One Earth

Precipitation Characteristics and Moisture Source
Regions on Mt. Everest in the Khumbu, Nepal

Graphical Abstract

New Mt. Everest Weather Stations
Reveal Sources of Precipitation
to Nepal Himalaya

Pakistan

17%
21% Indo-

Indus River Gangetic
Plain

Delta and
Arabian Sea

Highlights

Specific humidity and freezing level height have increased
since 1981

Bulk of precipitation falls during monsoon and at night

Westerly trajectories predominate during post-monsoon,
winter, and pre-monsoon

Northern Bay of Bengal is an important moisture source
during the monsoon period

Perry et al., 2020, One Earth 3, 594-607

https://doi.org/10.1016/j.oneear.2020.10.011

Authors

L. Baker Perry, Tom Matthews,
Heather Guy, ..., Anton Seimon,
Ananta Gajurel, Paul A. Mayewski

Correspondence
perrylb@appstate.edu

In Brief

Precipitation is critical to the water towers
of the Hindu Kush-Himalaya-Karakoram
region, exerting an important control on
glacier mass balance and the water
resources for 1.65 billion people. Here, we
investigate precipitation characteristics
and moisture sources in Nepal’s Khumbu
region. Our findings demonstrate that the
northern Bay of Bengal is an important
moisture source during the monsoon
period (June to August) and that westerly
trajectories over land predominate for
precipitation events during the post-
monsoon, winter, and pre-monsoon
seasons.

November 20, 2020 © 2020 The Author(s). Published by Elsevier Inc. é Ce“:reSS


mailto:perrylb@appstate.�edu
https://doi.org/10.1016/j.oneear.2020.10.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oneear.2020.10.011&domain=pdf

R
é CellPress 5‘ :: ol Standard

3 tons of
OPEN ACCESS CO, offset

One Earth

Precipitation Characteristics and Moisture
Source Regions on Mt. Everest in the Khumbu, Nepal

L. Baker Perry,'-'2* Tom Matthews,? Heather Guy,® Inka Koch,*5 Arbindra Khadka,>-¢ Aurora C. EImore,” Dibas Shrestha,®
Subash Tuladhar,® Saraju K. Baidya,® Sunny Maharjan,® Patrick Wagnon,® Deepak Aryal,® Anton Seimon,’
Ananta Gajurel,'® and Paul A. Mayewski'"

1Department of Geography and Planning, Appalachian State University, Boone, NC, USA

2Department of Geography and Environment, Loughborough University, Loughborough, UK

3School of Earth and Environment, University of Leeds, Leeds, UK

“Department of Geosciences, University of Tubingen, Tubingen, Germany

SInternational Centre for Integrated Mountain Development, Kathmandu, Nepal

6Central Department of Hydrology and Meteorology, Tribhuvan University, Kathmandu, Nepal

“National Geographic Society, Washington, DC, USA

8Department of Hydrology and Meteorology, Kathmandu, Nepal

9Université Grenoble Alpes, CNRS, Institute for Development Research, IGE, Grenoble, France

10Department of Geology, Tribhuvan University, Kathmandu, Nepal

11Climate Change Institute, University of Maine, Orono, ME, USA

12| ead Contact

*Correspondence: perrylb@appstate.edu

https://doi.org/10.1016/j.oneear.2020.10.011

SCIENCE FOR SOCIETY Precipitation is the fundamental input to the water towers of Asia that sustain 1.65
billion people. In the Khumbu (Mt. Everest) region of the Nepal Himalaya, changing precipitation patterns
have direct impacts on glacier behavior, local communities, and downstream populations. We use data
from a new network of high-altitude weather stations to investigate precipitation amount and timing, and
demonstrate that the northern Bay of Bengal is the main moisture source for the Khumbu during the
monsoon period June-September. High-quality observations of precipitation at the highest elevations of
the world’s water towers are critical for meeting the challenge of quantifying future availability of water re-
sources for billions of people downstream.

SUMMARY

Precipitation is critical to the water towers of the Hindu Kush-Himalaya-Karakoram region, exerting an impor-
tant control on glacier mass balance and the water resources for 1.65 billion people. Given that hydroclimatic
extremes and water stress have emerged as key hazards in the context of climate change, Nepal’s Khumbu
region overlaps key vulnerabilities. Here, we investigate the region’s precipitation characteristics and mois-
ture sources through analysis of data from a new high-altitude network of automatic weather stations, which
allows for a more complete understanding of the climatological precipitation data that are critical information
forlocal communities in the Khumbu region, visitors, and downstream populations. Our findings demonstrate
that the northern Bay of Bengal is potentially an important moisture source during the monsoon period (June
to August) and that westerly trajectories over land predominate for precipitation events during the post-
monsoon, winter, and pre-monsoon seasons.

INTRODUCTION

The Hindu Kush-Karakoram-Himalaya (HKH) are critical water
towers for 1.65 billion people across Asia.’** Downstream com-
munities suffer disproportionately from floods® and are depen-
dent on meltwater from seasonal snow and glacier ice, particu-
larly during the pre-monsoon and drought periods.”*° It
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therefore causes concern that glacier loss has accelerated
across the Himalayas in recent decades’® and that projections
suggest large-scale reductions in stream discharge by 2050,°°
yet more frequent episodes of intense precipitation.'® There is,
however, much uncertainty about such projections, not least
because of the limited understanding of the region’s contempo-
rary hydroclimate. Precipitation is the largest freshwater input to
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gro Figure 1. Khumbu Region Area of Study

Locations of precipitation data sources (filled
squares, circles, and triangles) in the context of
topography (shading), glacierized area (aqua
shading), forest cover (green), and main trekking
route to Everest Base Camp (dashes). The grid
squares for ERA5 data presented are also shown
(green and purple rectangles). Additional site loca-
tion information is available in Table S5.
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[asl]); however, it is not clear how region-
ally representative these findings may
be. Considerable spatial variability in
precipitation totals is similarly evident,*®
with positive altitudinal precipitation gra-
dients on slopes with southerly exposure
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up to ~3,000 m*®*" and generally nega-
tive gradients above this elevation,®
albeit with considerable seasonal depen-
dence,®* and some uncertainty between
3,600 and 5,000 m asl in the Khumbu re-
gion.?” A pronounced altitude-indepen-
dent south-north precipitation gradient
of up to —21 mm km~" in the Khumbu re-
gion®® and nearby Langtang®* has been
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the glaciohydrological system in the HKH'" and exerts a strong
control over glacier mass balance,'® but basic in situ measure-
ments are lacking. For example, nearly all long-term observa-
tions of precipitation are from weather stations below 3,000 m,
meaning that glacierized elevations have been largely unmoni-
tored.">' As a result, precipitation amounts in these regions
are poorly quantified,'® and understanding of key processes re-
mains limited, leading to substantial uncertainties in future pro-
jections of climate, glacier mass balance, and water resource
availability.®

Improving our knowledge of the precipitation climatology
and key processes in the HKH is critical. Hydroclimatic ex-
tremes and water stress are emerging as key climate hazards
there under global warming,"'” placing mountain communities
directly at risk. An in-depth assessment of precipitation in the
Khumbu region in the central Himalaya (Figure 1) highlights
some key vulnerabilities, as up to 56% of the domestic water
supply for the more than 6,000 residents comes from rain-
water,” and locals and tourists alike suffer from precipitation
extremes resulting in impassable and washed-out trails.'®
Existing understanding identifies that precipitation across this
region is subject to considerable temporal variability, with
70%-80% of annual totals falling during the summer monsoon
period of June-September,’® ' when precipitation mostly falls
at night.?>?” Quyang et al.”® report 50%-60% of annual pre-
cipitation falling during the monsoon in the Yadong Valley in
the central Himalaya of China, with an afternoon peak in pre-
cipitation timing at higher elevations (>3,500 m above sea level
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higher ridges and peaks. The orientation
of this gradient is consistent with the
southerly flow of the Bengal branch of
the monsoon.®33°739

Wet periods during the monsoon are characterized by a deep
mid-level (500 hPa) monsoon trough east of India and upper-
tropospheric easterlies along the foothills of the Himalayas in as-
sociation with the upper-level (200 hPa) Tibetan High.***' The
largest direct contribution of moisture during heavy precipitation
events in Nepal is the Indo-Gangetic Plain;** a strong connection
to the northern Bay of Bengal is evident during the monsoon
period for Mt. Everest, known by its official names in Nepal
and China as Sagarmatha and Qomolangma, respectively.**
The abrupt end to monsoon precipitation by early October sig-
nals the transition to a much drier regime, although the remnants
of land-falling tropical cyclones (TCs) infrequently impact the re-
gion with heavy precipitation resulting in landslides** and major
flooding at lower elevations,**“° as well as heavy snowfall®>*”
and avalanches at higher elevations.*®“° Extratropical cyclones
originating in the vicinity of the Caspian Sea and magnified by
orographic effects produce the bulk of the precipitation in the
winter (December, January, and February [DJF]) and result in a
much shallower altitudinal gradient in precipitation.®*°° During
the pre-monsoon season (March, April, and May [MAM]),
convective activity —particularly on the higher ridges—becomes
more common with a gradual moistening of the atmosphere.®"

Secular changes to precipitation in Nepal have already been
identified. A substantial reduction (47%) in precipitation during
the monsoon period in the Khumbu region from 1994 to 2013
has been reported,”’ while a mix of decreasing and increasing
trends have been reported elsewhere in the eastern Himalaya
and Nepal during June-September.'%°?7>* The frequency of
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extremely heavy precipitation events (i.e., >95™ percentile) has
also increased across portions of South Asia between 1951
and 2010°° and intensification of various indices of precipitation
extremes has recently been observed across Nepal.®>*® An in-
crease in heavy precipitation coupled with rising freezing-level
heights associated with elevation-dependent warming®”~°° in-
creases the flood threat in high-elevation glacierized basins,
because rain is more likely to occur than snow.'” In fact, the
probability of snowfall occurring on glacier fronts (at 4,817 m
asl) decreased almost 11% between 1994 and 2013 in the
Khumbu region.?' Future climate projections from Coupled
Model Intercomparison Project Phase 5 (CMIP5) models indicate
an increase in monsoon and winter precipitation by 2050 along
with rising temperatures —especially in winter and at the highest
elevations—in the Kosi River basin of Nepal, which includes the
Khumbu region.®’

Despite this existing research, the understanding of precipita-
tion characteristics within the Khumbu region and its broader
environmental impacts across the Nepal Himalaya remains
tenuous. Interannual variability, observed trends, and seasonal
cycles are uncertain above 3,500 m asl due to the numerous
challenges of accurately measuring precipitation— particularly
in its solid phase®”®*—combined with the limited number of
high-elevation in situ measurements. These same challenges
have limited characterization of the daily timing or phase of pre-
cipitation, which are critical influences on surface albedo and
hence the energy balance of glacier surfaces.>*>* Although the
Indo-Gangetic Plain and Bay of Bengal are recognized moisture
sources for precipitation during the monsoon in portions of the
region,*>*® the degree of altitudinal, seasonal, or synoptic
dependence on these sources is unclear. Characterization of
the vertical structure and physical processes associated with
heavy precipitation in the Khumbu region is likewise limited,
yet key to improving flood forecasts and various compound haz-
ards, such as glacier lake outburst floods®® and avalanches.

In this paper we analyze data from a new high-altitude network
of automatic weather stations (AWSs) deployed in April and May
2019, as part of National Geographic and Rolex’s Perpetual
Planet Everest Expedition (hereafter 2019 Everest Expedition).
Coupled with existing stations®*°® and regional-scale reanaly-
ses, these data facilitate an event-level assessment of the phys-
ical processes associated with precipitation, enabling improved
understanding of the potential impacts of climate warming on
this critical component of the regional hydrological cycle. We
use reanalysis data to place the AWS observations in context,
but caution that the former are known to exhibit positive biases
for precipitation over the Himalayas®” and the adjacent Tibetan
Plateau.®®° Our specific objectives of this paper are to: (1) place
the first complete year of precipitation observations from the
new AWS network in a regional and longer-term context; (2)
characterize the temporal patterns, intensity, and phase of pre-
cipitation across the region; (3) categorize moisture source re-
gions and synoptic-scale circulation associated with precipita-
tion; and (4) identify characteristics of heavy precipitation events.

Full details of the data and methods we use are provided in the
Experimental Procedures. Briefly, we analyze long-term daily
precipitation from Nepal Department of Hydrology and Meteo-
rology (DHM) climate stations; moisture, temperature, and winds
from ERAS5 data; and hourly precipitation and other meteorolog-
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ical parameters from the National Geographic Society (NGS)
AWS network in the Khumbu region (Figure 1). The new AWS
network'® complements an existing array of AWSs operated
by the Institute for Development Research (IRD) and Tribhuvan
University (TU),® and includes two comprehensive precipitation
monitoring stations with weighing precipitation gauges and dou-
ble alter windshields at Phortse (3,810 m asl) and Everest Base
Camp (5,315 m asl). Three additional stations that are part of
this new network are located above 6,000 m asl on Mt. Ever-
est—Camp Il (6,464 m asl), South Col (7,945 m asl), and Balcony
(8,430 m asl)—and thereby provide an unprecedented dataset of
in situ surface observations to characterize vertical profiles of
temperature, moisture, and wind speed during precipitation
events. For each precipitation event at Phortse, we used the
Lagrangian particle dispersion model FLEXPART’® (v.10.4) to
simulate 72-h backward air trajectories that group into six clus-
ters representing dominant moisture transport regimes using
the NOAA HYSPLIT model trajectory clustering algorithm.”"
We analyze low-, mid-, and upper-level flow patterns associated
with each trajectory cluster by creating composite synoptic plots
and analyze differences in in situ surface and ERA5 atmospheric
parameters between heavy and light precipitation events.

RESULTS

Interannual Variability of Precipitation and Trends

Low interannual variability of monsoon and annual precipitation
totals is evident, but precipitation in other seasons is more vari-
able. We also note little trend in annual precipitation since 1981
for Chaurikhark (2,642 m asl), the longest continually operating
climate station in the Khumbu region (Table S5). Some recent
intensification in the hydroclimate is evident, with the three driest
years occurring since 2008 (Figure 2A) and considerable interan-
nual variability in heavy (>95™ percentile) precipitation (Fig-
ure 2B). ERA5-Land mean annual precipitation for the upper
Khumbu (Table 1, Figure 2C) is slightly greater than the calcu-
lated 3,000-4,000 m asl mean values and indicates positive
trends in heavy (>95™ percentile) precipitation (p = 0.009) since
1981 (Figure 2D). ERA5 June, July, August, and September
(JJAS) freezing-level heights (Figures 2E) and 500 hPa specific
humidity (Figure 2F) also indicate positive trends (p < 0.001)
since 1981, with the former rising ~7 m year " since 2005. Rising
freezing-level heights indicate a higher frequency of liquid pre-
cipitation in glacier ablation zones and higher equilibrium line al-
titudes for glaciers, whereas increases in specific humidity sug-
gest greater potential for heavy precipitation.

Observations of Precipitation in 2019-2020

Precipitation totaled 786 mm at Phortse (3,810 m) during the first
year of observations of the NGS network, from 1 June 2019 to 31
May 2020, which is considerably less than the 942 mm mean
annual precipitation for nearby long-term climate stations be-
tween 3,000 and 4,000 m. Monsoon (JJAS) precipitation ac-
counted for 67% of the annual total at Phortse, compared with
76% according to climatology (Table 1). June 2019 was anoma-
lously dry throughout the Khumbu region, with 25.8 mm at Phor-
tse or ~19% of the climatological mean June precipitation for
nearby stations (Table S1). Persistent precipitation in association
with the 2019 monsoon did not arrive in Phortse until early July
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Figure 2. Interannual Variations in Precipita-
tion and Moisture

(A and C) Annual precipitation totals and (B and D)

number of days of heavy precipitation (>95%

percentile) for (A and B) Chaurikhark and (C and D)

ERAS5-Land. Also shown are (E) ERAS5 freezing level

heights for monsoon (JJAS) and (F) ERA5 500 hPa

specific humidity for monsoon (JJAS). The solid red

line indicates the median Theil-Sen slope estimate,

and the dotted red lines show the 595" percen-
tiles. Non-significant trends are not shown.

were relatively light up to 8,430 m asl on

the upper reaches of Mt. Everest (<4.1 m
s~") and in the free troposphere (300 hPa;
wind <7.4 ms™"), but increased substan-
tially in DJF to 38.8 m s~ at 300 hPa (Fig-
ure 4C). Such strong winds ultimately
compromised the wind sensors at the Bal-

cony and South Col in December (2019)
and January (2020), respectively. Precipi-

table water and 500 hPa specific humidity
are highest in JUAS and lowest in DJF (Fig-

ure 4D). Mean temperature lapse rates
(see Experimental Procedures) between

Phortse and Camp Il are highest (i.e., less

negative) in JUAS, consistent with abun-

dant latent heat release during the
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(Figure 3) and was marked by heavy rainfall (98.7 mm). The 2019-
2020 winter season (DJF) was likewise highly anomalous, with
120.5 mm liquid equivalent (le) precipitation, all falling as snow,
or 221% of the DJF climatological mean of nearby stations. Six
snowstorms of >10 mm le precipitation (including 41.5 mm le
from a 12-14 December 2019 storm) were observed along with
persistent subfreezing temperatures and continuous snow cover
from mid-December through mid-February. Recent (2016-2019)
observations from Pheriche (4,260 m) and Pyramid (5,035 m)
indicate 463 mm (17% snow) and 587 mm (23% snow) mean
annual precipitation, respectively, with 76% of total precipitation
falling during JJAS (Table 1).

Seasonal Cycles during Precipitation Events

Pronounced seasonal patterns emerge from an analysis of
2019-2020 precipitation events observed at Phortse, with most
occurring during JJAS (60%) and MAM (26%) and the longest
duration events in JUAS and DJF (Table S2). Mean event precip-
itation (mm/event) was highest in JJAS (5.1 mm) and DJF
(9.3 mm). Phortse received the highest precipitation totals of all
stations analyzed in all months except August 2019, when Pyra-
mid recorded slightly more (Figure 4A). Mean temperatures dur-
ing precipitation events at Phortse ranged from —4.9°C to 8.9°C
from DJF to JUAS. Concurrent measurements at the other AWSs
indicated that temperatures range between -20.7°C and
—4.7°C at Camp |l (6,464 m asl) and —32.7°C and —13.6°C at
the South Col (7,945 m asl) (Figure 4B). The AWSs also indicate
that wind speeds during Phortse precipitation events in JJAS

monsoon, and lowest in DJF (Figure 4E).
Estimated mean freezing-level heights
during precipitation events using observed lapse rates between
Phortse and Camp Il range from 2,915 m in DJF to 5,554 m asl in
JJAS (Figure 4F), with values over 6,000 m asl during short-dura-
tion events in August 2019.

Daily Cycle of Precipitation

Detailed observations from Phortse (2019-2020), Pheriche
(2016-2019), and Pyramid (2016-2019) indicate a distinct mini-
mum in frequency during the late morning (0500-0700 UTC), fol-
lowed by increasing frequency throughout the afternoon (Figures
5A, 5C, and 5E). Precipitation frequency peaks in the early eve-
ning (~1300 UTC) at the higher stations of Pheriche and Pyramid
and during the overnight hours (1800-2100 UTC) down valley at
Phortse. Although most commonly observed during the
monsoon, this daily pattern was also evident during other sea-
sons at Phortse. Rain was the exclusive precipitation phase at
Phortse and Pheriche in JJAS (Figures 5B and 5D). At Pyramid,
all precipitation fell at air temperatures >0°C (rain or rain/snow
mix) in JJA with increasing percentages of solid precipitation
observed in September (Figure 5F). Heavily rimed snow particles
(graupel) were observed primarily during the pre-monsoon in
March and April at Phortse (Figure 5B), likely due to convective
activity in association with higher concentrations of cloud
liquid water.

Sources of Moisture
Moisture source regions inferred from 72-h FLEXPART back-
ward trajectories for 2019-2020 precipitation events include

One Earth 3, 594-607, November 20, 2020 597
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Table 1. Annual and Seasonal Climatological Precipitation Totals in the Khumbu Region

Percentage of Total Annual Precipitation by Season

Mean Annual Post- Pre-
Precipitation Standard Coefficient Monsoon monsoon monsoon
Station (mm) Deviation of Variation (JJAS) (ON) Winter (DJF) (MAM)
2019-2020 Observations
Phortse (3,810 m) 786 67% 2% 15% 16%
Rain or mix (>0°C) 624 67% 2% 0% 10%
Snow/graupel (<0°C) 162 0% 0% 15% 5%
Nepal DHM Stations
Salleri (2,383 m) 1,669 322 0.19 84% 4% 2% 10%
Chaurikhark (2,642 m) 2,101 417 0.20 85% 3% 2% 10%
Namche Bazaar (3,450 m) 992 238 0.23 74% 8% 7% 10%
Syangboche (3,700 m) 946 140 0.15 78% 8% 6% 8%
Khumijung (3,750 m) 831 142 0.17 76% 6% 6% 12%
Tengboche (3,857 m) 997 202 0.20 80% 8% 4% 8%
3,000-4,000 m mean 942 181 0.19 77% 8% 6% 10%
IRD/TU Stations
Pheriche (4,260 m) 463 62 0.14 76% 2% 5% 16%
Rain or mix (>0°C) 385 52 0.14 76% 2% 0% 6%
Snow/graupel (<0°C) 78 16 0.20 0% 1% 5% 11%
Pyramid (5,035 m) 587 34 0.06 76% 2% 6% 17%
Rain or mix (>0°C) 451 7 0.02 75% 1% 0% 1%
Snow/graupel (<0°C) 136 41 0.30 1% 1% 5% 16%
ERA5-Land
27.9°N, 86.8°E grid 1,050 116 0.11 7% 5% 7% 12%

Location information can be found in Table S1.

the northern Bay of Bengal, Ganges and Brahmaputra river delta
in Bangladesh, and Indo-Gangetic Plain in India. Important sea-
sonal patterns are evident (Figures 6A-6D), with the Bay of Ben-
gal effectively cut off during the non-monsoon seasons with
more prevalent westerly trajectories. Results of the cluster anal-
ysis (Figure 7A) of the FLEXPART backward trajectories indicate
that over half (56%) of all events are tied to the northern Bay of
Bengal and Bangladesh (Clusters 1 and 3). The remainder of
the clusters are associated with weak (Cluster 2) and moderate
(Cluster 4) W flow (38%) and strong WNW flow (Cluster 5; 4%).
All of the trajectory clusters are tied to ascent within 12 h of event
maturation except for the subsidence noted in Cluster 5 (Fig-
ure 7B). Composite synoptic plots (Figures S1-S3), AWS obser-
vations, and ERAS reanalysis data (Table S3) highlight the simi-
larities between Clusters 1 and 3, characterized by the strong
low-level Somali Jet across the Arabian Sea into the Indian sub-
continent. Mid- and upper-tropospheric flow is quite weak in
both clusters. Strong low-level SW flow over the Arabian Sea is
also evident in Clusters 2 and 4, but mid- and upper-level W
flow is much stronger in Cluster 4. Clusters 1, 2, and 3 are char-
acterized by much higher precipitable water and mid- and up-
per-tropospheric moisture compared with Clusters 4 and 5 (Ta-
ble S3).

Heavy Precipitation Events
Ofthe 171 precipitation events, heavy precipitation events (>75""
percentile) during the monsoon were characterized by longer du-
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rations associated with better moisture transport and higher
mid- and upper-tropospheric relative humidity and specific hu-
midity compared with light events (<25 percentile) (Table S4).
Heavy events were also associated with 500 hPa ascent and
shallower lapse rates. We note very little difference in mean tem-
perature at all sites and levels, mean wind speeds at all sites and
levels, or mean freezing-level heights between heavy and light
events.

DISCUSSION

Long-Term Trends and Gradients in Precipitation

We observe no long-term trends in annual precipitation at Chaur-
ikhark or in the ERA5-Land precipitation for the upper Khumbu
(Figures 2A and 2C). This is in contrast to Salerno et al.,?" who
found a 52% reduction in precipitation from 1994 to 2012 at Pyr-
amid, although their findings were likely influenced (as they note)
by poor data quality. The apparent discrepancy between no
observed increase in annual precipitation (Figures 2A and 2C)
and a highly significant trend in specific humidity (Figure 2F) dur-
ing the monsoon is noteworthy and requires further investigation.
Likewise, the general pattern of no observed increase in ERA5-
Land annual precipitation (Figure 2D) coupled with an increase
in extreme precipitation (Figure 2D) is consistent with projected
increases under theoretical and projected climate scenarios.””
Our reported significant rise in mean JJAS freezing-level height
since 2005 (Figure 2E)—with attendant impacts on precipitation
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phase and glacier accumulation—is likely a major factor in the
acceleration of glacier retreat and thinning throughout the
Khumbu region and broader HKH® because of decreased accu-
mulation and albedo feedback (e.g., rain results in lower albedo
and enhanced absorption of short-wave radiation).

The wider network of operational AWSs (IRD/TU stations at
Pheriche and Pyramid), longer-term DHM climate stations, and
reanalysis datasets enable important aspects of the variability
across space and time to be analyzed. An altitudinal and
south-north gradient in precipitation is evident from the longer-
term DHM datasets, which are generally consistent with previ-
ous studies,?’ with an ~50% reduction in precipitation moving
from Chaurikhark to Namche Bazaar, further decreasing upslope
to Syangboche and Khumjung (Table 1). The relationship be-
comes more complex in the upper Khumbu region due to terrain
shadowing and is not consistent with the findings of Salerno
et al.?” that indicate negative altitudinal gradients in precipitation
throughout the upper Khumbu; our analyses show that Pyramid
(5,035 m asl) reported consistently higher precipitation totals
than Pheriche (4,260 m asl) during 2016-2019. This discrepancy
may partially result from inaccurate precipitation measurements,
especially for solid precipitation;®® we report that more recent
(2016-2019) mean annual precipitation data from a shielded
weighing precipitation gauge (687 mm; Table S1) are consider-
ably higher than totals reported from an unshielded and un-
heated tipping bucket (449 mm) at Pyramid (1994-2012).%" In
general, our measurements of precipitation by season are in
excellent agreement with previous studies in the Khumbu?®’
and in the broader Nepal Himalaya,®'9*° with 75%-80% of
the annual precipitation on average falling during the monsoon.

2019-2020: An Unusual Year

Spanning 3,800-8,430 m asl, the NGS AWS network provides an
opportunity to improve our understanding of precipitation in the
Khumbu region of Nepal. It enables insight into the processes
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45 Figure 3. Meteorological Data from Phortse,
Pre- Nepal
Monsoon Observations from 1 June 2019 to 31 May 2020 at

40 Phortse: mean daily temperature (red), snow depth

(aqua), and daily precipitation total (blue bars).

35

30 E
T driving precipitation at the heart of the Hi-
25 .g malayan water tower, of vital importance
£ to local residents and the environment
20 -§ and communities downstream. Measure-
& ments from the network indicate that the
>  observed climatic conditions during its first
15 8 year of operation were unusual. The
786 mm total precipitation between 1
10 June 2019 and 31 May 2020 in Phortse
was considerably less than the climatolog-
5 ical mean precipitation for nearby stations
at similar elevations, despite an exception-
I.II MLJM 0 ally snowy winter. The anomalously low

annual precipitation may be tied to the
delay in the 2019 monsoon onset across
eastern Nepal,”® resulting in only 19% of
mean June precipitation in Phortse and the driest June on record
since at least 1981 in Chaurikhark. Indeed, the 2019 monsoon
did not arrive in the Khumbu until early July."®"® Despite the
paucity of long-term records of snowfall and snow depth across
the Khumbu, it is apparent that the six major snowstorms of
>10 mm le, 120.5 mm total precipitation, and nearly continuous
show cover during DJF were highly anomalous. The DJF Phortse
precipitation totals were also considerably more than the clima-
tological mean precipitation from nearby stations (54.7 mm) as
well as Pyramid (32.3 mm). Although the presence of nearly
continuous high-elevation winter snow cover is relatively com-
mon in other parts of Nepal (e.g., Ganja La Pass at 4,962 m asl
in Langtang’”), it is not typical in the upper Khumbu region and
has important implications for winter grazing, soil processes,
and tourism.

Apr  May

Precipitation Totals and Phase by Season

Timing of precipitation at the seasonal timescale has an impor-
tant influence on precipitation phase and attendant conse-
quences for glacier mass balance. We find that rain predomi-
nates even at Pyramid (5,035 m asl) during the monsoon,
largely consistent with the results of Salerno et al.”' In contrast,
however, our analysis identifies that a rain/snow mix does occur
at Pyramid, even in July and August, suggesting that freezing-
level heights during precipitation do routinely fall to ~5,300 m
asl (i.e., within ~300 m of Pyramid using derived lapse rates).
Frequency of graupel precipitation peaks in March—April at Phor-
tse and appears to be consistent with an increase in the pre-
monsoon convective activity®' and weaker altitudinal gradients
in prec:ipi’(ation32 across the Nepal Himalaya. The increase in
pre-monsoon contributions to annual precipitation from 10% at
Chaurikhark (2,642 m asl) to 17% at Pyramid (5,035 m asl) is
noteworthy and broadly consistent—although reduced in magni-
tude—with the relatively greater importance of the pre-monsoon
precipitation at higher elevations in the Yadong Valley.*®
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An understanding of the physical processes driving precipitation
is critical for interpreting observed trends and estimating likely
future changes. In this context, we observe that precipitation
occurrence exhibits a nighttime peak (Figures 5A, 5C, and 5E),
which is consistent with other locations across the central Hima-
laya,??%?% and in general agreement with previous findings
from the Khumbu.*® Our results indicate that the peak precipita-
tion frequency occurs near or shortly after mean sunset at Pyra-
mid and Pheriche (~1300-1430 UTC) and just after local
midnight (~2100 UTC) at Phortse. Although the physical mecha-
nisms driving this nighttime maximum remain speculative,
several studies have suggested that convergence between pre-
vailing upslope flow with downslope katabatic mountain breezes
(driven by nocturnal radiative cooling) plays an important role in
triggering the nighttime precipitation during moist periods.?*~2°
This hypothesis is consistent with our results that indicate pre-
cipitation frequency peaking at the higher station (Pyramid)
earliest, progressing down valley to Pheriche, and then ~6 h later
peaking at the lowest station (Phortse). Other nighttime maxima
in precipitation frequency have also been reported in the tropical
Andes of Peru and Bolivia’>"%7%#% and other high mountain re-
gions,?"? suggesting potential similarity in physical processes
that warrants further investigation.

Event-Scale Processes and Moisture Source Regions
Further insights into the physical processes driving precipita-
tion were provided with the event-level analysis, including
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Figure 4. Phortse Precipitation Characteris-
tics

Monthly characteristics of 171 precipitation events
at Phortse observed during 2019-2020. (A) Total
precipitation at Phortse (green), Pheriche (orange),
Pyramid (light blue), and Base Camp (dark blue); (B)
mean temperature; (C) mean wind speed; (D) ERA5
mean precipitable water (blue) and specific humidity
(green); (E) mean temperature lapse rate between
Phortse and Camp IlI; and (F) mean freezing-level
height calculated from (E). Precipitation data avail-
able at Pheriche and Pyramid only from 1 June 2019
to 20 November 2019 and at Everest Base Camp
from 10 October 2019 to 31 May 2020.

Temperature

Base Camp

Balcony

gH,0kg!

Lagrangian air mass tracking. We found
that moisture source regions during the
post-monsoon, winter, and pre-monsoon
were quite distinct from the monsoon,
with westerly trajectories predominating
from October to May, and southerly
flows more frequent in the monsoon.
This could manifest as a seasonal
pattern in vertical precipitation gradients,
as it has been noted elsewhere that
westerly circulation does not exhibit as
substantial a decline in precipitation
amounts at high altitude as is observed
for  monsoonal air  masses.®°%%°
Although our results indicate that the
precipitation gradient between the lower
and the upper Khumbu region was lowest in August and April
(Figure 4A), inconsistent data availability from Pheriche, Pyra-
mid, and Everest Base Camp prevents a complete assess-
ment of seasonal variability of vertical precipitation gradients
or the altitudinal dependence of moisture source regions at
this stage. However, we note very little variability in backward
air trajectories for air parcels between 650 and 400 hPa for
heavy precipitation events during the monsoon, thereby sug-
gesting minimal altitudinal variability in moisture source
regions.

The backward trajectories also hint at moisture provenance
during precipitation events, and the northern Bay of Bengal
emerged as a particularly important potential source region in
our assessment. Variability in sea surface temperatures
(SSTs) here may therefore be an important influence on precip-
itation rates in the Khumbu, given that Matthews et al.?* have
shown that atmospheric moisture content at the site of precip-
itation is correlated with SSTs in the source region; and in our
results we noted that heavy precipitation events in the Khumbu
region were associated with higher specific humidity. We there-
fore speculate that modes of climate variability that influence
SSTs in the northern Bay of Bengal®® may in turn relate to pre-
cipitation intensities in the Khumbu region, assuming similar
tropospheric stability profiles. The inferred connections be-
tween westerly Clusters 2 and 4 (Figure 7A) and land moisture
sources over the Indo-Gangetic Plain also highlight the poten-
tial impacts of land use/land cover change and/or irrigation®®
on evapotranspiration.
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Figure 5. Timing and Phase of Precipitation
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We identified mid- and upper-level relative humidity, mid-level
moisture content, and mid-level ascent as key ingredients
necessary for heavy precipitation to develop over the Khumbu
region. The presence of a deep moist layer extending above
8,000 m asl appears to be an important factor in the formation
and persistence of heavy precipitation and is consistent with
vertically pointing radar observations from Everest Base Camp
during a pre-monsoon snowstorm that indicated highest radar
reflectivity occurring in association with higher echo top
heights.?” Shallower lapse rates during heavy precipitation are
more likely a product of latent heat release associated with
higher moisture content.”® Despite CMIP5 model projections of
increased precipitation in the upper reaches of the Koshi basin,®’
the strongly negative mass balance in glacier ablation zones
associated with rising freezing levels, and likely compounded
by the increased latent heat release and higher specific humidity,
is almost certain to counteract any positive mass balance from
increasing snowfall in accumulation zones. We stress, however,
that a number of future scenarios of precipitation across the re-
gion are possible and could also be affected by anthropogenic-
ally emitted black carbon® and land surface change® across
the Indian subcontinent.

Tropical Cyclone Impacts

We observed peripheral effects, but no major impacts, in the
Khumbu region associated with TCs during our first complete
year of observations from the new NGS AWS network. Moisture

H RN
0 2 4 6 8 10 12 14 16 18 20 22 0

Dec

May 2019). The remnants of TC Nisarga
provided a more substantial impact from 4
to 6 June 2020, with 35 mm le snow precip-
itation falling at Everest Base Camp and
46 mm rain in Phortse. Despite CMIP5 pro-
jections of increased (decreased) TC fre-
quency in the Arabian Sea (Bay of Ben-
gal),’° the precipitation totals associated
with landfalling TCs are projected to in-
crease in coming decades,”"% and
extreme snowfall, avalanches, landslides,
and flooding are all emerging risks in the Khumbu.'” Robust
observational networks and improved weather forecasting are
critical to prevent a repeat of the substantial death toll that
occurred in the Annapurna region associated with the remnants
of TC Hudhud in October 2014.%® Of even greater relevance is
the poorly forecast November 1995 TC that had major impacts
in the Khumbu region: 24 died from an avalanche in Gokyo, with
2 m of snowfall reported near Pheriche.”*
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Caveats, Limitations, and Summary

Several caveats and limitations of this study merit discussion.
First, the absence of high-quality precipitation observations
over longer periods (>10 years) at elevations above 3,500 m
asl in the Khumbu region and in most other parts of the HKH re-
gion substantially limits understanding of climatological patterns
and trends. How to sustain and expand these critical high-eleva-
tion networks over the long term is a fundamentally important
question that will require substantial international, interdisci-
plinary, and interinstitutional collaboration. Second, our analysis
was largely restricted to the first year of the newly installed NGS
AWS network, and some periods of missing data from Pheriche,
Pyramid, and Everest Base Camp precluded a more complete
characterization of the vertical and south-north precipitation gra-
dients. Third, our Lagrangian assessment infers moisture source
regions only through 72-h backward air trajectories and does not
explicitly quantify where it originates (i.e., where evaporation oc-
curs®. Future research is therefore needed to physically
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Figure 6. Seventy-two-Hour Backward Tra-
jectories during Precipitation

Frequency (%; see Experimental Procedures) of 72-
h FLEXPART backward air trajectories ending at
650 hPa at event maturation for 2019-2020 pre-
cipitation events in Phortse for (A) JJUAS, (B) ON, (C)
DJF, and (D) March.

of climate change and water stress in the

Khumbu and broader HKH region.
EXPERIMENTAL PROCEDURES
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Data and Code Availability

The new AWS network data used for this study are
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confirm the inferred moisture source regions. Additional pro-
cess-based research is needed to investigate the physical
mechanisms driving the nighttime maximum and vertical struc-
ture of precipitation.

In this paper we have placed the first complete year of the
new AWS network in a regional and long-term context, charac-
terized the temporal patterns and moisture source regions, and
identified some key characteristics of heavy precipitation
events. Our results suggest that heavy precipitation events, spe-
cific humidity, and freezing-level height have increased in the
Khumbu region since 1981, with freezing-level heights rising
by ~7 m year™" since 2005. Despite an anomalously late onset
to the 2019 monsoon, we found that the bulk (75%-80%) of the
precipitation occurs on average during the monsoon period of
JJAS and falls mainly in the nighttime hours, although some alti-
tude dependence is noted, with the winter and pre-monsoon
periods of greater significance at higher elevations. We
observed a nighttime precipitation maximum, peaking during
the early evening at Pyramid (5,035 m asl) and close to midnight
local time in Phortse (3,810 m asl), demonstrating that up- and
down-valley locations in relatively close proximity exhibit dis-
similar daily timing of precipitation. Important seasonal patterns
are evident in the backward air trajectories associated with pre-
cipitation events, with the northern Bay of Bengal, lower Ganges
and Brahmaputra basins, and Indo-Gangetic Plain serving as in-
ferred moisture source regions during the monsoon; more west-
erly trajectories predominate the remainder of the year, resulting
in much lower precipitation totals. Heavy precipitation events
during 2019-2020 were characterized by higher mid- and up-
per-level moisture, large-scale ascent, and shallower lapse
rates. These new findings provide an observationally based
analog that contributes to informing policymakers and local
communities on how to adapt to and mitigate future impacts
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available at https://www.nationalgeographic.org/
projects/perpetual-planet/everest/weather-data/
Precipitation data from Pheriche and Pyramid are
available at https://glacioclim.osug.fr/Donnees-
himalaya.
The code used for analysis is on GitHub: https://github.com/heatherguy/
everest-flexpart.

100.00

Automatic Weather Stations

As part of the 2019 Everest Expedition, five weather stations were installed
along an elevational transect in the Khumbu region and were described by
Matthews et al.’® Of particular relevance for this paper, Phortse and Everest
Base Camp precipitation sensors consist of two Pluvio® 1500 weighing precip-
itation gauges surrounded by Belfort double-alter windshields.

Table S5 summarizes the data sources and time periods used for this study.
In situ manual daily precipitation data were obtained from the DHM for six sta-
tions in the Solo-Khumbu region (Figure 1) with a minimum of 5 years of data
and completeness >80%. No records exist for stations >4,000 m asl that meet
these criteria and the only two stations currently in operation are the lowest:
Salleri (2,383 m asl) and Chaurikhark (2,642 m asl). The Chaurikhark record
is the longest and most complete in the region, spanning 70 years with 98%
completeness, although we have used only the data since 1981 due to con-
cerns about missing data and data quality during some of the earlier years.
Weighing precipitation gauges operated by the IRD and TU at Pheriche
(4,260 m asl) and Pyramid (5,035 m asl; Figure 1) provided hourly precipitation
data from May 2016 to November 2019. Both gauges are equipped with a sin-
gle-alter windshield and data have been corrected following World Meteoro-
logical Organization recommendations®® and successfully applied in tropical
mountain environments’® using a co-located RM Young 05103-5 wind sensor
at the same height (~1.5 m) as the gauge, as well as Campbell Scientific CS215
temperature and relative humidity sensors.

As part of the 2019 Everest Expedition, team members installed a network of
five AWSs at elevations ranging as high as 8,430 m asl'® (Figure 1). The lowest
two AWSs, at Phortse (3,810 m asl) and Everest Base Camp (5,315 m asl), are
equipped with comprehensive precipitation monitoring sensors, including OTT
Pluvio® 1500-400 weighing precipitation gauges, OTT Parsivel® present
weather sensors, and Campbell Scientific SR50a sonic snow depth sensors.
Both Pluvio® precipitation gauges are surrounded by high-performing Belfort
double-alter windshields that have demonstrated minimal under-catch of solid
precipitation®>® and therefore corrections are not typically needed. Although
unheated tipping bucket gauges are adequate at lower elevations, <3,000 m
asl, where precipitation is nearly exclusively liquid, at higher elevations they
are not practical due to increased frequency of solid precipitation.®*”-%
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Figure 7. Khumbu Region Trajectory Cluster

90°E
Analysis
(A and B) (A) Composite trajectory clusters for all 72-
h FLEXPART backward trajectories ending at 650
hPa overlaid on topography and (B) vertical profiles
CHINA of composite trajectory clusters for 1 June 2019 to

31 March 2020 precipitation events observed at
Phortse.

Khumbu Region

TAN determined using 1981-2019 hourly ERA5 data as
the altitude of the 0°C isotherm derived using tem-
perature and geopotential height data on pressure
levels corresponding to the Phortse grid cell. We
also obtained 500 hPa specific humidity data for
the same time period. Additional ERA5-Single Level
and Pressure Height data (Table S5) were obtained
for 1 June 2019 to 31 May 2020 to complement the
observations from the Phortse AWS.

Hourly precipitation data from the Phortse AWS
were used to identify 171 separate precipitation
events of >0.1 mm during the period 1 June 2019
to 31 May 2020 employing established ap-
proaches.”®""°" We defined the beginning of a pre-
cipitation event as the hour measurable precipita-

ic Society

tion was first reported, the maturation of the event

B 7000

6000

as the hour with the highest precipitation total, and
the ending as the last hour measurable precipitation
occurred. A precipitation event remained active if

5000

measurable precipitation was reported during a 6-
h period; precipitation breaks over 6 h resulted in
the identification of separate precipitation events.
In addition to the surface meteorological data from
the Phortse AWS, we included total precipitation

4000

at Pheriche, Pyramid, and Base Camp during the
event. Other meteorological parameters from
Camp Il, South Col, and Balcony AWSs and

3000

Elevation (m asl)

ERAS5-Single Level and Pressure Height products
were likewise included in the event-level statistics.
We derived lapse rates (mean value of —5.4°C

2000

km~" during precipitation events) by calculating
the difference in the mean temperature for each

1000 -

event between Phortse (3,810 m asl) and Camp Il
(6,464 m asl) and used this in conjunction with Phor-
tse temperatures to estimate freezing-level heights
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(mean value of 4,897 m asl during precipitation
events).

We used the Lagrangian particle dispersion
model FLEXPART (v.10.47° to explore moisture
source regions associated with precipitation events

-12

Cluster 5

The Parsivel® present weather sensor® % was used to classify the timing,

phase, and intensity of precipitation at Phortse. Data were available for Everest
Base Camp AWS only from 10 October 2019 through 31 May 2020, thereby
missing the critical monsoon period of JJAS 2019. Precipitation gauges
were not included on higher stations because of the considerable logistical
challenges of transport, installation, and maintenance that rendered them
impractical. Satellite telemetry for the Balcony AWS was lost on 20 January
2020 and redundant wind measurements at the South Col AWS failed on 5
January 2020 in an extreme windstorm.

We also obtained data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA5-Land and ERA5-Single Level and Pres-
sure Height products for two grid cells in the Khumbu (Figure 1). Daily precip-
itation totals used for the 1981-2019 trend analyses were calculated from the
ERA5-Land hourly precipitation dataset. JJAS freezing-level heights were

at Phortse between 1 June 2019 and 31 March

2020. FLEXPART is a stochastic model that com-

putes the trajectories of a large number of infinites-
imally small “particles” either backward or forward in time as the particles
move with the ambient flow. The stochastic nature of FLEXPART allows for
the parameterization of turbulence and convective transport within the model.
In this study, we drove FLEXPART with 3-hourly reanalysis data from ERA5,'%?
with 0.5° x 0.5° horizontal resolution. At the maturation hour of each precipi-
tation event (1 h prior to the maximum precipitation rate), we released 10,000
inert tracer particles from 86.75° E, 27.85° N, at the 650 hPa pressure level. The
650 hPa level is the approximate pressure height of Phortse and a representa-
tive endpoint for the investigation of antecedent upstream air trajectories and
associated transport of low-level moisture (a 500 or 750 hPa release height
produces comparable results). FLEXPART simulates the transport of each par-
ticle backward in time for 72 h prior to the release and calculates the “emission
sensitivity” on a 0.1° x 0.1° grid. The emission sensitivity for each grid cell (in
units of seconds) is proportional to the total amount of time that particles have
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spent in each grid cell during the simulation and is a measure of the simulated
concentration at the release location that a source of unit strength (1 kg s~ ") in
that grid cell would produce.'®® For identifying moisture source regions, we
convert emission sensitivity to a percentage of the maximum value for each
event that conveys the likelihood of a particle passing through each grid cell
during the simulation.

To identify the key moisture transport pathways associated with precipita-
tion events at Phortse, we calculated the mean back trajectory for each event
and used the trajectory clustering algorithm implemented in the NOAA HYS-
PLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model”' to
group the events into six clusters that represent the dominant moisture trans-
port regimes. Due to the extremely low frequency (1.4% of total) and incon-
sequential mean precipitation (0.1 mm), Cluster 6 is not discussed and
instead is grouped with two other unclustered trajectories in Table S3. The
HYSPLIT cluster algorithm groups back trajectories together by minimizing
the spatial variance within each cluster and the cluster analysis is performed
on latitude and longitude and not height. The final number of clusters is the
minimum number before which the sum of the spatial variances within each
cluster begins to increase (indicating the merging of disparate clusters).
Although there is some subjectivity involved in choosing the number of clus-
ters to use in the cluster analysis, the large change in total spatial variance
provides some objective guidance to the process and the final choice is
not arbitrary.”®1%*

Composite synoptic plots of specific humidity, wind speed, and direction
were also created for 850, 500, and 300 hPa using ERA5 reanalysis data'®”
for Clusters 1, 2, 3, and 4. To investigate the differences in in situ AWS and
ERAS5 atmospheric parameters between heavy (>75" percentile) and light
(<25™ percentile) precipitation events during the monsoon, we conducted a
two-sample difference of means t test. The non-parametric Mann-Whitney
test was used for variables that did not meet statistical significance of p <
0.01 in the Shapiro-Wilk test for normality.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.
oneear.2020.10.011.
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