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A B S T R A C T   

Little is known about the effects of glacier-air interactions on the Himalayan glacier mass balance. Until this 
knowledge gap is filled, a reliable projection of the future changes in the Himalayan glaciers is hardly possible. 
Here, we describe the drying effect of the katabatic winds on the up-valley summer monsoon flows by creating 
favorable conditions for local convergence-induced precipitation to occur near the glacier fronts. We postulate 
that this retarding effect on the up-valley monsoon flows results in a negative feedback mechanism mediated by 
glacier-air interactions, in which glacial retreat pushes precipitation upwards as the down-valley katabatic winds 
weaken, resulting in greater local precipitation and enhanced snow accumulation across the upper parts of the 
Himalayan glaciers. Our analyses are based on the exclusive data recorded in the Khumbu valley and the 
Langtang valley in the Nepalese Himalayas. These data revealed higher afternoon precipitation in summer 
associated with surface wind convergence near the glacier fronts and a sharp decrease in the temperature lapse 
rate over the glacier surfaces. The principle of the observed phenomena was proven by our high-resolution 
modeling sensitive experiment, which involved two simulations, one with the present glaciers and the other 
without. This numerical experiment also supports the proposed negative feedback. Furthermore, we report a low 
deuterium excess near the glacier fronts, indicating below-cloud re-evaporation facilitated by the local conver
gence induced by the dry katabatic winds. Our study suggests that current models may overestimate the retreat 
of Himalayan glaciers because they have completely ignored the glacier-air interactions.   

1. Introduction 

As major elements of Asia’s so-called water tower, the Himalayan 
glaciers contribute significantly to and regulate the water supply in the 
downstream regions inhabited by a large portion of the world’s popu
lation (Immerzeel et al., 2010; Kaser et al., 2010; Lutz et al., 2014; 
Immerzeel et al., 2020). Mass loss from these glaciers poses substantial 
socio-economic and ecological threats through associated reductions in 
water availability (Barnett et al., 2005) and increasing contributions to 

eustatic sea-level rise (Radić and Hock, 2011; Gardner et al., 2013). The 
rapid retreat of the Himalayan glaciers in recent decades has been pri
marily driven by climatic warming (Bolch et al., 2012; Yao et al., 2012; 
Maurer et al., 2019). Therefore, their future fate is of great concern; and 
this scientific challenge has become the focus of heated debate (Bolch 
et al., 2012). 

Efforts have been made to project future glacier mass changes both 
globally and with a specific regional focus on the Himalayas (e.g., 
Kraaijenbrink et al., 2017; Hock et al., 2019; Shannon et al., 2019). Such 
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projections yield valuable insights into the likely fates of glaciers under a 
range of scenarios. The usual two approaches adopt either physics-based 
or statistical glacier models that are forced using existing climate pro
jections. A greater concern regarding the aforementioned approaches is 
that glacier-air interactions are not taken into account. In the current 
models used for projections, glaciers are considered to respond solely to 
local climate changes, whereas in reality, the changes in glacier extent 
alter the surface energy balance and thus the local climate, which in turn 
feeds back into the glacier mass balance. Therefore, possible feedback 
mechanisms within the glacier-climate system may amplify or dampen 
glacial retreat or advance. These feedback mechanisms must be under
stood before reliable projections can be made. 

Here, we explore the role played by glacier-air interactions in 
modulating the mass balance of the Himalayan glaciers to shed light on 
their fate under future climatic warming. Specifically, for the first time, 
a negative feedback mechanism mediated by glacier-air interactions is 
postulated based on our empirical knowledge. Our hypothesis is 
assessed from multiple perspectives: i) analyses based on in situ mete
orological measurements; ii) sensitivity studies based on high-resolution 
modeling; and iii) information derived from the stable isotope compo
sition of precipitation. In order of priority, we aim to demonstrate the 
proposed negative feedback mechanism, and to provide a first-order 
estimate of its strength under the current climate conditions. The im
plications of this feedback for glacier modeling are also discussed, in 
particular the fact that the existing projections ignore glacier-air 
interactions. 

2. Hypothesis: a negative feedback mechanism 

In summer, the daytime up-valley winds over the southern slopes of 
the Himalayas push the warm, moist monsoonal air mass northwards 
towards higher elevations, which is significant for the precipitation both 
in the Himalayas and on the Tibetan Plateau (Lin et al., 2018). Mean
while, cooling of the air over glacial surfaces generates katabatic winds 
(i.e., cold, dense air flowing downhill under the force of gravity; also 
called glacier winds), which counteract the daytime up-valley winds 
near glacier fronts. We suppose that this front-like convergence can force 
the warm, moist monsoonal air mass to uplift, which favors precipitation 
around the convergence zone (near the glacier fronts); on the other 
hand, it may prevent the monsoonal flows from advancing to higher 
elevations, reducing the moisture supply for precipitation over the upper 
part of the glaciers and resulting in a negative anomaly in the local 
glacier mass budget. Fig. 1 presents a graphic illustration of this 
mechanism. 

The central and eastern Himalayan glaciers are of the summer- 
accumulation type (Ageta and Higuchi, 1984) and are strongly influ
enced by the Asian summer monsoon, which brings more than 80% of 
the total precipitation in the region (Bookhagen and Burbank, 2010). 
Therefore, the mechanism proposed above could be vital in modulating 

precipitation patterns and consequently the Himalayan glacier mass 
balance. 

3. Data and methods 

3.1. Meteorological observation network and data processing 

Meteorological measurements at the elevations of glaciers provide 
essential information on local-scale glacier-air interactions. The PYRA
MID Observatory Laboratory (Fig. 2a) provides such data (Salerno et al., 
2015), but it is impaired by the incomplete nature of records caused by 
the harsh and remote environment. This observation network consists of 
six automatic weather stations distributed at elevations of 2660–7986 m 
above sea level (asl) along the Khumbu valley in the Mt. Everest region 
(Nepal). Lukla (2660 m asl) and Namche (3570 m asl) are located in a 
landscape dominated by forests; Pheriche (4260 m asl) is located above 
the treeline, in alpine tundra; Pyramid (5035 m asl) is near glacial fronts; 
Kala Patthar (5600 m asl) represents the mean elevation of glaciers in 
the region; and the South Col of Mt. Everest (7986 m asl) is close to the 
summit of Mt. Everest (this station was excluded from our analysis since 
no precipitation data were recorded). An overview of the stations is 
provided in Table 1 presents. 

This unique dataset contains precipitation, near-surface wind, and 
air temperature data. Precipitation was measured with conventional 
heated tipping buckets. We revisited the elevational dependence and 
diurnal cycles of these meteorological parameters following the method 
of Yang et al. (2018) but with a focus on the summer season (June
–August; the mature season of the South Asian monsoon). The summer 
mean diurnal cycles were derived from the hourly records (available 
from 2007 to 2011) under the assumption that data are missing at 
random. Then, the summer mean values were obtained from the diurnal 
cycle data. We used the meridional wind data to approximate the along- 
valley wind in the analysis since the Khumbu valley is oriented 
approximately south to north. The surface air temperature lapse rate 
(TLR) was calculated as the difference in surface air temperature be
tween lower and higher stations, divided by their elevation difference. A 
positive TLR indicates that surface air temperature decreases with 
increasing elevation. In particular, the differences in the diurnal evo
lution of TLR above and below the glacier fronts may reveal the inter
action between glacier winds and monsoonal flows, and therefore are of 
interest in this study. Yang et al. (2018) described the details of the 
quality checks and data processing, as well as the sensor information; 
particularly, precipitation was measured with OttPluvio 400 (unshiel
ded) buckets. 

In order to determine if the phenomena observed in the Khumbu 
valley are common in the central Himalayas, we also conducted similar 
analyses focused on the summer season based on the meteorological 
data recorded during 2012–2014 at two stations in the Langtang valley 
(Fig. 2b and the second part of Table 1). The orography there is oriented 
approximately west to east. Along the valley, the two stations are 
Kyanging (3862 m asl) and Yala Base Camp (5090 m asl). The latter is 
located just below Yala Glacier. Shea et al. (2015) provides the details of 
the quality checks and data processing, as well as the sensor information 
(in fact the same as PYRAMID Observatory Library). 

3.2. Design of the modeling experiments 

A high-resolution model is required to adequately represent and 
resolve the relevant processes at small spatial scales. The Weather 
Research Forecasting (WRF) model (Skamarock et al., 2008) features 
state-of-the-art numeric and comprehensive physical parameterizations, 
and is suitable for simulation across a variety of horizontal and vertical 
scales. The WRF has been successfully applied in previous studies 
focusing on the Himalayas (e.g., Collier et al., 2015; Norris et al., 2017; 
Karki et al., 2017; Lin et al., 2018; Potter et al., 2018; Ren et al., 2020). 
For example, by comparing WRF simulations with three horizontal 

Fig. 1. Hypothesized effect of glacier-air interactions on local precipitation. 
Arrows show the motion of air masses; plus and minus signs indicate the pro
motion or suppression of precipitation, respectively. 
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resolutions (30, 10, and 2 km), Lin et al. (2018) concluded that the 
ability of the 2-km simulation to resolve glacier winds is a likely reason 
for the improvements in simulating water vapor transport across the 
central Himalayas. Indeed, modeling climatic processes over moun
tainous glaciers poses substantial challenges, especially in the Hima
layas due to the extreme topographical relief. Rather than modeling 
phenomena over a single glacier or across all of the Himalayan glaciers, 
a proper approach is to focus on one or two groups of large glaciers in the 
central Himalayas, as was done by the 2-km simulation conducted by Lin 
et al. (2018). Therefore, we utilized the 2-km simulation which adopts 
the current glacier conditions as the control (i.e., ‘glacier case’). Three 
one-way nested domains (Supplementary Fig. S1) were set to smoothly 
refine the ERA-interim reanalysis (Dee et al., 2011), which has a spatial 
resolution of 0.75◦, to the 2-km grid spacing. The simulation began at 
00:00 UTC on 26 May 2015 and ended at 00:00 UTC on 1 September 
2015. The simulation of the summer season was analyzed (i.e., with the 
first 6 days regarded as the model’s spin-up time). Fig. 3 presents the 
region of investigation for the WRF modeling experiment. The details of 
the model configuration are presented in Supplementary Table S1. 

In the sensitivity simulation (i.e., ‘non-glacier case’), in order to 
assess the effects of the complete loss of glaciers, the following approach 
was applied: i) the grid cells classified as glacierized area (with land use 
type specified as ‘SNOW/ICE’; Fig. 3) were reclassified as bare ground; 
ii) the existing snow in the initial field was removed; and, iii) the solid 
precipitation in the model was forced to be liquid, so as to fully represent 
a surface free of cooling effect. By this approach, it implies that both grid 
cells with land use type specified as ‘SNOW/ICE’ and snow cover at high 
elevations were treated as glaciers in respect of the fact that they both 
cause surface cooling. Apart from this, both the control and sensitivity 
runs shared the same lateral boundary conditions provided by the 
simulation of the medium-resolution domain (D02 in Supplementary 
Fig. S1). The differences between the control and sensitivity simulations 
indicate the effects of glacier-air interactions (with contrasting values 
indicating the effects of a complete loss of glaciers). Rather than 
following the experimental design of a previous study (Mölg et al., 2012) 
which examined the contribution of the land cover changes to glacier 
loss on Kilimanjaro, we focused on testing our hypothesis. Thus, we did 
not apply nudging in the modeling experiments of Mölg et al. (2012) but 

Fig. 2. Focused maps showing the spatial distribution of stations used in this study: (a) of the PYRAMID Observatory Laboratory in the Khumbu valley; (b) of the 
meteorological observation network in the Langtang valley; and (c) of the precipitation sampling network for stable isotopes in the Kunmbu valley. Blue squares 
stand for stations with meteorological observations while red triangles denote stations with precipitation sampling for stable isotopes. A zoomed-out map is presented 
in the bottom-right corner. 
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gave the model as much freedom as possible, because nudging may 
violate the conservation of energy and mass. 

3.3. Precipitation sampling for stable isotope analysis 

The stable water isotopic compositions (e.g., δ18O, δD) refer to the 
isotopic ratios (heavier to lighter) of the sample relative to those of the 
standard (Vienna Standard Mean Ocean Water). Deuterium excess (d- 
excess) is a second-order isotopic parameter defined as δD − 8 ⋅ δ18O 
(Dansgaard, 1964), which represents the fractionation between oxygen 
and hydrogen isotopes during the global water circulation (from the 
evaporation of ocean water to the gradual rainout from moist air 
masses). Thus, d-excess is considered to be a useful tracer of hydrological 
processes at regional and global scales (Aemisegger et al., 2014; Masson- 
Delmotte et al., 2005). Regarding the Himalayan region, for example, a 
number of studies (e.g., Hren et al., 2009; Ren et al., 2017; Tian et al., 
2001, 2005; Yu et al., 2016) have used d-excess mostly to determine the 

moisture sources (or associated atmospheric circulations) according to 
the seasonality and/or spatial patterns. We investigated whether the d- 
excess in precipitation collected in the Himalayan catchments could be 
used to trace the processes associated with the hypothesized mechanism 
illustrated in Fig. 1. 

Two sources of stable isotopes were used in our isotopic analyses, 
and both were located in the Khumbu valley. 

One is the precipitation sampling network for stable isotopes in the 
Khumbu valley (Fig. 2c and the third part of Table 1), managed by the 
Key Laboratory of Tibetan Environmental Changes and Land Surface 
Processes, Chinese Academy of Sciences. It consists of five stations: 
Siraha (102 m asl), Diktel (1623 m asl), Lukla (2843 m asl), Khunde 
(3874 m asl), and Lobuche (5050 m asl). The precipitation samples were 
collected immediately after each complete precipitation event using a 
deep bucket of 15 cm in diameter placed in an open field. Only pre
cipitation events with amounts exceeding 0.1 mm were considered. 
Then, samples were stored until the analysis for isotopes, which was 
conducted using Picarro-L2130i Wavelength-Scanned Cavity Ring- 
Down Spectroscopy (WS-CRDS). The precision is ±0.15‰ and 
±0.50‰ for δ18O and δD, respectively. Since the precipitation samples 
were event-based, the duration of each sample varied. In the data pro
cessing, simple mean values were calculated for days with more than 
one precipitation event. Otherwise, a precipitation event lasting over 
one day was considered to be a single precipitation event. For further 
details, refer to Acharya (2018). During the summer monsoon season 
(June–September) from 2014 to 2017, the sample size was 122, 205, 84, 
53, and 62 for Siraha, Diktel, Lukla, Khunde, and Lobuche, respectively. 
The elevational dependence of d-excess during the summer monsoon 
season was analyzed based on the isotopes at the five sites. 

The other source of stable isotopes is Pyramid station of the PYRA
MID Observatory Laboratory. The isotopic data are available from 12th 
July 2012 to 22nd August 2014. Rain water was sampled daily at 9:00 
AM (time specified herein referring to Nepal Local Time for observation 
and UTC + 6 for simulation) using a wet-only sampler (MTX, Bologna, 
Italy) equipped with a polyethylene vessel of 30 cm in diameter. Thus, 
each data point therefore represents the cumulative precipitation of the 
previous 24 h. δ18O, δD were determined by WS-CRDS at the Institute of 
Arctic and Alpine Research, University of Colorado at Boulder, USA. The 
uncertainties associated with δ18O, δD are ±0.20‰ and ±1.00‰, 
respectively. For further details, refer to Balestrini et al. (2016). A total 
of 63 samples were collected in the summer monsoon season. Based on 
the isotopic data and hourly precipitation data at Pyramid and Pheriche, 
the association between d-excess and the ‘glacial effect’ on precipitation 
(i.e., due to the interaction between glacier winds and monsoonal flows) 
was examined. According to our hypothesis as described in Section 2 and 
illustrated in Fig. 1, daytime precipitation around the glacier fronts 
(represented here by the Pyramid station) is favored by the front-like 
convergence between glacier winds and monsoonal flows. Since the 
samples were integrated over the previous 24 h, we established the 
following two criteria for detecting daily precipitation events mainly 
attributed to the glacial effect: i) more precipitation was detected near 
the glacier (Pyramid) than at a lower elevation (Pheriche) during the 
daytime period (11:00–20:00, previous day), and ii) events near the 
glacier (Pyramid) had higher daytime precipitation than nighttime 
(21:00–10:00, current day) precipitation. Specifically, the measures for 
these two criteria (Ci and Cii; associated with the elevational dependence 
and the diurnal cycle, respectively) are expressed as follows: 

Ci =
Pdaytime

Pyramid

Pdaytime
Pyramid + Pdaytime

Pheriche

; (1)  

Cii =
Pdaytime

Pyramid

Pdaytime
Pyramid + Pnighttime

Pyramid

, (2)  

where P is amount of precipitation. 

Table 1 
Overview of the meteorological and isotopic observation networks (with loca
tion and observation period in parentheses).  

Station Latitude 
(◦N) 

Longitude 
(◦E) 

Elevation (m 
asl) 

Landscape 
feature 

PYRAMID Observatory Laboratory (Khumbu; 2007–2011) 
Kala Patthar 27.99 86.83 5600 Glaciers 
Pyramida 27.96 86.81 5035 Glacier fronts 
Pheriche 27.90 86.82 4260 Treeline 
Namche 27.80 86.72 3570 Forests 
Lukla 27.70 86.72 2660 Forests  

Meteorological observation network (Langtang; 2012–2014) 
Yala Base 

Camp 
28.23 85.61 5090 Glacier fronts 

Kyanging 28.21 85.57 3862 Grass  

Precipitation sampling network for stable isotopes (Khumbu; 2014–2017) 
Lobuche 27.95 86.81 5050 Glacier fronts 
Khunde 27.81 86.71 3874 Treeline 
Lukla 27.68 86.73 2843 Forests 
Diktel 27.22 86.80 1623 Forests 
Siraha 26.65 86.22 102 Forests  

a with precipitation sampling for stable isotopes. 

Fig. 3. The region of investigation for the WRF modeling experiment. It should 
be noted that the grid cells with snow in the initial field may also be outside the 
classified glacierized area (with land use type SNOW/ICE). Three south-north 
orientated lines labeled ‘a’, ‘b’, and ‘c’ were set for analyzing the elevational 
dependence and diurnal cycle of simulated temperature lapse rate hereafter. 
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To determine if the mean of d-excess in precipitation in one group is 
significantly less than that in another group, the one tailed two-sample 
Student’s t-test was applied. Specifically, we are interested in the d- 
excess difference between stations located close to and far away from 
glacier fronts, and that between glacier-effect (Ci ≥ 50% and Cii ≥ 50%) 
and non-glacier-effect (Ci < 50% and Cii < 50%) precipitation events. It 
is appropriate to assume that d-excess values of different groups are from 
populations with equal variances. To further verify that the d-excess 
difference is probably related to the partial evaporation below cloud 
base, we also tested the difference in relative humidity (near surface) 
and cloud base altitude between glacier-effect and non-glacier-effect 
precipitation events. The cloud base altitude was estimated in terms of 
the temperature difference between the surface and the lifting conden
sation level (TL − TS), which is more closely connected to the partial 
evaporation below cloud base. The following equation (Bolton, 1980) 
was used to calculate temperature at the lifting condensation level (TL in 
K): 

TL =
1

1
TS − 55 −

ln(RH/100)
2840

+ 55, (3)  

where TS is near-surface temperature (K) and RH is near-surface relative 
humidity (%). 

4. Results 

4.1. Evidence from meteorological observations 

The horizontal bars in Fig. 4 show the summer mean daily precipi
tation recorded at the five stations distributed along the Khumbu valley. 
The greatest precipitation was recorded at the lowest station, but a 
notable peak was observed at Pyramid (5050 m asl) which deviates from 
the relatively uniform profile of precipitation. Furthermore, when 
compared to stations located at lower elevations, Pyramid clearly stands 
out as having a higher portion of daytime (11:00–20:00) precipitation 
associated with an afternoon peak of precipitation recorded only at this 
station among the three presented in Fig. 5b. It is worth mentioning that 
the diurnal cycle of summer precipitation recorded at Kala Patthar could 
fail to represent reality due to the measurement issue that late-morning 
data may record the nighttime snowfall and is therefore not presented. 

This higher portion of daytime precipitation at Pyramid is proposed to 
be a manifestation of the retarding effect of glacial cooling on the day
time up-valley winds, as illustrated in Fig. 1. 

The retarding effect is further supported by the observation that the 
up-valley winds decrease as elevation increases (Fig. 4), which indicates 
an abnormal convergence of surface air at the elevations enclosing 
Pyramid, where the landscape is formed by glacier front (Salerno et al., 
2017). Fig. 5a shows more details of wind recorded at the five stations. 
At Kala Patthar, the wind moves downward in the afternoon (from west 
to east according to the local orography) further manifesting the 
convergence near Pyramid. In addition, the interaction between glacier 
winds and warm up-valley flows close to the glacier fronts may disrupt 
local temperature regimes (Conway et al., 2021; Shaw et al., 2021). 
Indeed, high variability in the TLR diurnal cycle was observed over the 
glacier surfaces between Pyramid and Kala Pattar, in contrast to that 
over the off-glacier surfaces between Lukla and Pyramid (Fig. 5c). This is 
again considered to be linked to the glacial effect: the cooling effect of 
glacier contrasting with the surface heating at lower elevations leads to a 
dramatic increase in TLR after sunrise, promoting the development of 
cold glacier winds which converge with the warm daytime up-valley 
monsoonal flows resulting in a notable sharp decrease in TLR from 
10:00 to 16:00 local time. As a consequence, the front-like convergence 
forces the warm, moist monsoonal air mass to uplift, favoring the local 
precipitation around the convergence zone. By contrast, this uplift may 
prevent the monsoonal flows from reaching higher elevations, thereby 
reducing the moisture supply for precipitation over the upper part of 
glaciers. 

The aforementioned phenomena were more visible with the same 
analyses carried out for the days with precipitation events classified as 
due to glacier-effect following the two criteria (Ci ≥ 50% and Cii ≥ 50%) 
defined in Sect. 3.3. It is reflected in these facts revealed by Fig. S2: i) a 
weaker northward wind at Pyramid indicating more likely a conver
gence here; ii) an afternoon precipitation peak at Pyramid more distinct 
from the lower stations; and, iii) an even sharper decrease in TLR over 
the glacier surfaces from 10:00 to 16:00 local time. 

Similar phenomena were observed in the Langtang valley. The 
dominant daytime up-valley winds blow from west to east shaped by the 
general orography, and they significantly decrease from Kyanging to 
Yala Base Camp (Fig. 6a) indicating a convergence of air masses 
enclosing the glacier fronts. Accordingly, greater precipitation was 
recorded at Yala Base Camp, especially in the afternoon (Fig. 6b). Un
fortunately, since no on-glacier station available, we could not investi
gate the TLR over the glacier surfaces. Likewise to the Khumbu valley, a 
comparatively low variability in the TLR diurnal cycle is seen over the 
off-glacier surfaces between Kyanging and Yala Base Camp (Fig. 6b). In 
particular, we did not observe a sharp decrease in TLR during the 
afternoon. 

4.2. Evidence from high-resolution modeling 

According to Fig. 7, the presence of glaciers in the Himalayan range 
leads to much less precipitation at the glacier-dominated high elevations 
and an excess, though of small magnitude, sparsely distributed at ele
vations of 4–5 km that coincide with the glacier fronts. Significant dif
ferences in precipitation occur in the local afternoon, indicating a 
linkage with surface thermal conditions. The model simulations show 
extreme negative sensible heat fluxes over the snow/ice surfaces, 
accompanied by strong katabatic winds (the downward anomalies in 
Fig. 8), especially at local noon. The wind anomalies converge most 
strongly below the glacier fronts, favoring convection at these locations. 
The convergence can be further supported by the simulated sharp day
time decrease in TLR over the glacier-dominated high elevations 
(Fig. 9), which is consistent with the observations in the Khumbu valley 
(Fig. 5c). This phenomenon is observed from the ‘glacier case’ and is 
more patent from the difference between ‘glacier case’ and ‘non-glacier 
case’, indicating that it is caused by the presence of glaciers. 

Fig. 4. Elevational dependence of precipitation and meridional wind velocity 
in summer (June–August) during 2007–2010. Daytime (11:00–20:00) and 
nighttime (21:00–10:00) portions in precipitation are indicated by dark and 
light blue, respectively. Background colors indicate the elevations associated 
with the mean landscape features: green as forests, brown as bare ground or 
alpine tundra, and silver as glaciers. 
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The retarding effect of glacier winds on the daytime up-valley 
monsoonal flows is represented in our simulations as the southward 
anomaly of lateral water vapor flux over the southern Himalayan slopes 
(Fig. 10; approximately to the south of 28◦N). This effect reduces the 
amount of water vapor reaching the upper parts of the glaciers (Fig. 11). 
The lower water vapor supply combined with the suppressing effect of 
cold glacier surfaces on convection contributes to a reduction in the 
precipitation over the glacierized areas. The modeling quantified this 
reduction as a notable 6.5 mm day− 1 (37.2% of the simulation with 
glaciers present) at the glacier-dominated high elevations (≥6000 m asl) 
(Fig. 12). Interestingly, the opposite of the aforementioned modeling 
results (more precipitation at higher elevations) occurs if glaciers are 
absent. 

4.3. Evidence from isotopic analyses 

The elevational dependence of d-excess in precipitation during the 
monsoon season (June–September) was investigated using the precipi
tation sampling network for stable isotopes in the Khumbu valley (Table. 
2). Of special interest is the depletion in d-excess from Khunde (3874 m 
asl) to Lobuche (5050 m asl), which interrupts an otherwise increasing 
trend with elevation. The left tailed two-sample t-test for the d-excess 
values at Lobuche and Khunde indicates a significant depletion (p=
0.015). The local effects of below-cloud evaporation on stable isotope 
compositions of raindrops are considered to be a probable cause of this 
depletion, since d-excess decreases as 18O becomes enriched when 
raindrops fall through unsaturated air (Gat and Tzur, 1967; Stewart, 
1975). This can be further linked to the convergence near glacier fronts 
around 5000 m asl. The relative humidity of monsoonal flows is lowered 

Fig. 5. Diurnal cycle of the three parameters measured in the Khumbu valley in summer (June–August) during 2007–2010: (a) occurrence frequency and mean 
intensity of near-surface wind; (b) precipitation; and (c) lapse rate of surface air temperature between any combination of two stations. Areas between 25th- and 
75th- percentiles are particularly presented for the temperature lapse rate over the glacier surfaces between Pyramid and Kala Pattar and that over the off-glacier 
surfaces between Lukla and Pyramid. 
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by the dry katabatic winds, thereby facilitating the partial evaporation 
of raindrops below the cloud base and in turn decreasing the d-excess in 
local precipitation. 

This glacial influence on d-excess is further supported by our analysis 
of the isotope compositions in precipitation sampled at Pyramid (Table. 
3). According to the two criteria (Ci ≥ 50% and Cii ≥ 50%) defined in 
Section 3.3, 16 precipitation samples were more likely attributed to 
glacial-effect events and another 17 were related to non-glacial-effect 
events (Ci ≥ 50% and Cii ≥ 50%). The remaining samples were 

considered to be mixed events (not clearly belonging to either group). 
On average, the glacial-effect and non-glacial-effect precipitation events 
had d-excess values of 10.97±2.91‰ and 12.48±2.34‰, respectively. 
The left tailed two-sample t-test for the difference between the two 
groups of d-excess values was significant at the 10% confidence level 
(p= 0.054), indicating that the d-excess of glacial-effect precipitation 
events is lower than that of non-glacial-effect events. Furthermore, 
compared with non-glacier-effect precipitation events, glacier-effect 
ones are associated with higher cloud base altitudes and lower relative 

Fig. 6. Similar to Fig. 5 but for the observation network in the Langtang valley in summer (June–August) during 2012–2014.  

Fig. 7. Simulated diurnal cycle of the precipitation difference (‘glacier case’ minus ‘non-glacier case’). The thin black contours denote the elevation of 4000 m. The 
dotted pattern represents the grid cells specified as land use type of ‘SNOW/ICE’. 
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humidity (Table. 3), which favor re-evaporation of raindrops. The dif
ference is significant between the two types of precipitation events for 
both parameters. 

Overall, the isotopic analyses presented here are in line with our 
hypothesized mechanism in which precipitation near glacier fronts is 
promoted by the convergence between glacier winds and monsoonal 
flows. 

5. Discussion 

5.1. Uncertainties associated with the results 

It is worth mentioning that observed phenomena represent the final 
consequence coming after a series of natural processes. Apart from the 
glacier effect, many other factors (e.g., local orography, contrast of land 
use/cover) may also contribute to the elevational dependence and 
diurnal cycle regarding some variables analyzed in this study. For 
example, the TLR is especially sensitive to the contrast of land use/ 
cover. We noticed that the diurnal cycles of TLR between Namche and 
Pheriche and between Pheriche and Pyramid vary intensively (and 
opposite to each other), which differs notably from the TLRs of other 
combinations over off-glacier surfaces. This is due to the strong sensible 
heat flux associated with the land cover of alpine tundra at Pheriche. In 
spite of the aforementioned issue, the daytime sharp decrease is exclu
sively observed in the TLR over glacier surfaces, which is further seen in 
the results of the modeling experiment. Moreover, the integrated anal
ysis of all of the information regarding precipitation, wind, and TLR 
presents compelling evidence supporting the hypothesized glacier effect 
on local precipitation. 

Similarly, multiple processes control d-excess. Because d-excess re
cords the difference between the actual δD and the expected equilibrium 
value based on measured δ18O (Dansgaard, 1964), it is a measure of non- 
equilibrium isotopic effect and is therefore sensitive to kinetic frac
tionation processes, such as condensation at supersaturation and evap
oration. It is not likely that the elevational dependence of mean d-excess 
during summer monsoon season derived from the five sites in the 
Khumbu valley (Table 2) is influenced by the oceanic water vapor source 
since the distance between the sites is limited. The in-cloud processes 
including the gradual rainout and recycling during water vapor trans
port (Froehlich et al., 2008; Guan et al., 2013; Peng et al., 2005) may 

explain the trend of increasing d-excess with elevation, whereas the 
depletion from Khunde to Lobuche is very likely the result of partial 
evaporation below cloud base (Gat and Tzur, 1967; Stewart, 1975). This 
is further supported by the association among d-excess, cloud base 
altitude, and relative humidity regarding glacier-effect and non-glacier- 
effect precipitation events. Thus, the subcloud processes are in line with 
the hypothesized convergence near glacier fronts, although more 
investigation may be necessary to further directly relate the two. 

In contrast to observational data which record mixed impacts of a 
series of natural processes, models are a flexible tool for investigating a 
specific process of interest. In this study, the only difference between the 
control and sensitivity simulations is the presence of ‘glacier surface 
cooling’, allowing us to specifically investigate the effects of glacier-air 
interactions by comparing the two simulations. However, like any 
modeling studies, our approach also have caveats and limitations, 
especially when trying to quantify the extent to which this negative 
feedback may influence the lifetime of the Himalayan glaciers. First, the 
sensitivity simulation (‘non-glacier case’) was driven by current climate 
conditions, which may differ markedly from those of the future climate. 
However, of note is that the sensitivity case was not designed as a 
realistic simulation in which glaciers completely vanish in a warmer 
future. In fact, the experiment designed in this study represents a 
simplified but effective approach to ensure that the simulation differ
ences are solely caused by glacier-air interactions. Second, a solid vali
dation of the control simulation against observational data is not 
available, mainly due to the fact that the 2-km resolution still cannot 
realistically represent the complex relief of terrain and the heterogeneity 
of land use/cover types in this region, which to some extent shape the 
elevational dependence and diurnal cycle of variables investigated 
within the study. A very high resolution (as fine as 500 m) is probably 
needed to reproduce observed values (Bonekamp et al., 2018), while a 2- 
km resolution simulation can reproduce the general precipitation 
pattern (Lin et al., 2018). Thus, although a difference in precipitation 
was noted between the two modeling runs with and without the pres
ence of glaciers (Fig. 12), it represents the strength of the negative 
feedback effect under the current climate conditions with undetermined 
uncertainties. In addition, this addresses the considerable uncertainties 
associated with the existing projections of future glacier changes ob
tained using models with coarser resolutions. 

Similar modeling experiments have been conducted by Potter et al. 

Fig. 8. Same as in Fig. 7 but for sensible heat flux (colors) and 10-m wind (arrows).  
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(2018) and Ren et al. (2020) with different foci. Particularly focusing on 
the Khumbu valley using 1-km modeling experiments, Potter et al. 
(2018) concluded that the glacier cooling effect dampens the daytime 
up-valley winds based on the fact that the removal of glaciers from the 
model leads to the up-valley winds advancing further. Ren et al. (2020) 
reported that glacier absence would cause more than a 20% increase in 
precipitation in the high-elevation area in the southeastern TP. These 
independent modeling studies provide a sort of validation of our find
ings, pointing out that the lower modeling resolution (2-km) used in this 
study does not influence the interpretation of results related to the local 
wind circulation due to the cooing effect of glacier surfaces and con
cerning the change of precipitation pattern in case of glacier surface 
changes. 

Despite the above shortcomings, our modeling results, along with the 
in situ meteorological and isotopic analyses, clearly demonstrate the 
proposed feedback. 

5.2. Possible implications for the lifetime of the Himalayan glaciers 

Our findings point out a negative feedback mechanism mediated by 
glacier-air interactions, i.e., the retreat (or complete loss, as in the 
sensitivity experiment) of glaciers attenuates the retarding effect of 

glacier winds on monsoonal flows, thereby enabling moist air to pene
trate further up-valley and to enhance snow accumulation across the 
upper parts of glaciers. The negative feedback may, to some extent, 
mitigate the threat of future warming, hence extending the lifetime of 
Himalayan glaciers. In addition, the attenuated retardation of up-valley 
monsoonal flows by down-valley glacier winds may allow more of the 
water vapor transported by the Asian summer monsoon to reach the 
southern Tibetan Plateau (i.e., opposite values in Fig. 10), amplifying 
the observed wetting trend in the region (Lu et al., 2015). 

The hypothesized mechanism postulated in this study is not subject 
to any special conditions other than daytime up-valley winds bringing 
plenty of water vapor for precipitation. Therefore, the mechanism 
should theoretically work in regions similar to the Khumbu region, for 
which the comprehensive observational evidence is provided in this 
study. Indeed, we obtained similar results from limited observations in 
the Langtang valley. Our simulations also indicate that the hypothesized 
mechanism works across the modeling domain since the glacier-effect 
precipitation commonly occurs in the areas below glacier fronts and 
thus is not limited to the Khumbu region (Fig. 7). Further evidence may 
come from the modeling study conducted on the southeastern Tibetan 
Plateau (Ren et al., 2020), which reveals that more precipitation would 
occur in the high-elevation area as a consequence of glacier loss, similar 

Fig. 9. Simulated diurnal cycle of the temperature lapse rate from ‘glacier case’ (left) and its difference to ‘non-glacier case’ (right) along the three south-north 
orientated sections correspondingly labeled ‘a’, ‘b’, and ‘c’ in Fig. 3. 
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to our modeling results. 
Similarly, the hypothesized glacier effects should be effective in spite 

of the status of the Himalayan glaciers if the region is influenced by the 
Asian summer monsoon. Here we discuss the factors that may affect the 
magnitude of the feedback effect. We assessed the dynamic and ther
modynamic conditions based on our modeling experiments. It was 
observed that the divergence (convergence) of the horizontal wind 
anomalies (Supplementary Fig. S3a), downward (upward) wind anom
alies (Supplementary Fig. S3b), and negative (positive) precipitation 
anomalies (Fig. 7) generally exhibited similar but not perfectly (every
where) matching patterns. The overall background of water vapor 
conditions (Supplementary Fig. S4) should be taken into account since 
abundant water vapor (provided by the monsoonal flows) is another 
critical factor affecting precipitation and explains why precipitation 

around the glacier fronts favored by the glacial effect is not predicted 
over the northern Himalayan slopes, where the air is dry (Wang et al., 
2019). This indicates that the varying dominance of the Asian summer 
monsoon may also affect the magnitude of the feedback effect. However, 
the change in the monsoon system under climate warming is a complex 
issue that is beyond the scope of this study. The variation in the strength 
of katabatic winds with the retreat of glaciers could be another factor 
affecting the magnitude of the feedback effect. However, it is worth 
mentioning that katabatic winds will not necessarily be weakened as 
glaciers retreat under climate warming. Indeed, the temperature 
gradient between air and glacier surfaces may increase with climate 
warming further enhancing katabatic winds. 

The mass budget of glaciers is determined by the difference between 
accumulation and ablation (i.e., roughly the combined effects of pre
cipitation and temperature). The observed retreat of Himalayan glaciers 
is partly attributed to a precipitation reduction in summer (Salerno 
et al., 2015; Yao et al., 2012), indicating that precipitation changes 
deserve special attention along with warming when assessing the future 
fate of the Himalayan glaciers. Thus, the phase of precipitation could be 
an important factor because it affects the accumulation process. Indeed, 
we conducted an additional simulation with snow removed from the 
initial conditions but without forcing precipitation to be liquid (other
wise configured the same as the simulations presented in the study) and 
found that new snow is accumulated over high-elevation areas days after 
the simulation began. Therefore, assuming no dramatic warming, pre
cipitation anomaly resulting from glacier retreat via the negative feed
back is most likely solid due to the very high elevations. 

Finally, a realistic representation of this feedback will require a 
coupled atmosphere-glacier mass balance model with sufficiently fine 
resolution, and no such model has yet been deployed in projections of 
future glacier changes, suggesting that the current projections may 
overestimate the rate of glacier retreat in the Himalayas. 

6. Conclusions 

We propose a mechanism that is mediated by summer glacier-air 
interactions. It enhances precipitation near glacier fronts due to the 
front-like convergence between cold, dry glacier winds and warm, moist 
monsoonal flows. By contrast, the mechanism suppresses precipitation 
at glacier-dominated high elevations, due to the reduced availability of 

Fig. 10. Simulated difference (‘glacier case’ minus ‘non-glacier case’) in daily- 
mean water vapor flux (arrows) and its v component (colors). 

Fig. 11. Same as in Fig. 7 but for precipitable water.  
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water vapor. The mechanism is well supported by three independent 
sources of evidence derived from in situ observations and high- 
resolution modeling experiments. 

First, a unique elevational dependence of precipitation was observed 
in summer at sites along the Khumbu valley. Pyramid (with landscape 
formed by glacier front) experienced more summer precipitation, with a 
higher daytime contribution, compared with neighboring stations. This 
could be associated with the convergence between glacier winds and 
monsoonal flows, as further indicated by the decrease in up-valley winds 
with increasing elevation and by the sharp decrease in the diurnal cycle 
of TLR approximately from 10:00 to 16:00 (Nepal Local Time). Glacier 
retreat would result in the upward movement of water vapor and flow 
convergence. Similar phenomena were also observed from the limited 
data recorded in the Langtang valley. 

Second, the stable water isotope compositions of precipitation agree 
with the hypothesized processes. Deuterium excess in precipitation 
increased with increasing elevation, until reaching glacier fronts. The 
depletion in d-excess in precipitation above the glacier fronts can be 
explained by the convergence between glacier winds and monsoonal 

Fig. 12. Simulated effects of glacier loss on precipitation over the whole region of investigation. (a) Elevational dependence of precipitation simulated by the two 
modeling cases. The median (thick line), 25th- and 75th- percentiles (boundaries of colored area) are derived from grid cells in every 500-m wide elevational bins 
centered at 500 m intervals from 500 m asl. (b) Box-plot for precipitation difference (‘glacier case’ minus ‘non-glacier case’; light-gray dots underneath) in the same 
bins as those of (a). Box boundaries represent 25th- and 75th- percentiles, and the line inside box is the median. Outliers marked with red plus signs lie beyond the 
whisker lengths (1.5 times the interquartile range away from the box boundaries). (c) Similar to (b) but for precipitation difference relative to that simulated by the 
‘glacier case’. 

Table 2 
Elevational dependence of δ18O, δD, and d-excess of the precipitation along the Khumbu valley in the summer monsoon season (June–September) during 2014–2017. 
Presented statistics regarding d-excess include mean and standard deviation (SD) for each site, and the t, p values of one tailed two-sample Student’s t-test between 
every two neighboring sites. N is the sample size.  

Site Elevation (m) N δ18O (‰) δD (‰) d-excess ()      

Mean SD t p 

Lobuche 5050 62 − 15.16 − 112.07 9.21 6.07 − 2.19 0.015 
Khunde 3874 53 − 12.67 − 90.10 11.26 3.29 0.36 0.361 
Lukla 2843 84 − 8.98 − 60.79 11.05 3.35 3.38 <0.001 
Diktel 1623 205 − 7.54 − 50.86 9.46 3.74 7.29 <0.001 
Sihara 102 122 − 5.46 − 37.36 6.32 3.81    

Table 3 
Glacial effect on d-excess in precipitation, associated cloud base altitude (in 
terms of TL − TS) and near-surface relative humidity (RH) at Pyramid Station in 
the summer monsoon season (June–September) during 2012–2014. Presented 
statistics include the mean and standard deviation (SD) of each type of precip
itation events, and the t, p values of one tailed two-sample Student’s t-test be
tween the two types of events. N is the sample size.  

Daily events N Mean SD t p   

d-excess (‰) 
Glacier-effect 16 10.97 2.91 − 1.66 0.054 
Non-glacier-effect 17 12.48 2.34     

TL − TS (K) 
Glacier-effect 16 0.74 0.51 2.74 0.005 
Non-glacier-effect 17 0.32 0.24     

RH (%) 
Glacier-effect 16 95.91 2.69 − 2.75 0.005 
Non-glacier-effect 17 98.20 1.38    
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flows, which leads to the relative humidity of monsoonal flows being 
lowered by the dry glacier winds, thereby facilitating partial evapora
tion of raindrops below the cloud base which in turn decreases d-excess 
in local precipitation. Indeed, glacier-effect precipitation events were 
also found to be associated with lower d-excess, higher cloud base alti
tude, and lower relative humidity. Therefore, dry and cold katabatic 
winds over glaciers play an important role in the formation of precipi
tation near glaciers, and future glacier retreat may result in more pre
cipitation at higher elevations. 

Third, the comparison between the high-resolution modeling simu
lations with and without the presence of glaciers fully supports our 
hypothesis. It is clearly demonstrated that the existence of glaciers fa
vors precipitation near glacier fronts but suppresses precipitation at 
glacier-dominated high elevations. The suppression effect on precipita
tion predicted by the experiment can be as large as approximately 40%. 
Therefore, if the glaciers retreat, more precipitation would occur in the 
upper parts of glaciers. 

The investigated and verified mechanism represents a negative 
feedback effect in which the retreat of the Himalayan glaciers may 
locally increase precipitation, thereby enhancing snow accumulation on 
the upper parts of glaciers. Therefore, this mechanism may mitigate the 
effect of future warming on the glacier mass balance, suggesting that 
existing projections based on models that ignore glacier-air interactions 
may overestimate the rate of glacier retreat in the Himalayas. 
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