficient, and the
water vapor converges in the Mt. Everest area; the relative humidity is large, so the
temperature lapse rate becomes shallow. It is important to note that the Balcony station
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had a shorter time period for the data, so the difference between the calculated decreasing
temperature rate and the other three stations is not only influenced by altitude, but also by
seasonal factors.

Table 2. Maximum, mean and minimum temperature for each season and the annual
average temperature.

Temperature (◦C) Phortse
(3810 m)

Base Camp
(5315 m)

Camp II
(6464 m)

South Col
(7945 m)

Balcony
(8430 m)

MAM
Max 9.4 1.9 −2.7 −12.9 /

Mean 2.9 −5.2 −12.6 −24.9 /
Min −3.9 −12.7 −20.5 −33.6 /

JJA
Max 12.4 5.4 −1.5 −8.8 −11.7

Mean 10.0 2.8 −3.6 −12.5 −16.5
Min 6.1 −1.7 −10.0 −19.4 −22.9

SON
Max 11.0 3.7 −2.8 −10.6 −14.3

Mean 5.8 −2.2 −8.8 −21.5 −24.5
Min −2.6 −9.8 −19.1 −31.7 −35.7

DJF
Max 4.5 2.6 −4.0 −15.2 −28.4

Mean −2.1 −8.0 −16.0 −29.1 −35.3
Min −8.7 −17.0 −25.5 −38.6 −40.2

Annual Mean 4.2 −3.2 −10.3 −22.0 −25.4

Note: Spring refers to MAM (March to May); summer refers to JJA (June to August); autumn refers to SON
(September to November); winter refers to DJF (December to February). The minimum and average values for
each station are calculated based on the observations listed in Table 1 and are not annual observations.

In terms of water vapor content, as shown in Figure 2 and Table 3, the variation
of relative humidity with altitude on the southern slope of Mt. Everest is not obvious.
However, the relative humidity has obvious seasonal characteristics. In summer, influenced
by the Indian monsoon, the warm and humid airflow carries moisture and gathers on
the southern slope of Everest, resulting in a significant increase in relative humidity. The
average relative humidity in summer at the five stations from low to high altitude was
92.9%, 92.9%, 80.7%, 77.2% and 70.5%, respectively. It can be seen that the relative humidity
decreases with height in summer.

Table 3. Minimum and mean relative humidity of each season and the annual average.

Relative Humidity
(%)

Phortse
(3810 m)

Base Camp
(5315 m)

Camp II
(6464 m)

South Col
(7945 m)

Balcony
(8430 m)

MAM
Mean 78.5 63.1 45.0 53.5 /
Min 44.1 12.8 8.7 9.5 /

JJA
Mean 92.9 92.9 80.7 77.2 70.5
Min 72.4 58.9 22.3 17.2 24.1

SON
Mean 77.9 56.2 44.4 48.0 71.3
Min 24.2 7.4 8.5 9.5 36.8

DJF
Mean 60.6 26.7 24.5 37.0 /
Min 20.1 2.9 7.2 7.1 /

Annual Mean 78.0 56.9 50.8 57.2 /

The southern slope of Mt. Everest is located in the low latitude area, with large annual
and seasonal changes in precipitation. Due to the influence of the Indian Monsoon, the
study area has an obvious monsoon climate, that is a rainy season and a dry season as
shown in Figure 2.
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There is a clear seasonal variation in precipitation on the southern slopes of Mt.
Everest, with a significant increase in precipitation in summer, such as the maximum
monthly precipitation of 231 mm in Phortse in July 2020 and 189 mm in Base Camp in
August 2020. In contrast, the precipitation in winter is extremely low, such as 0 in Base
Camp in December 2019. As seen in Figure 3, the seasonal distribution of precipitation in
Phortse and Base Camp has the same characteristics, with summer precipitation accounting
for 60% and 52%, respectively, of the annual precipitation and winter precipitation the least,
accounting for only 9% and 6%, respectively.

Figure 3. Seasonal variations of proportion of precipitation.

3.2. Atmospheric Circulation Background

The main factors affecting atmospheric water vapor content are geographical location,
altitude and atmospheric circulation. For the study area of this paper—Mt. Everest—the
geographical location and altitude were determined. Therefore, we will analyze the hor-
izontal transport characteristics of water vapor on the plateau from the perspective of
atmospheric circulation.

The annual mean pressure at Phortse station is 646 hPa, which is very close to 650 hPa,
and the annual mean pressure at Balcony station is 353 hPa, which is very close to 350 hPa.
Therefore, Figure 4 shows the pattern of relative humidity and wind at 650 hPa and 350 hPa,
for the Mt. Everest region in spring (MAM, March to May), summer (JJA, June to August),
autumn (SON, September to November) and winter (DJF, December to February) from
June 2019 to June 2021.

At 650 hPa altitude in summer, the source of moisture in this area is mainly the warm
and humid airflow from the southwest, and the relative humidity is above 60%. As the
high-altitude Mt. Everest plays a role in blocking the airflow, water vapor has a cyclonic
circulation in the southwestern Himalayas, and the convergence is obvious. Between the
Tibetan Plateau and the Indian plains, there is a mountainous water vapor zone with
high relative humidity, which can reach 100% and is very favorable for the formation of
precipitation. Some of the air flows cross the Himalayas, bringing precipitation to the
southwestern part of the TP. In winter, the circulation situation is relatively homogeneous
and the whole plateau is mainly controlled by westerly air flows, with relative humidity
mostly reduced to below 60%. When the airflow passes through the Himalayas, a small
amount crosses the mountain range and enters the hinterland of the plateau, while most of
the wind flow continues to move eastward.
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Figure 4. Seasonal spatial variation of relative humidity and wind vector (U, V) at different pressure
levels from June 2019 to June 2021.
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At the altitude of 350 hPa, the relative humidity in the region is around 50% in summer,
significantly less than the water vapor content at 650 hPa. The warm humid moisture from
the southeast Bay of Bengal partly crosses the Himalayas into the TP, and partly converges
westward with the warm humid cyclonic airflow from India. Except for summer, straight
west airflows prevail in all seasons. Compared with 650 hPa, the water vapor gradient is
greater in both the north–south and east–west directions.

3.3. Characteristics of Water Vapor Transport during the Monsoon Period

From Figure 4, we can see that except for summer, the Mt. Everest region is mostly
controlled by dry and cold westerly winds with low relative humidity, and very little
water vapor crosses the Himalayas to reach the interior of the Tibetan Plateau. To further
determine whether the water vapor in the Mt. Everest region can climb from the southern
slope to a sufficient height to be transported to the interior of the TP, we focused on
the monsoon period when water vapor content is sufficient. To ensure consistent and
continuous precipitation data, we chose meteorological elements for the whole year of 2020
for analysis.

According to the “2020 Southwest Monsoon End of Season Report” from the Indian
Meteorological Department (IMD), the monsoon arrived over Kerala on its normal date
on 1 June 2020 and began to retreat on 28 September 2020, so IMD set June to September
in 2020 as the monsoon period [49]. Figure 5 shows the daily precipitation variation of
Phortse and Base Camp during 2020, which both had stable precipitation almost every day
during the monsoon period. For Phortse, the cumulative precipitation for the whole year
of 2020 was 846.2 mm, and the precipitation during the monsoon period was 632.3 mm,
accounting for 74.7%. The precipitation during the monsoon period for Base Camp was
438.8 mm, accounting for 74.0% of the annual precipitation (592.7 mm).

Figure 5. Total daily precipitation at Phortse and Base Camp in 2020.

The total water vapor flux divergence can be divided into steady and transient com-
ponents [48,50]. Previous studies have shown that water vapor transport in East Asia is
dominated by the steady component, and the transient component can be ignored. There-
fore, the study of water vapor flux divergence in this paper mainly discusses the steady
component of water vapor flux divergence [23,51,52]. Figure 6 shows the monthly water
vapor flux (vector) and water vapor flux divergence (color filling) from the surface to
350 hPa during the monsoon period.
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Figure 6. Water vapor flux (vector) and water vapor flux divergence (color) during monsoon period
in 2020.

As shown in Figure 6, in the Mt. Everest region, the distributions of water vapor flux
and water vapor flux divergence for all months during the monsoon period were very
similar. In June and July, the water vapor in the Mt. Everest region mainly comes from the
Indian summer monsoon. Water vapor flux is basically less than 10 kg/(m·s), and the water
vapor flux divergence of the whole layer is mostly between 0 and 2 kg/(m2·s). In August
and September, the water vapor from the Bay of Bengal is transported westward along the
southern side of the TP and converges with the Indian monsoon to form a cyclone, while a
limited amount of water vapor is transported across the Himalayas to the inner side of the
plateau. It can be seen that water vapor is convergent in most areas of the TP, especially
near the northern slopes of the Himalayas on the southern side of the TP. In contrast, the
south side of Mt. Everest is irradiated, and the very high altitude of Mt. Everest has an
obvious effect by blocking the airflow.

3.4. Daily Water Vapor Flux Divergence and the Height at Which Water Vapor Can Climb

Through the previous analysis of the water vapor circulation background and the
water vapor flux divergence in the monsoon period in Mt. Everest, we determined that
Mt. Everest has a strong blocking effect on water vapor due to its extremely high altitude.
Under the conditions of seasonal and monthly averages, only a small amount of water
vapor can climb directly to the height of Mt. Everest’s summit and from the southern slope
to the northern slope. It was important to establish if water vapor can only pass through
Mt. Everest by bypass, or also by the “up-and-over” route of Indian deep convection. To
determine whether water vapor can climb to a sufficient height on the southern slope of
Mt. Everest to be transported to the Tibetan Plateau, we selected the monsoon period with
high water vapor content as the object of our study. We calculated the daily water vapor
flux divergence in the monsoon period and observed the distribution of vertical velocity
and relative humidity with pressure and the way of water vapor transport.
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The average elevation of the Tibetan Plateau is greater than 4000 m, therefore we
considered whether water vapor can be transported to the height of Mt. Everest (refer to
Balcony’s annual average pressure of 353 hPa) and thus cross the Himalayas. We used the
hourly data in ERA5 to calculate the magnitude of the daily whole-layer water vapor flux
dispersion between the surface and 350 hPa in the range of longitude 86–89◦ E and latitude
27–29◦ N, and the results are shown in Figure 7. A water vapor flux divergence less than
0 indicates that the convergence of water vapor flux in the whole layer and the water vapor
can climb to a sufficient height.

Figure 7. Daily moisture flux divergence during monsoon period in 2020.

The vertical transport of moisture has an important relationship with the atmospheric
vertical velocity. The vertical velocity directly determines the maximum height of moisture
transport, and directly affects the magnitude of water vapor vertical transport. As seen
in Figure 7, the number of days with A < 0 during the monsoon period (June–September)
is 38 days, accounting for 31% of the total number of days. From them, we selected
several days with large convergence to observe the vertical velocity, relative humidity and
wind transport.

Most of the water vapor in the southern Himalayas comes from the southwest outside
of the TP and it is clearly influenced by the Indian summer monsoon. The monsoon
vigorously develops and transports abundant moisture from the Indian Ocean to the
Himalayas, and the water vapor is forced to lift up on the southern slope of Mt. Everest
due to its high topography. Thus the water vapor flux divergence of the whole layer on
the southern side of Everest is negative, and the water vapor converges and is transported
upward. According to the longitude profile of the vertical velocity in Figure 8, the vertical
velocity of the whole layer is basically negative, and the water vapor transported upward
can reach the upper of the troposphere height. Moreover, there is strong downward
transport over the plateau from about 220 hPa, and the large value center is about 400 hPa.
It is consistent with a previous conclusion that there is a low water vapor center at 215 hPa
over the plateau [51].

Table 4 shows the monthly average value of water vapor flux divergence on the
southern slope of Mt. Everest and its surroundings (86–89◦ E, 27–29◦ N) during the
monsoon period, the days when the water vapor flux in the whole layer is negative, and the
amount of water vapor transported on the days when the water vapor flux is negative (mm).
The calculation shows that in the 2020 monsoon period (June–September), the sum of the
daily water vapor flux convergence with negative water vapor flux divergence is 122 mm.
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Figure 8. Pattern of vertical velocity (coloring), relative humidity (green line) and wind vector varying
with pressure during monsoon period (June–September) along 28◦ N and 80–90◦ E. The filled gray
region represents the mountain topography.

Table 4. The average value of water vapor flux divergence, the number of days with negative water
vapor flux and sum of moisture convergence.

Water Vapor Flux Divergence June July August September

Mean (mm/day) 4.2 1.7 0.4 4.0
Number of days 6 10 15 7

Moisture convergence (mm) −11.9 −27.9 −54.7 −27.6

4. Discussion

Meteorological observations in the Mt. Everest region, for which information is
relatively scarce, are important for studying climate change in the region and its impact
on glacier changes. Using the newly established network of automatic weather stations in
2019, we analyzed the meteorological elements on the southern slope region of Mt. Everest,
which gave us a better understanding of its weather conditions.

We compared the differences in meteorological elements between the southern and
northern slope regions of Mt. Everest in combination with the study on the characteristics
of meteorological elements on the northern slope of Mt. Everest by Yang et al. [36]. Yang
calculated the average temperature and temperature lapse rate of seven meteorological
stations on the northern slope of Mt. Everest from 5207 m to 7028 m, from May 2007 to
August 2008, and obtained the average temperature of each station from low to high during
the study period as 0.2 ◦C, −1.9 ◦C, −4.4 ◦C, −5.4 ◦C, −8.3 ◦C, −15.4 ◦C and −8.7 ◦C,
respectively. It can be seen that the temperature on the northern slope decreases with
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increasing height, which is the same trend as that on the southern slope. The temperature
lapse rates on the northern slope increased from 6.2 ◦C km−1 at station I to 9.8 ◦C km−1 at
station VI, and the trend of deepening with increasing height is also the same as that on
the southern slope, however, the temperature lapse rates on the northern slope are obvi-
ously larger than that on the southern slope. This difference should take into account the
difference in observation periods, the impact of current global warming trends, differences
in observation equipment and the difference in solar radiation received by the location of
the station.

For precipitation, in this study, we calculated the cumulative precipitation at Phortse
station on the southern slope of Mt. Everest region in 2020 as 846.2 mm, which is much
lower than the average annual precipitation of 942 mm at nearby long-term climate stations
between 3000 and 4000 m [35]. It is consistent with the trend of a significant decrease in
precipitation in the Himalayan region with climate warming [53]. The annual precipitation
at Base Camp (5315 m) is 592.7 mm, which is close to the 587 mm precipitation at Pyramid
(5035 m) in 2019–2020. Precipitation in the monsoon period accounts for 70% of annual
precipitation, which is consistent with the results of previous studies. This result is basically
consistent with the results of previous studies [54–56].

The study on the temporal and spatial characteristics of water vapor distribution
and transport is very important for the understanding of meteorological, hydrological
and glacial processes in the Himalayas. In order to understand the water vapor transport
process in the Himalayas, we must deeply understand the changes of wind convergence
and divergence [57]. For vertical water vapor transport in the Mt. Everest region, it is
widely believed that due to the high altitude of the Himalayas, it is difficult for water
transport by upslope. Through the analysis of high-resolution satellite data, Lin et al.
found that the deep convection system on the Indian plain provides the main source
of summer precipitation on the Tibetan Plateau. This connection is achieved through
an up-and-over water vapor channel, where convective systems on the Indian plains
carry water vapor and hydrate to the mid-altitude, which is then transported to the
southwestern Tibetan Plateau by the southwest airflow from the mid-altitude, and
eventually forms precipitation [29,30].

To determine whether the water vapor at the foot of the southern slope of Mt. Everest
can be transported to the northern slope by climbing to a sufficient height, we calculated
the whole-layer water vapor flux divergence from a selected range of the southern slope of
Mt. Everest and verified the water vapor circulation background and vertical velocity to
demonstrate that with sufficient water vapor supply, strong convection and large vertical
velocity, the water vapor can be lifted to a certain height and thus cross the Himalayas to
the TP.

Although we have proved that water vapor can be transported over the Himalayas by
climbing flow under certain conditions, and have calculated the amount of water vapor
transported by water vapor convergence, it is still difficult to determine the proportion of
moisture reaching the peak height compared to the initial water vapor, and the proportion
of water vapor being transported from the southern slope to the plateau and forming
precipitation. There is still a long way to go to study the vertical transport characteristics of
water vapor in the Mt. Everest region.

5. Conclusions

Based on the hourly AWS observations from 2019 to 2020 on the southern slope of Mt.
Everest and ERA5 reanalysis data, this study identifies moisture transport over Mt. Everest
area, and provides the main conclusions of this paper as follows:

(1) The meteorological characteristics showed obvious seasonal variations during
the observational period. In summer, when temperature rises and the water vapor
supply is sufficient, relative humidity increases, precipitation increases and the temper-
ature lapse rate becomes shallow. In winter, controlled by the dry and cold westerly
air flow, the temperature and relative humidity in the Mt. Everest area decrease, the
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temperature lapse rate becomes deeper, and the precipitation is very little. (2) In the
vertical direction, the temperature on the southern slope of Mt. Everest decreases
with an increase in height. The annual average temperature of each station is: 4.2 ◦C
at Phortse, −3.2 ◦C at Base Camp, −10.3 ◦C at Camp II, −22.0 ◦C at South Col and
−25.4 ◦C at Balcony. With an increase in altitude, the temperature lapse rate becomes
deeper. During the observation period, the average temperature lapse rates during
the observation period for Phortse–Base Camp, Base Camp–Camp II, Camp II–South
Col, and South Col–Balcony are: −4.7 ◦C km−1, −6.3 ◦C km−1, −7.7 ◦C km−1 −8.1 ◦C
km−1, respectively. The change of relative humidity with height is not obvious, while
the precipitation decreases with an increase in height. For Phortse, the cumulative
precipitation for the whole year of 2020 was 846.24 mm, and the annual precipitation
was 592.74 mm for Base Camp. (3) In summer, the water vapor in the area of Mt. Everest
mainly comes from the Indian summer monsoon in the southwest. The high altitude of
Mt. Everest prevents the water vapor from transporting to the East. There is an obvious
cyclone flow field to the south of Mt. Everest. The water vapor converges and rises as
a heat source, and the relative humidity is high. In winter, the circulation situation is
relatively simple. The whole plateau is mainly controlled by a westerly air flow, and
the relative humidity is usually lower than 60%. (4) The research shows that under
certain conditions it is feasible for water vapor to climb up from the southern slope of
Mt. Everest and cross the Himalayas to the northern slope. In the monsoon period of
2020, at the height of the surface to 350 hPa, the number of days of negative water vapor
divergence in the whole layer accounted for 31%, and the amount of water transported
through water vapor convergence was 122 mm.
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