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Abstract

Glaciers over the central Himalaya have retreated at particularly rapid rates in recent decades, while glacier mass in the
Karakoram appears stable. To address the meteorological factors associated with this contrast, 36 years of Climate Forecast
System Reanalyses (CFSR) are dynamically downscaled from 1979 to 2015 with the Weather Research and Forecasting
(WRF) model over High Mountain Asia at convection permitting grid spacing (6.7 km). In all seasons, CFSR shows an
anti-cyclonic warming trend over the majority of High Mountain Asia, but distinctive differences are observed between the
central Himalaya and Karakoram in winter and summer. In winter and summer, the central Himalaya has been under the
influence of an anti-cyclonic trend, which in summer the downscaling shows has reduced cloud cover, leading to significant
warming and reduced snowfall in recent years. Contrastingly, the Karakoram has been near the boundary between large-scale
cyclonic and anti-cyclonic trends and has not experienced significant snowfall or temperature changes in winter or summer,
despite significant trends in summer of increasing cloud cover and decreasing shortwave radiation. This downscaling does
not identify any trends over glaciers in closer neighboring regions to the Karakoram (e.g., Hindu Kush and the western
Himalaya) where glaciers have retreated as over the central Himalaya, indicating that there are other factors driving glacier
mass balance that this downscaling is unable to capture. While this study does not fully explain the Karakoram anomaly, the
identified trends detail important meteorological contributions to the observed differences between central Himalaya and
Karakoram glacier evolution in recent decades.

1 Introduction evident over High Mountain Asia, where significant differ-
ences between glacier mass balances have been observed

Accelerated melting of alpine glaciers provides compelling  (Hewitt 2005; Scherler et al. 2011; Bolch et al. 2012; Kaab

evidence of the changes in the climate system caused by
global warming. However, while most glaciers have gener-
ally retreated in recent decades, in some cases increasing
glacier melt may be offset by regional snowfall and/or tem-
perature trends. This intriguing behavior seems particularly
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et al. 2012). Specifically, glaciers in the central Himalaya
exhibit some of the fastest retreat rates on Earth, while many
glaciers in the Karakoram appear to be stable or advancing
(Scherler et al. 2011; Bolch et al. 2012; Gardelle et al. 2012;
locations of glaciers shown in Fig.1). Glaciers function as
reservoirs of moisture from precipitation, and regional
populations and ecosystems depend on water resources pro-
vided by their meltwater during summer months (Hewitt
2005). Therefore, predicting future water resources requires
an understanding of how changes in atmospheric circula-
tion and thermodynamics have contributed to the evolution
of glaciers in recent decades, and whether these changes
will remain, cease, or intensify in future years as the planet
warms.

Distinct seasonal precipitation regimes are observed
over High Mountain Asia (Bookhagen and Burbank 2010).
While precipitation over central Himalaya is almost solely
dependent on summer precipitation, precipitation over the
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Fig. 1 a The outer domain; b the inner domain; and ¢ a zoomed-in
portion of the inner domain showing the locations of the WAPDA
(red) and PMD (blue) stations. All panels show elevation (colors) and
water bodies (blue). The inner domain also shows glacier outlines

Karakoram is more evenly distributed through the year,
with the greatest contributions in winter and spring from
extratropical cyclones, which are also known as the winter
westerly disturbances (e.g., Lang and Barros 2004; Barros
et al. 2006; Cannon et al. 2015; Norris et al. 2015). Hence,
changes to the summer monsoon system would be expected
to have more of an effect on central Himalayan glaciers,
while changes to winter westerly disturbances would more
directly affect Karakoram glaciers. However, climatologi-
cally, both regions experience the greatest temperatures and
hence the most degree days in summer. Degree days are the
above-zero near-surface temperature integrated over time
and taken as a proxy for the available energy for glacier
melt (e.g., Rango and Martinec 1995). Given the large con-
tribution of summer warming to glacier melt in both regions,
summertime changes in weather patterns, precipitation and
cloudiness are equally relevant for both regions in terms of
glacier melt.

The rapid retreat of central Himalayan glaciers has been
attributed to increasing summer temperatures at high eleva-
tions (Yamada et al. 1992; Shrestha et al. 1999; Hasnain
2002). Changes to the South Asian summer monsoon pre-
cipitation, however, are particularly relevant for central
Himalayan glaciers, given that a large majority of precipita-
tion over this region falls in summer (e.g., Bookhagen and
Burbank 2010). Many studies have found that precipitation
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interpolated onto the WRF domain (white), highlighting those in the
central Himalaya and Karakoram (black). The boxes in the first two
panels indicate the area plotted in the subsequent panel

associated with the South Asian summer monsoon has
decreased over the 20th Century, due to greater warming of
the Indian Ocean than the land, hence a dynamical weaken-
ing of the monsoon (e.g., Krishnan et al. 2013; Zhao et al.
2014; Roxy et al. 2015). Although large-scale decreases in
monsoon precipitation do not necessarily imply a decrease
over the Himalaya, Duan et al. (2006) analyzed ice cores
from a central-Himalayan glacier and suggested significant
decreases in orographic monsoon precipitation during the
twentieth century. Therefore, the evidence suggests that
increasing temperatures and decreasing precipitation in sum-
mer have both been contributing to glacier retreat over the
central Himalaya.

Contrastingly, the advance of some glaciers over the
Karakoram has been attributed to increasing precipitation
in winter and summer (Archer and Fowler 2004), as well as
decreasing summer temperature (Fowler and Archer 2006;
Forsythe et al. 2017). Consistent with increasing (decreas-
ing) winter precipitation over the Karakoram (central
Himalaya), Cannon et al. (2015) identified an increase in
the frequency and intensity of upper-level troughs affecting
the Karakoram from 1979 to 2010, together with a corre-
sponding decrease in troughs affecting the central Hima-
laya. Forsythe et al. (2017) quantified the large-scale circula-
tion over southwest Asia by defining the Karakoram Zonal
Index (KZI), which is positive (negative) when there is an
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anti-cyclonic (cyclonic) anomaly. They showed a significant
negative trend in the KZI over recent decades in summer
months and showed a significant correlation with a cooling
trend in the upper Indus basin, near the Karakoram. They
attributed the cooling to adiabatic cooling due to the verti-
cal circulation associated with the cyclonic trend, increased
cloudiness, and decreased insolation. Contrastingly, the cen-
tral Himalaya is more under the influence of a vortex over
the subcontinent associated with the monsoon that is anoma-
lously anti-cyclonic when the KZI is anomalously cyclonic.
Therefore, although only a few hundred km apart, the Kara-
koram and central Himalayan glaciers appear to have been
under the influence of contrasting climatic trends in both
winter and summer over the last few decades.

It is important to note that examining trends in precipita-
tion and temperature in this region is challenging for many
reasons. Difficulties include limited in-situ measurements
and bias toward sampling at low-elevation sites, which are
more accessible but may be unsuitable proxies for high ele-
vations due to significant orographic gradients (e.g., Barros
and Lang 2003; Norris et al. 2017). Although a few in-situ
measurements have exhibited likely precipitation and tem-
perature trends over the central Himalaya and Karakoram
(e.g. Archer and Fowler 2004), the uneven distribution of
these data over High Mountain Asia (Bookhagen and Bur-
bank 2010) restricts the analysis of the spatial patterns of
these trends. Also, station precipitation measurements are
prone to large errors at exposed high elevations (Bollasina
et al. 2002; Tahir et al. 2011). Furthermore, different datasets
span different time periods, and there are very few that date
back to the beginning of the period during which the contrast
between glacier retreat/advance over the central Himalaya
and Karakoram has been observed (roughly 1980 to the pre-
sent). Ideally, datasets covering the full region at high spatial
resolution and dating back to 1980 are required to adequately
represent the spatiotemporal patterns of temperature and pre-
cipitation in High Mountain Asia. Additionally, atmospheric
data at high temporal and spatial resolution are necessary
to understand mechanisms whereby synoptic-scale systems
interact with topography and how these interactions may
further influence glacier mass balance.

Although global reanalyses can be useful to describe vari-
ations and changes to large-scale flow patterns over south
Asia in recent decades, their coarse resolutions poorly rep-
resent the complex topography of the Himalaya and Kara-
koram and, consequently, the interactions of synoptic-scale
weather systems with the steep terrain (Cannon et al. 2017,
Norris et al. 2015, 2017). With the goal of investigating his-
torical climate change over the Tibetan Plateau, Gao et al.
(2015) performed 32 years (1979-2011) of downscaling
simulations of the Interim European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis (ERA-
Interim, Dee et al. 2011) using the Weather Research and

Forecasting (WRF) model at 30-km grid spacing. While the
downscaling at 30-km grid spacing improved existing rea-
nalyses in describing large-scale climatic patterns, 30 km
is still somewhat coarse in terms of resolving orographic
precipitation patterns, particularly in summer. The impor-
tance of resolution for representing summer flow patterns
over the Himalaya was illustrated by Norris et al. (2017). In
particular, 10-km simulations with parameterized convection
do not capture the significant nocturnal precipitation that
falls over the Himalaya in summer, whereas 6.7-km simula-
tions without convective parameterization simulate a diurnal
cycle similar to station measurements, and no fundamental
improvement is made by decreasing to 2-km grid spacing
(Norris et al. 2017). This nocturnal summer precipitation has
been well documented (e.g., Barros and Lang 2003; Houze
et al. 2007; Medina et al. 2010), and according to the station
measurements constitutes the majority of summer precipi-
tation (Fig. 13 of Norris et al. 2017), hence must be repre-
sented by a dataset in order to diagnose trends in these areas.

The main objective of this study is to assess the spatial
pattern of precipitation (in particular, snowfall) and tempera-
ture trends in High Asia and decipher the underlying physi-
cal and dynamical atmospheric mechanisms responsible for
the observed contrasting trends beween the western and cen-
tral Himalaya’s climate in recent decades. Specifically, this
study investigates changes in circulation and geopotential
patterns and how these changes modified orographic snow-
fall and cloudiness that ultimately resulted in the observed
contrasting climatic trends between the central Himalaya
and the Karakoram. To capture the spatial distribution of
orographic snowfall and temperature trends, this study uses
WRF model at convection permitting grid spacing (6.7 km)
to dynamically downscale 36 years (1979-2015) of global
reanalyses over High Mountain Asia. The resulting model
dataset describes the interannual and inter-decadal vari-
ability of all meteorological variables over the region in all
seasons.

2 Data and methodology
2.1 Model configuration

The Advanced Research Weather Research and Forecasting
(WRF) model version 3.7.1 (Skamarock et al. 2008) was
used to dynamically downscale 36 full years of Climate
Forecast System Reanalysis (CFSR, Saha et al. 2010), which
is at 0.5° grid spacing, from April 1979 through March 2015
over High Mountain Asia. Each year was simulated exactly
as the single year simulated in Norris et al. (2017) (here-
after N16). Specifically, the model was initialized at 00
UTC 1 March each year and run continuously until 00 UTC
1 April the following year, with the initial March output
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discarded as model spin up, hence 12 months of retained
output. Although 1-month spin up may not be sufficient for
optimal accuracy, particularly with land-surface processes,
according to N16 it is an acceptable tradeoff considering
the computational demand of high-resolution multi-decadal
downscaling. Crucially though, each year of output is gener-
ated in exactly the same way, so that interannual variability
and trends may be investigated. Each year of model data
spans April through March, as opposed to a full calendar
year, so that each year contains one full monsoon and winter
season. Therefore, when calculating trends for given seasons
(see Sect. 2.2), each year of output can be used as one entry
in a 36-entry time-series.

The justification for using CFSR over this region, as
opposed to other reanalyses, was given in N16. CFSR and
ERA-Interim are the best performing reanalyses over the
Tibetan Plateau (Bao and Zhang 2013). Therefore, provided
that the reanalysis is consistent during the downscaling
period, trend analyses from the downscaling are reliable.
Importantly, we show that the trends in the large-scale flow
patterns shown by CFSR, which are downscaled by WRF in
this study, are in agreement with those derived from ERA-
interim (discussed in Sect. 3).

Two nested domains of 20- and 6.7-km grid spacing were
configured for the WRF downscaling (Fig. 1) with 50 model
levels from the surface up to 50 hPa. Although about 2-km
or smaller grid spacing is generally considered necessary to
represent orographic precipitation and explicitly resolve con-
vection, N16 showed that 6.7 km grid spacing was sufficient
for simulating both winter and summer precipitation patterns
over the Himalaya and Karakoram, and that a 2.2-km domain
did not capture any fundamentally different spatiotemporal
precipitation patterns, including the diurnal cycle. Crucially,
6.7 km is just small enough that convective parameteriza-
tion may be switched off, as shown by N16—the same study
demonstrated that explicit treatment of convection is neces-
sary to capture diurnal cycles over the Himalaya. Although
smaller grid spacing would undoubtedly capture some finer-
scale variability in trends than is exhibited by the 6.7-km
downscaling, 6.7 km is considered an acceptable tradeoff,
given the computational demand of simulating 36 years. The
model output was saved every 3 h, so that weather patterns at
all times of day were represented. Spectral nudging (Stauffer
and Seaman 1990; Stauffer et al. 1991) of zonal and meridi-
onal wavenumbers 1-5 and 1-4, respectively, was applied
to temperature, winds, and geopotential height in the outer
domain and all vertical levels, described in more detail in
N16. This nudging implies that the downscaling responds
indirectly to external forcing of the climate (e.g., increased
greenhouse gas concentrations) via temperature increases
in the reanalyses.

The parameterizations used were justified in N16 and are
as follows: Thompson microphysics (Thompson et al. 2008);
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Yonsei University boundary layer (Hong et al. 2006); MM5
Monin—Obukhov surface layer (Monin and Obukhov 1954);
Noah-MP land surface (Niu et al. 2011); RRTMG longwave
and shortwave radiation (Iacono et al. 2008); Kain—Fritsch
convection (Kain 2004, outer domain only). For seasonal
simulations over complex terrain, cloud cover and precipita-
tion are most sensitive to the choice of microphysics scheme,
with Thompson among the best performing (Liu et al. 2011).
Importantly, the radiation and microphysics schemes inter-
act, and in particular the RRTMG scheme uses cloud water,
cloud ice, and snow when calculating radiative fluxes, which
performs well when coupled with Thompson microphysics
(Thompson et al. 2016). Although this coupling does not
consider droplet sizes when calculating radiative fluxes, the
simple relationship of greater cloud cover or hydrometeors
(in terms of mixing ratio) equals less radiation at the sur-
face and, therefore, less surface warming can be simulated.
As will be shown, this relationship is critical to the current
study. Although biases exist in the parameterization schemes
utilized in this downscaling, if these biases are approxi-
mately consistent with time, then the downscaling may be
used to diagnose trends in cloud, radiation, and snowfall
during the downscaling period.

2.2 Trend analysis

For each year of model output, the total or mean value of a
given variable over a season (MAM, JJA, SON, and DJF)
was calculated at each grid point. Thus, for a given vari-
able, season, and grid point, a time series of 36 values repre-
sented the interannual variability and trend from 1979-2014
(where 1979 means April 1979 through March 1980 and
likewise for other years). For 3-D variables, output was first
interpolated onto pressure levels and then a separate time
series generated at each level. Trend analysis was performed
on these 36-element time series using a two-tailed Monte
Carlo significance test (Wilks 2006). The Monte Carlo test
assesses whether the elements of a time series are ordered
in a significantly upward or downward trend. The given time
series is taken and its elements shuffled into a random order
N times (10,000 in the current study), with the magnitude
of the trend for each shuffled time series recorded. The p
value is then the fraction of the N trials whose trend is of
a greater magnitude than that of the original time series.
This approach led to 2-D and 3-D arrays of the trend and
significance level of each time series, which are visualized
throughout this study via horizontal maps and cross sec-
tions. Trends were also calculated with the Mann—Kendall
significance test (Wilks 2006), with no meaningful change
in the results.

Trend analysis was also performed with the same Monte
Carlo test by taking the spatial average of a given variable
over the central Himalaya (hereafter, CH) and Karakoram
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glaciers. The areas covered by the CH and Karakoram gla-
ciers are shown in Fig. 1b. These areas are where the Ran-
dolph Glacier Inventory 5.0 (http://www.glims.org/RGI/) has
been bilinearly interpolated onto the 6.7-km WRF domain.
Each grid point in the Randolph Glacier Inventory is either
1 or O for glacier cover or no glacier cover, and WRF grid
points are considered glaciated if the interpolated value is
greater than 0.5. The full extent of glacier coverage over the
6.7-km domain is shown in white, but those that lie within
the CH and Karakoram are shown in black. Specific glaci-
ated grid points that qualify as CH and Karakoram have
been determined manually for this study. Some trends are
calculated at 500 hPa which is below the surface of some
CH and Karakoram grid points and so these grid points
were excluded from the CH or Karakoram average in those
instances.

2.3 In-situ measurements

In-situ measurements in the upper Indus basin are used to
evaluate the precipitation and temperature trends shown by
the WRF downscaling over the Karakoram. Although this
study investigates simulated snowfall trends, total-precipi-
tation trends from WRF are used for comparison to station
data because the stations do not distinguish between rain
and snow. Interannual time series were constructed using
the mean of seven stations operated by the Pakistan Mete-
orological Department (PMD) ranging from 1250 to 2210
m (marked in blue in Fig. 1c—see Table 2 of N16 for the
individual stations names and elevations). These stations’
data period extends from 1960 to 2012, so almost the full
period of the downscaling could be compared between WRF
and the stations. However, although near the Karakoram,
these stations are considerably lower than the elevations of
the glaciers, which are between 4000 and 5500 m on the
WREF grid. In winter, precipitation in the Indus valley is
generally highly correlated with that over the Karakoram
(N16), but in summer this is not a reasonable assumption
as mechanisms generating precipitation are more complex
and differ between valleys and peaks. Therefore, in addi-
tion to comparisons with the PMD stations, time series
were constructed from the mean of five stations operated
by the Pakistan Water and Power Development Authority
(WAPDA) at higher elevations (2898-4440 m, marked in
red in Fig. 1c—see Table 2 of N16). These data are only
available from 1995 through 2009. Although these stations
likely underestimate precipitation by a high factor (Tahir
etal. 2011) as suggested by comparisons with WRF in N 16,
trends may be realistic if the negative bias remains fairly
consistent over the years, as is investigated in Sect. 4.1. For
both the PMD and WAPDA stations, there are some missing
data over the respective time periods for certain stations, and
so the mean time series is calculated by calculating the daily

mean values from whichever stations have available data on
the given day, and then aggregating to mean (temperature) or
total (precipitation) over the given season. Years when a sig-
nificant number of stations had missing data for large parts
of winter/summer impacted the comparisons with WREF, as
will be discussed.

Station data over the central Himalaya were also sought
to exhibit trends consistent with glacier retreat observed
over the central Himalya in recent decades. However,
excessive data gaps and discontinued station records pre-
vented the identification of any significant trends during
the period simulated. APHRODITE (Yasutomi et al. 2011;
Yatagai et al. 2012) which gives gridded precipitation and
temperature estimates over recent decades, based on inter-
polated station measurements, was also analyzed, but did
not yield a coherent spatial distribution of trends over the
Himalaya or Karakoram, likely due to poor representation
of stations over those ranges.

2.4 MODIS cloud cover

Cloud cover from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) Cloud Product (MODO6L2) at
5-km grid spacing was used to evaluate the interannual
variability of cloud cover over High Asia shown by WRF.
This product is obtained by combining visible and infra-
red images from two daily satellite passes at about 0900
and 2100 local time, indicating whether or not cloud was
present at a given pixel during a given pass. To compare
these data with WREF, first the MODIS data was inter-
polated onto the WRF grid, then at each grid point and
for each winter and summer the mean cloud fraction was
calculated, i.e., the fraction of times over the given winter
or summer on which there was cloud cover. For WRF, the
cloud fraction was set to 1 if there was cloud at any verti-
cal level, based on the 3-D cloud fraction. The MODIS
data period begins in July 2002, so 2002-2003 onward
was used for winter and 2003 onward for summer. For
MODIS, the mean was calculated of the two daily passes
and over the given winter and summer, i.e., the mean of
180 cloud passes for DJF (182 for leap years) and 184 for
JJA. For WREF, the mean was calculated over a given win-
ter or summer taking just the 0300 and 1500 UTC values
(roughly 0900 and 2100 local time, i.e., those closest to the
times of the MODIS data). However, using all eight WRF
output times per day made very little difference to the
comparisons between WRF and MODIS. For both WRF
and MODIS, a value was thus calculated for each winter
and summer, and interannual time series constructed from
these values, allowing for a comparison of the interan-
nual variability of cloud cover between WRF and MODIS.
Although the MODIS data period is not long enough to
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diagnose trends, this dataset is useful to examine correla-
tions with WRF over the available time period.

3 Changes in large-scale climatic patterns
(1979-2015)

Deciphering the dynamical and physical mechanisms
explaining the contrasting regional climatic trends in the
central Himalaya and Karakoram requires a careful analy-
sis of the recent changes in the large-scale flow patterns
of south Asia and whether these alterations are season-
ally dependent. We start this study by examining trends
in 200-hPa geopotential height and winds using CFSR
because these are the reanalyses that are downscaled by
WREF. At 500-hPa, the trends are morphologically simi-
lar but less spatially coherent over High Asia because of
elevation. Figure 2 illustrates the warming of the tropical
troposphere of the Northern Hemisphere in recent dec-
ades and demonstrates consistent warming in all seasons.
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However, in all seasons, cyclonic trends indicated by the
wind vectors are co-located with gaps in the area of posi-
tive geopotential-height trends, although there are some
gaps where the wind trends are not significant. Therefore,
particularly in winter and summer, according to the rea-
nalyses, the intensification of the cyclonic flow may have
offset the warming west of High Asia resulting in a neutral
trend in geopotential height.

In winter, the eastern part of High Asia is under the
influence of a warming trend (High Asia is indicated by the
3-km elevation contour), whereas there is no statistically
significant trend over the western part (Fig. 2a). However, a
pronounced cyclonic trend is observed in Asia’s extratrop-
ics and the southern flank of this trough is co-located with
western High Asia. The patterns of winter trends in 200-hPa
winds and geopotential height indicate an intensification of
the warming in the subtropics east of High Asia. The winter
trend does not resemble the climatology, so that the area
with the cyclonic trend reflects a weakening of the ridge over
northwestern Asia and the area with the anti-cyclonic trend
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Fig.2 CFSR trends over Asia from 1979-1980 to 2014-2015 for
each season individually. The trends shown are 200-hPa geopotential
height (colors, m/year), only plotting trends that are significant at the
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5% level, and wind vectors (m s~'/year, plotted where either u or v has
a trend that is significant at the 5% level. The 3-km elevation contour
is plotted to indicate the location of High Asia
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Fig.3 Comparisons of CFSR (top panels) and ERA-Interim (bot-
tom panels), showing climatologies (left panels) and significant
trends at the 5% level (right panels) in 200-hPa geopotential height
in DJF from 1979-1980 to 2014-2015. Climatologies show abso-

reflects a weakening of the trough over southeastern Asia
(Fig. 3, top panels). These features are consistent with the
increase (decrease) in the synoptic activity associated with
the winter westerly disturbances affecting the Karakoram
(central Himalaya) discussed in Cannon et al. (2015).

In summer, there is an anti-cyclonic trend in the 200-hPa
flow north and east of High Asia accompanied by a cyclonic
trend west of High Asia (Fig. 2c). This trend reflects a weak-
ening of the climatological ridge over southwest Asia and of
the troughs north and east of High Asia (Fig. 4, top panels).
This pattern may be due to warming of the Tibetan Plateau
at a greater rate than its surroundings and the location of the
upper-tropospheric anti-cyclonic anomaly is similar to that
of Wang et al. (2008, their Fig. 3¢) in numerical experiments
of Tibetan Plateau warming. However, Zhao et al. (2014)
exhibited similar trends in summer from the National Cent-
ers for Environmental Prediction and the National Center
for Environmental Research (NCEP-NCAR) reanalyses
and related them to a weakening of the South Asian sum-
mer monsoon. Similarly, Forsythe et al. (2017) showed a

25 -2-15-1-050 05 1
m/ly

15 2 25

lute values (labeled gray contours every 50 m), as well as the values
obtained by removing the zonal mean of the area shown (colors, m).
The 3-km elevation contour is also plotted

significantly decreasing trend in the KZI (defined in the
introduction), i.e., a cyclonic trend over southwest Asia.
Because the Karakoram Vortex, as defined in that study, is
coupled with the South Asian monsoon in summer and is
anomalously cyclonic when the monsoon is anomalously
anti-cyclonic, this implies a weakening of the monsoon,
as has been identified in other studies (e.g., Krishnan et al.
2013; Zhao et al. 2014; Roxy et al. 2015). The trend may
also be interpreted as an increasing influence of midlatitude
westerlies in summer (Molg et al. 2017)—the upper-tropo-
spheric cyclonic and anti-cyclonic anomalies over High Asia
when the influence of midlatitude westerlies in summer is
enhanced (Fig. 3a of Molg et al. 2017) are highly similarly
distributed to the trend in Fig. 2c, suggesting that the west-
erlies have had an increasing influence in summer during
the period of the downscaling. Therefore, the evidence sug-
gests that the cyclonic and anti-cyclonic trends in summer
(Fig. 2c¢) are associated with both a weakening monsoon and
an increased influence of westerlies. Whether the weaken-
ing monsoon is the root cause of this regional trend remains
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Fig.4 As Fig.3, but for JJA from 1979 to 2014

an ongoing research question. Rather than with understand-
ing the reasons for the atmospheric large-scale trends, the
current study is concerned with their potential roles on the
contrasting glacier behavior between the Karakoram and
central Himalaya.

Because the WRF simulations performed for this study
effectively downscale synoptic-scale features, it is important
to establish that the CFSR trends are accurate. Therefore, the
climatology and trend of 200-hPa geopotential height are
compared between CFSR and ERA-Interim in winter (Fig. 3)
and summer (Fig. 4). The climatology is almost identical
between CFSR and ERA-Interim in both winter (Fig. 3, left
panels) and summer (Fig. 4, left panels). Although the trend
is similar between the two reanalyses, ERA-Interim shows
the cyclonic trend extending farther south in both winter
(Fig. 3, right panels) and summer (Fig. 4, right panels) and
the positive geopotential-height trend is of lower magnitude
than CFSR in both winter and summer. Crucially, CFSR
and ERA-Interim agree that, in both winter and summer,
most of High Asia, including the central Himalaya, has
been under the influence of an anti-cyclonic trend, while the
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northwestern part of High Asia, including the Karakoram,
has not been affected by this trend.

The remainder of this paper is concerned with the effects
of these large-scale trends in winter and summer on local
snowfall and temperature according to the WRF downscal-
ing. Before investigating the physical mechanisms associ-
ated with snowfall and temperature trends over the glaciers,
the following section evaluates the interannual time series
simulated by WRF over the glaciers using available in-situ
and satellite data.

4 Evaluation of WRF with observations

4.1 In-situ measurements over and near the
Karakoram

To evaluate the snowfall and temperature trends shown with
WREF over the Karakoram region, this study compares the
interannual time series of precipitation, daily-maximum 2-m
temperature (T2m) and daily-minimum T2m for both win-
ter and summer to those recorded by five WAPDA surface
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stations near the Karakoram (Sect. 2.3). However, biases
between observation and simulations are expected and have
been discussed in N16. For precipitation, the magnitudes
differ between the station and WRF, which N16 argued was
most likely due to significant undercatch by the stations. For
temperature, the magnitudes differ because the stations are
lower than the mean elevation of all grid points that were
utilized to construct the WRF time series. Nevertheless,
assuming that measured and simulated errors are consistent
through time, the time series may be compared to evaluate
the ability of WREF to represent the interannual variability.
Trends from WRF and the stations are plotted, and their
significance levels indicated, but because the time period
covered by the WAPDA stations is less than half the full
time period of interest, these trends are in some cases not
representative of the full 36 years.

In winter from 1995 to 2009, precipitation, maximum
temperature, and minimum temperature are significantly
correlated (p < 0.01) between WRF and the stations at
0.70, 0.83, and 0.78, respectively (Fig. 5, left panels)
and both WRF and the station measurements show a sig-
nificant (p = 0.02) increase in precipitation during this
period (Fig. 5a). WRF and the stations also agree that
there is almost no difference between maximum and
minimum temperature in terms of interannual variability.
In summer, correlations are lower (0.56, 0.52, and 0.55;
Fig. 5, right panels), but significant at the 5% level, and
the comparisons are impacted by missing station data. In
particular, for the whole of JJA in 1997 (where there are
large discrepancies between WRF and the stations for all
variables), there are precipitation data for only one of the
five WAPDA stations and temperature data for only two.
Given the range in elevation between different stations,
this implies a bias for that year when compared to other
years. Excluding 1997, the precipitation correlation does
not improve (0.55), but the correlations for maximum and
minimum temperature increase to 0.87 and 0.89, respec-
tively. The negative precipitation bias from the stations
appears to be highly consistent through time, judging from
the significant correlations between WRF and the stations
for winter and summer (Fig. 5, top row). In particular,
the greater discrepancy between WRF and the stations
in winter than summer indicates that the stations do not
effectively record snowfall.

To compensate for the relatively short record of
WAPDA measurements in the time period of interest
to this study, almost the full WRF time series over the
Karakoram are compared to the mean of seven lower-
elevation PMD stations in the upper Indus basin in Fig. 6.
The average of precipitation records over a longer time
period shows highly significant correlations with WRF
for precipitation, maximum temperature, and minimum
temperature in winter and summer. The station trends are

similar to those calculated by Forsythe et al. (2015), using
three of the PMD stations and three of the WAPDA sta-
tions employed in this study, and the trends are generally
consistent across stations in winter and summer (Forsythe
et al. 2015, their Fig. 3). Unlike WREF, the stations show
a significant (p = 0.04) increasing trend in maximum
winter temperature (Fig. 6b). However, this is not con-
sidered relevant to glacier melt because maximum winter
temperature is still well below freezing at the elevation
of the glaciers. The significant correlations of the WRF
with station time series in Fig. 6 despite the climatologi-
cal differences between the upper Indus basin and the
Karakoram, combined with the significant correlations
shown in Fig. 5 for the higher-elevation WAPDA stations,
lends confidence to the trends exhibited by WRF over the
Karakoram that are analyzed in this study. Crucially, there
is agreement that the Karakoram/upper Indus basin has
not been under the influence of any trends suggestive of
glacier retreat, and so the observations and simulations
are both consistent with the stable/advancing glaciers
over the Karakoram.

4.2 MODIS cloud cover over the Himalaya
and Karakoram

The motivation of this section is to establish how accurate
WREF is in distinguishing cloudy years from less cloudy
years. This issue is investigated by calculating correlations
between WRF and MODIS cloud cover in terms of inter-
annual variability. In summer, the correlation from 2003
to 2012 is above 0.5 over most of High Asia (Fig. 7b). In
winter, the area of high correlation is smaller and does not
include the CH (Fig. 7a).

When averaged over the Karakoram and CH during win-
ter and summer, the cloud fraction from WREF is about
double that of MODIS (Fig. 8). This is not surprising
since the Thompson microphysics scheme has been found
to substantially overestimate cloud ice in cloud-permitting
simulations at similar grid spacing (Wang et al. 2009). This
is relevant because cloud ice constitutes almost all winter
cloud over these high elevations and even a great deal of
summer cloud. The same study also found biases in the
timing and duration of cloud formation using the Thomp-
son scheme. However, assuming that the biases are fairly
consistent, the most important comparison between WRF
and MODIS for the current study is the interannual cor-
relation. Winter cloud cover shows a correlation of 0.57
and 0.23 over the Karakoram and CH, respectively, and
with p < 0.05 for the Karakoram comparison (Fig. 8, top
row). The low correlation for winter cloud cover over the
CH is of little relevance since almost all precipitation falls
during summer (not shown). Worth noticing, however, the
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Fig.5 Time series comparisons between WRF and the mean of 5
WAPDA surface stations for precipitation, daily-maximum tempera-
ture, and daily minimum temperature in DJF (left panels) and JJA
(right panels). The WRF panels are from the mean of all Karakoram
grid points (shown in Fig. 1b). 10 °C is added to WRF temperature
(since the WRF grid points are higher than the stations) in order to

WRF and MODIS time series are in fact very highly corre-
lated except from 2010-2012 when WRF shows unusually
cloudy years and MODIS does not (Fig. 8b). These years
appear particularly cloudy in WRF due to the general lack
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plot the WRF and station time series together. The least-squares trend
is also plotted for each timeseries and significance levels are indicated
for each trend. Pearson correlations are given between the WRF and
station timeseries in each panel, along with the significance of each
correlation. Correlations and significance levels are rounded to two
decimal places

of cloud cover in winter over the CH, so that a small num-
ber of extreme events in one winter may double or even
triple the mean number of cloudy days. In summer, the
correlations are 0.66 and 0.50 over the Karakoram and CH,
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Fig.6 As Fig. 5, but over the longer time period and taking the mean
of the 7 PMD stations. 20 °C is added to WRF temperature, since
there is an even greater elevation difference between the WRF grid

respectively, and with p < 0.05 for the Karakoram com-
parison (Fig. 8, bottom row). Although the comparisons
between the WRF and MODIS time series are not perfect,
agreement of interannual variability lends confidence to
the trends in cloud cover exhibited by WRF and analyzed
in the following section.
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points and the stations than in Fig. 5, in order to plot the WRF and
station time series together

5 Physical and dynamical mechanisms
explaining regional trends

The objective of this section is to examine physical and
dynamical mechanisms responsible for the trends in snowfall
and T2m exhibited by WRF and how they vary according to
the winter and summer seasons.
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5.1 Winter trends
5.1.1 Large-scale trends

In winter, the relationship between large-scale flow pattern,
cloud cover, and snowfall is reasonably straight-forward, but
does not lead to widespread significant trends in surface var-
iables (Fig. 9). The coverage of the anti-cyclonic warming
trend shown by CFSR in Fig. 2a is effectively downscaled
by WREF, covering the southeastern part of High Asia and
its surroundings at 200 hPa, but excluding the northwestern
part (Fig. 9a). Over the area of warming (no warming), there
are some negative (positive) trends in 300-hPa cloud ice
and snowfall, but there is relatively little area covered by
significant trends (Fig. 9b, c¢). The map of T2m trends does
not bear any resemblance to the other trends, however, and
just shows some warming along the Himalaya (Fig. 9d). The
lack of resemblance between cloud trends and T2m trends
is likely because winter temperature is less dependent on
cloud cover and is also driven by cold-air and warm-air out-
breaks. Because winter temperatures are of little relevance
for glacier melt, these temperature trends are not investigated
further.

(b)300-hPa cloud ice

30N —

25N —

70E ‘ ‘ ‘ ‘ 80E ‘ ‘ ‘ ‘ 90E
10 -8 6 -4 2 0 2 4 6 8 10
10 g/kgly
(d)o-mT

40N — _ -

70E 80E 90E

5 4 32 10 1 2 3 4 5
10Ky

Karakoram glacier outlines in gray. The lines in the panels of pres-
sure-level variables show the locations of the cross sections across the
western Himalaya/Karakoram and CH/Tibet in Fig. 10

5.1.2 Local trends

Cross sections at locations indicated in the top panels of
Fig. 9 illustrate the climatology and changes of these win-
ter flow patterns from 1979-1980 to 2014-2015 from the
perspective of the Karakoram and CH (Fig. 10, left and
right panels, respectively). Over both locations, there is
a band of climatological winter cloud ice above 500 hPa
(Fig. 10, top panels). Liquid cloud is mostly confined to
the first major orographic barrier over the western and
central Himalaya, as has been shown for orographic pre-
cipitation in general (e.g., Bookhagen and Strecker 2008),
due to cross-barrier moisture transport from extratropical
cyclones (e.g., Lang and Barros 2004; Barros et al. 2006;
Cannon et al. 2015; Norris et al. 2015), but with a sec-
ondary maximum over the Karakoram. The magnitudes
of cloud ice and liquid cloud are both far greater over
the western Himalaya and Karakoram than CH and Tibet,
reflecting the greater occurrence of extratropical cyclones
further west.

Significant positve (negative) trends in cloud ice are
exhibited near the Karakoram (CH), but the glaciers them-
selves are minimally affected (Fig. 10, second row). There
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Fig. 10 Meridional cross sections in DJF from 1979-1980 to 2014—
2015 across the the western Himalaya/Karakoram (left panels) and
CH/Tibet (right panels) at the locations shown in Fig. 9. Top row

shows climatologies of cloud ice (blues), ligid cloud (grays), and

are also significant positive trends in liquid cloud near the
Karakoram, with no trends over or near the CH (Fig. 10,
third row). The lack of surface warming over the Kara-
koram previously noted is placed in context by the large
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gap in the positive potential-temperature, 6, trend above
the western Himalaya and Karakoram, in contrast to the
widespread warming extending to the surface above the
CH (Fig. 10, bottom row). These 6 trends correspond to the
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Fig. 11 Interannual timeseries of the indicated variables throughout
the downscaling in DJF. Each entry is calculated from the mean of
all glaciated grid points in the CH or Karakoram (locations shown
in Fig. 1b), taking the total (snowfall) or mean (other variables) over

upper-tropospheric geopotential-height trends (Fig. 9a) and
directly result from the large-scale trends exhibited by the
reanalyses. Also exhibited in both cross sections are signifi-
cant positive trends in cloud ice at about 200 hPa (Fig. 10,
second row) and significant cooling at 100 hPa (Fig. 10, bot-
tom row). These are almost certainly due to an expansion of
the troposphere with global warming and relatively uniform
in horizontal plots (not shown), and so are not considered
relevant for glacier mass balance.

Averaged over the CH and Karakoram, there is a highly
significant upward trend in 200-hPa geopotential height
over the CH but not Karakoram (Fig. 11a), but this has not
resulted in significant trends in 300-hPa cloud ice, 500-hPa
liquid cloud, or snowfall over either region, although there
are upward trends in cloud and snowfall over the Karako-
ram that are rendered insignificant by large interannual vari-
ability (Fig. 11b—d). There are also no significant trends in
T2m, averaging over each region, although there is a 1-K
increase in the trend from 1979 to 2014 over the CH that
is rendered insignificant by large interannual variability
(Fig. 11e). Thus, in winter, despite a clear divide between an

1980 1990 2000 2010
Year

winter. The trends of the timeseries are also shown, with their magni-
tudes (rounded to two significant figures) and significance levels (two
decimal places) indicated

anti-cyclonic warming trend in the upper troposphere over
the CH and no such trend over the Karakoram, the downs-
caling does not identify any significant precipitation or 2-m
temperature trends.

5.2 Summer trends
5.2.1 Large-scale trends

In summer, mechanisms explaining snowfall and tempera-
ture trends are more complex and result from a combination
of effects that, to be properly understood, require more vari-
ables at different pressure levels (Fig. 12). As in winter, the
anti-cyclonic warming trend shown by CFSR in Fig. 2c is
effectively downscaled by WREF, covering the southeastern
part of High Asia and its surroundings at 200 hPa, exclud-
ing the northwestern part (Fig. 12a). Consequently, at 300
hPa, cloud ice has significantly decreased over most of
central and eastern High Asia, with the greatest decreases
co-located with the maximum in the geopotential-height
trend, whereas the western part containing the Karakoram
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Fig. 12 As Fig. 9, but for the given variables in JJA from 1979 to 2014. The lines in the panels of pressure-level variables show the locations of
the cross sections across the western Himalaya/Karakoram and CH/Tibet in Fig. 13

shows mostly neutral trends (Fig. 12b). At 500 hPa, there is
an increasing trend in liquid cloud over the central Tibetan
Plateau and parts of western High Asia (Fig. 12d), corre-
sponding to the gap in the positive 8 trend at the same level
(Fig. 12c¢).

The cloud trends, particularly at 500 hPa, closely resem-
ble those of surface variables (Fig. 12e—h). On the large-
scale, positive (negative) cloud trends in Fig. 12b, d are co-
located with negative (neutral) trends in incoming shortwave
radiation (Fig. 12e), positive (neutral) trends in incoming
longwave radiation (Fig. 12f), neutral (negative) trends in
snowfall (Fig. 12g), and negative (positive) trends in T2m
(Fig. 12h). However, there is no significant trend in T2m
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over most of central and western High Asia, suggesting that
a decrease in shortwave radiation may have been offset by
an increase in longwave radiation. The area of decreasing
cloud ice (Fig. 12b), decreasing snowfall (Fig. 12g) and
increasing T2m (Fig. 12h) is very similar to that shown by
surface-temperature observations over the Tibetan Plateau
(Wang et al. 2008; Gao et al. 2015) and precipitation obser-
vations from APHRODITE (Malik et al. 2016, based on a
quantile regression). With their 30-km multi-decadal WRF
down-scaling, Gao et al. (2015) showed that this near-sur-
face warming is associated with a negative trend in lapse
rate, consistent with the positive trend in geopotential height
over this part of the Tibetan Plateau (Fig. 12a). This area
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has therefore experienced increased stability, reduced cloud
cover, reduced snowfall, and warming. Contrastingly, the
area with increasing liquid cloud (Fig. 12d) and decreasing
shortwave radiation (Fig. 12e) is co-located with a gap in
the areas of snowfall and temperature changes (Fig. 12g,
h), suggesting that the increase in the simulated cloudiness
has offset the drying and warming trends over the north-
ern/central Tibetan Plateau associated with the larger-scale
anti-cyclonic trend (Fig. 12a). Because the emphasis for this
study is on trends over the CH and Karakoram, the trends
over Tibet are not further investigated.

It is important to note that surface temperature in sum-
mer is not purely determined by cloud cover and responds
to a combination of factors, including changes in horizon-
tal advection and increase in subsidence, which may have
contributed to surface warming over this area, considering
the anti-cyclonic trend. Zhao et al. (2014) related cooling of
west Asia and warming of east Asia in summer to differential
advection due to the weakening monsoon (see the schematic
in their Fig. 10). Furthermore, Forsythe et al. (2015) found
that in JJA daily maximum temperature at PMD/WAPDA
stations and daytime MODIS cloud cover are correlated
between — 0.1 and — 0.7, depending on the specific month
and station (their Fig. 8a), indicating that summer surface
temperature is not solely dependent on cloud cover. How-
ever, of relevance to the current study, their figure shows
that higher-elevation stations have greater negative correla-
tions, with all correlations < 0.4 and statistically significant
for stations above 3 km elevation. Therefore, although sur-
face temperature is not solely dependent on cloud cover, the
results of Forsythe et al. (2015), together with the similar-
ity of the areas of negative cloud trends, and positive T2m
trends in the current study (Fig. 12) strongly suggest that
reduced cloud has played a significant role in daytime sur-
face warming over southeastern High Asia.

5.2.2 Local trends

Within the regions of broadly positive or negative trends
of the fields shown in Fig. 12 there is considerable spatial
variability (Fig. 12—all panels except those showing geo-
potential height and @), reflecting how the complex terrain
modifies the large-scale trends. Cross sections taken at the
locations indicated in Fig. 12 illustrate the climatology and
changes of these summer flow patterns from 1979 to 2014
from the perspective of the Karakoram and CH (Fig. 13,
left and right panels, respectively), as for winter trends in
Fig. 10. Over both locations, there is a band of climato-
logical summer cloud ice between about 300 and 100 hPa
(Fig. 13, top panels), indicating the layer of the atmosphere
in which cloud ice predominantly forms. The climatology
indicates that cloud ice forms sufficiently high in summer to
be relatively independent of orography. By contrast, liquid

cloud is mostly confined to the first major orographic bar-
rier in the mid-troposphere, as in winter (Fig. 10, top row),
due to moisture advection from the monsoonal flow. This
monsoon circulation is exhibited in the top panels of Fig. 13
as a southerly (cross-barrier) jet at low levels, with ascent
at the orographic barrier, and northerly returning flow aloft.
Near the western Himalaya, however, there are climatologi-
cal southerlies in the upper troposphere, co-located with the
climatological maximum cloud ice.

Over both locations, there is a negative trend in cloud
ice from 300 hPa upward (Fig. 13, second row), co-located
with warming (Fig. 13, bottom row). This cloud-ice reduc-
tion and warming extend to the surface over the CH and
there are statistically significant downward wind vectors
below areas of cloud-ice reduction, indicating that, when
averaged over summer, there has been less ascent forming
these clouds, likely due to the anticyclonic trend. Contrast-
ingly, there is no warming and little reduction in cloud
ice below 300 hPa over the western Himalaya and Kara-
koram. This area between 500 and 300 hPa is where the
pronounced southerly trend lies over the western Himalaya
and Karakoram. This southerly trend is the eastern flank
of the cyclonic trend over west Asia and has likely offset
the large-scale warming in the upper troposphere. Addi-
tionally, there is an increase in liquid cloud on the wind-
ward side of the mountains over the western Himalaya
and Karakoram at midlevels of the troposphere (roughly
between 700 and 500 hPa), with no trend over the CH
(Fig. 13, third row).

The contrasting trends between the CH and Karakoram in
summer months since 1979 are summarized in Fig. 14. At
200 hPa there is a significant increase in geopotential height
over both the CH and Karakoram of similar magnitude
(Fig. 14a), but lower down at 500 hPa there is significant
warming over the CH but not Karakoram (Fig. 14c). There is
a significant decreasing trend in cloud ice over the CH at 300
hPa (and at 500 hPa, not shown), but with no trend in cloud
ice over the Karakoram (Fig. 14b). The lack of an increasing
liquid-cloud trend at 500 hPa over the CH (Fig. 14d), despite
warming, indicates a net decrease in condensate over the
CH. By contrast, the significant positive trend in liquid cloud
over the Karakoram (Fig. 14d), given that there are no trends
in cloud ice, indicates a net increase in condensate over the
Karakoram. Consequently, there is a significant decreasing
trend in downward shortwave radiation over the Karakoram
(Fig. 14e) and a significant increasing trend in downward
longwave radiation (Fig. 14f). There is no significant trend
in downward shortwave radiation over the CH (Fig. 14e),
despite the significantly reduced cloud cover, but this rela-
tionship is likely better explained by trends in the diurnal
cycle, which are not investigated in this study. Despite the
lack of a significant trend in downward shortwave radiation
over the CH, the time series of 500-hPa liquid cloud and
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Fig. 13 As Fig. 10, but for JJA from 1979 to 2014, and also including trends in the v—w wind vectors (plotted where either the v or w trend is

significant at the 5% level)

downward shortwave radiation have highly significant (p <
0.005) correlations of — 0.92 over the CH (and — 0.83 over
the Karakoram). Therefore, the downscaling shows a strong
relationship whereby greater (less) cloud cover implies less
(more) incoming shortwave radiation, when averaged over
a summer season.

@ Springer

Regarding meteorological forcing of glacier advance/
retreat, these cloud and radiation trends mean that over the
CH in summer snowfall has significantly decreased by 1.9
mm/year (Fig. 14g) and T2m has significantly increased by
0.014 K/year (Fig. 14h). Meanwhile, there is no significant
trend in snowfall or T2m over the Karakoram (Fig. 14g, h).
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Fig. 14 As Fig.11, but for the given variables in JJA. Some timeseries
are re-scaled or have a constant added as indicated in order to plot the
CH and Karakoram timeseries together. Where timeseries have been

Therefore, according to the downscaling the increasing lig-
uid cloud over the Karakoram in summer has not resulted in
a significant increase in snowfall, and the decreasing short-
wave radiation has not resulted in significant cooling.
Although the downscaling captures differences in trend
between the CH and Karakoram, particularly in summer,
which may explain the contrasting glacier behaviour
between these two regions, there are no differences cap-
tured between the Karakoram and its closer surrounding
mountain ranges. In particular, glaciers in the Hindu Kush
and western Himalaya regions have exhibited rapid gla-
cier loss in recent decades (Bolch et al. 2012; Gardelle
et al. 2013; Kaab et al. 2015), but the downscaling shows
no trends in snowfall or T2m over any glaciated regions
within 500 km or so of the Karakoram that are consist-
ent with glacier retreat (bottom row of Figs. 9 and 12).
Thus, this downscaling is unable to address the contrast
in glacier mass balance between the Karakoram and its
immediate neighboring ranges. Performing a higher-reso-
lution downscaling would possibly identify these hetero-
geneous trends, or it is possible that these contrasts are
driven by factors that a purely meteorological model is
unable to address. Regardless, the downscaling has identi-
fied strongly contrasting snowfall and surface-temperature
trends between the Karakoram and CH that may be a sig-
nificant factor in the observed glacier retreat over the CH
but not Karakoram. Further research is required to address

re-scaled, the given value for the trend is of the original timeseries,
not the re-scaled timeseries

why other glaciers near the Karakoram have not behaved
as those on the Karakoram itself.

6 Summary and conclusions

Karakoram glaciers have been stable or even advanced,
while other glaciers in High Mountain Asia including
the central Himalaya have retreated at particularly high
rates in recent decades. To investigate snowfall and tem-
perature trends associated with this differential between
central Himalayan and Karakoram glaciers, 36 years of
CFSR were dynamically downscaled with WRF over High
Mountain Asia from 1979-2015. In all four seasons, CFSR
exhibits positive trends in geopotential height over most
of High Mountain Asia, indicating tropospheric warming.
Most relevantly, in winter and summer, the eastern part
of High Asia, including the central Himalaya, has been
affected by an anti-cyclonic warming trend, whereas the
western part of High Asia, including the Karakoram, has
been affected by a cyclonic trend with no warming.

In winter, areas of cyclonic (anti-cyclonic) trends are
co-located with increasing (decreasing) cloud cover in the
upper troposphere and increasing (decreasing) snowfall,
but only small areas exhibit significant trends in cloud
or snowfall. Trends in 2-m temperature are not similarly
distributed, with just significant warming along part of the
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Himalaya, but are considered less relevant because even
with warming winter temperatures are still well below
freezing.

In summer, the most distinctive differences between
the central Himalaya and Karakoram are observed. The
anti-cyclonic trend over the eastern part of High Asia has
reduced cloud cover from the surface upward, including
over the central Himalaya. Although there are no signifi-
cant trends in incoming shortwave radiation, there are sig-
nificant trends of reduced snowfall and warming over the
central Himalaya in summer, likely related to the reduction
in cloud cover.

In summer, the Karakoram is near the edge of the anti-
cyclonic trend in the upper troposphere, and there is no
significant trend in potential temperature near the surface,
unlike most of the region that shows a widespread positive
trend. The Karakoram shows significant trends of increas-
ing cloud cover and decreasing incoming shortwave radia-
tion. Despite these trends in cloud cover and radiation,
there are no significant trends in snowfall or 2-m tempera-
ture. The regional trends in summer shown by WRF are
consistent with rapid glacier retreat over the central Hima-
laya and stable/advancing glaciers over the Karakoram.

Although the downscaling identified trends over the
central Himalaya consistent with glacier retreat, there are
other glaciers nearer the Karakoram (e.g., Hindu Kush and
the western Himalaya) where glaciers have also retreated
in recent decades (Bolch et al. 2012; Gardelle et al. 2013;
Kaab et al. 2015), where this downscaling did not identify
any trends to contrast with those over the Karakoram. Addi-
tional studies are required to investigate whether higher res-
olution can identify more localized snowfall or temperature
trends. There are some factors relevant to glacier retreat/
advance that are not represented by a purely atmospheric
model (e.g., debris cover of glaciers and aerosol concentra-
tion). A dynamical downscaling should not be considered a
complete model for calculating glacier advance/retreat and
is likely insufficient to fully explain the Karakoram anom-
aly. Nevertheless, from a meteorological perspective, the
contrasting trends in both winter and summer between the
Karakoram and central Himalaya identified by this downs-
caling may explain a great deal of the observed variability
in glacier retreat/advance within the region.
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