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1. Introduction

Mountain orography creates an interesting wind system with daily developing moun-
tain winds. These thermally driven local winds play an important role in the trans-
port of pollution in the mountain areas. The vertical transport of aerosol can be up
to 3.5 times higher in the mountains compared to over flat terrain (Wagner et al.,
2015a). Due to strong inversion layers and regional winds flowing day-to-day along
the same paths, valleys and basins are also highly sensitive for severe air-quality
problems (Whiteman (2000), Diémoz et al. (2019), Gohm et al. (2009)). Now con-
sidering that one third of Earth land surface is covered by mountains, just by the
definition of orography elevation, the local circulation in mountains deserves more
detailed research (Rotach et al., 2014).

The thermally driven mountain winds concentrated in this thesis are slope
and along-valley winds that flow along the slopes and valley-axis, respectively. By
textbook theory, the slope winds are driven by horizontal temperature differences
caused by the slope heating and cooling by solar radiation and outgoing longwave
radiation, respectively (Whiteman (2000), Markowski and Richardson (2010)). The
air in the vicinity of the surface is warmed and cooled by the surface creating a
temperature difference between the air at the same height out from the slope which
results in an imbalance of gravity and buoyancy. The along-valley winds instead are
driven by the differential heating and cooling caused by the difference in air volume

for the same horizontal area above a valley and an adjacent plain. Given the same
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rate of solar heating or longwave radiative cooling, the smaller air volume between
the slope walls results in greater temperature changes compared to the air above the
adjacent plain. The aim of this thesis is to determine if the slope and along-valley
winds in the Himalayas are driven by textbook mechanisms.

The analysis of this study concentrates on the local mountain winds in Khumbu
valley, which is one major valley in the Nepal Himalayas leading to the base of Mount
Everest. The steep inclination towards the Mount Everest and Tibetian Plateau af-
fects both the thermally driven winds and the variability of climates along the valley
(Karki et al., 2016). The climates vary from the low elevations sub-tropics to the
Mount Everest base polar tundra just within less than 100 kilometers. Wagner et al.
(2015b) found in their idealised valley simulations with heterogeneous along-valley
geometry enhanced along-valley winds due to the valley elevation and narrowing
towards the head of the valley, which makes the Khumbu valley an interesting area
to examine the role of the textbook theories of the mountain winds.

The slope and valley winds in Khumbu valley are studied using a high res-
olution simulation performed with the Weather Research and Forecasting model
(WRF). In earlier studies WRF has been shown to be capable of simulating the
local mountain winds when run with 1 kilometer horizontal resolution (Giovannini
et al. (2014a), Potter et al. (2018)). The simulation used in this study is com-
pared with the other studies considering the local winds in the Khumbu valley. The
characteristics of the slope and valley winds are similar compared to studies with
modelling (Potter et al., 2018) and observations (Bollasina et al. (2002), Shea et al.

(2015)).



2. Theory and background

2.1 Atmospheric boundary layer

The atmospheric boundary layer (ABL) is defined as the part of the troposphere
which is in direct interaction with the Earth surface (Holton and Hakim, 2013). The
flow field in ABL responds to surface forcing within a timescale of an hour or less
(Stull, 1988). Flow conditions in the ABL are highly dominated by shear-induced
turbulent eddies and fluxes between the atmosphere and the surface. Although
molecular viscosity is significant only in the closest millimeters to the surface it
affects the whole ABL by taking wind velocity to zero just in the vicinity of the
surface (Holton and Hakim, 2013). In this way even the smallest wind speeds create
wind shear which combined with buoyancy results in turbulent eddies that transport
heat, momentum and energy fluxes between Earth surface and the atmosphere. In
the mountain areas, ABL is the part of the atmosphere where the thermally driven
slope and along-valley winds occur.

The turbulent eddies in ABL act on length scales from viscous sublayer (1073
meters) to boundary layer depth (10® meters). The boundary layer depth varies from
only tens of meters up to three kilometers depending on the climate, weather and
time of the day. In free troposphere (FT) the turbulent motions and viscosity does
not dominate the flow conditions and the diurnal cycle of wind field or temperature

are insignificant (Stull, 1988).
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The diurnal cycle of ABL consists of four main stages: evening transition pe-
riod, nocturnal decoupled period, morning transition period and daytime coupled
period (Whiteman, 2000). The diurnal cycle of ABL vertical structure is illustrated
in Figure 2.1. After sunrise the turbulent heat flux starts to warm the boundary
layer. This convective turbulence destroys the stable layer formed during the night.
Eventually the convective boundary layer (CBL) may become well mixed between
the surface layer and entrainment zone (EZ) meaning the potential temperature and
wind profiles are nearly constant throughout the ABL (Holton and Hakim, 2013).
The entrainment zone refers to the layer separating CBL and FT. Exchange pro-
cesses between ABL and FT take place in EZ, such as vertical transport of pollution
between the layers or tropospheric air entrainment into ABL (Foken, 2008). Daytime
period is termed coupled because the ABL and FT are coupled through EZ, whereas
ABL and FT are separated by inversion layer during nocturnal decoupled period
(Whiteman, 2000). Morning transition period starts when solar radiative heating
exceeds outgoing longwave radiative cooling and vice versa for evening transition

period.
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Figure 2.1: Schematic diurnal cycle of boundary layer structure over a flat terrain. CBL and EZ
stand for convective boundary layer and entrainment zone, respectively. Adapted from Whiteman

(2000), Figure 4.14.
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In cold climates or in cloudy weather the stable layer may stay prominent if
the surface heating is weak. The nocturnal boundary layer is characterised by a
stable layer growing from the surface and weaker turbulent flows. Above the stable

layer lays a so-called residual layer, which are remains of the mixed turbulent layer.

2.1.1 Atmospheric boundary layer over mountain terrain

The boundary layer over mountains is divided in mountain, slope and valley atmo-
spheres (Ekhart, 1948), which is illustrated in Figure 2.2. Slope and valley atmo-
spheres are characterised by thermally driven slope, valley and cross-valley winds
(Whiteman, 2000). These local winds flow up slope and valley surfaces daytime and
down nighttime. Compensatory flows blow the opposite dircetion in closed circula-
tion aloft within the valley atmosphere. Mountain-plain winds flow in the mountain
atmosphere with similar pattern but in a larger scale circulation. The diurnal cycle
or parts of it may be dominated by local topography induced or strong synoptic

scale flows. The thermally driven local winds are described in details in Section 2.2.

™ 1 slope atmosphere valley atmosphere

=

Figure 2.2: Dashed line and hashed fill indicate slope atmosphere and valley atmosphere, respec-
tively. Boundary between free troposphere and atmosphere influenced by mountain marked with

solid line. Adapted from de Wekker and Kossmann (2015), Figure 1.
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The boundary layer in slope and valley atmosphere differs from one over flat
terrain. Since the terrain is horizontally heterogeneous, the vertical structure of
boundary layer differs over the slopes and valley center (Whiteman, 2000).

The evening transition period starts slightly before sunset when the longwave
radiative cooling exceeds the surface heating by the solar radiation (Figure 2.3a—
b). Cool air flows down the slopes which creates a cold pool that grows in height
from the valley bottom. On top of the cold pool there is a residual layer which is
characterised by up-valley winds (Figure 2.3c¢) (de Wekker and Kossmann, 2015).
The evening transition period ends when the residual layer is ceased or the cold pool
fills the entire valley atmosphere and the down-valley winds blow through the depth
of the valley (Whiteman, 2000).

The nocturnal phase is called decoupled for two reasons (Whiteman, 2000).
The inversion at ridge height prevents air exchange between the valley and FT. Also
the ridges protect the flows within the slope and valley atmospheres from large scale
flows aloft the valley. The depth of the cold pool depends on the surface cooling rate
compared to climate and ridge line height, the inversion layer may exceed above the
ridges or stay within the valley.

The morning transition period starts right after sunrise, when the surface
heating by solar radiation exceeds the longwave radiative cooling. The stable core
is destroyed from above by the descending flow that is caused by the convergence
of cross-valley circulation at the crest height above the center of the valley (Figure
2.3d-e) and from below by the mixed layer. The cross-valley circulation pointed
towards the center of the valley at the crest height originates from the up-slope
winds blocked by capping inversion (Catalano and Cenedese, 2010). The mixed
layer stays moderate shallow, compared to one over a flat terrain, because the slope

flows take air out from the valley floor (Stull, 1988). The stable core is destroyed in
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three to five hours after sunrise (Whiteman and McKee, 1982) ending the morning
transition phase.

The daytime coupled period refers to a fully developed CBL extending above
the ridge height (Figure 2.3f). The valley atmosphere is then coupled to the free
atmosphere above ridges and the large-scale flows channel easier to dominate the
thermally driven flows (de Wekker and Kossmann, 2015). Depending on the valley
depth and local topography the slope wind circulation may have multiple cells sepa-
rated by inversion layers within the valley during the coupled period (Wagner et al.,
2014). Wind speeds reach their maxima in the afternoon and wind direction turns
katabatic before sunset when the evening transition period starts again (Whiteman,

2000).
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Figure 2.3: Idealised diurnal cycle of cross-valley circulations and layers with different static
stabilities in a valley atmosphere. RL and ML refer to residual and mixed layer, respectively.

Adapted from Stull (1988), Figure 14.2.
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2.2 Diurnal mountain winds

Diurnal mountain winds consist of four major components: slope winds, along-valley
winds, mountain-plain winds and cross-valley winds (Whiteman, 2000). Briefly, the
winds blow up-slope, up-valley and from plain to mountain during daytime and
down-slope, down-valley and from mountain to plain during nighttime. Often the
different wind components can be difficult to separate from each others because
their cycles overlap and magnitudes differ locally. Usually the wind direction at
slope surface circles from morning up-slope to afternoon up-valley and in evening
transition period from down-slope to nocturnal down-valley winds. Complex terrain
causes local differences in wind magnitudes due to differential shading or other
varying surface properties like albedo and latent heat. These mountain winds are
driven by horizontal temperature differences caused by uneven warming and cooling
and they are strongest on days with clear sky and weak synoptic scale wind. As
the aim of this thesis is to determine if typical textbook driving mechamisms for
mountain winds apply in the Himalayas, these driving mechanisms for slope, valley
and cross-valley wind components are described in the following Sections 2.2.1, 2.2.2
and 2.2.3, respectively.

Most of the theories considering mountain winds have been developed based
on observations or idealised modelling simulations. Majority of the observation
campaigns are done in European Alps or Rocky Mountains in Northern America.
The advantage of idealised simulations is to get clearer view of the thermally driven
phenomena in a highly controlled simulation environment. The idealisations mean
for example a use of simplified valley topographies or absence of large scale weather
forcing.

Various studies in the past decades have evaluated the capability of numerical
weather prediction models capturing the thermally driven mountain winds (Giovan-

nini et al. (2014b), Giovannini et al. (2014a), Giovannini et al. (2017), De Wekker and
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Fast (2005), Rotach and Zardi (2007)). The common conclusion from these studies
is that the weather models are eligible to simulate the thermally driven valley winds
with 1 kilometers resolution. Models used in aforementioned studies were Weather
Research and Forecasting model, WRF (Giovannini et al. (2014a), Giovannini et al.
(2014b)), Consortium for Small-Scale Modelling Model, COSMO (Schmidli et al.
(2018)) and Regional Atmospheric Modelling System, RAMS (De Wekker and Fast
(2005)). RAMS had troubles in simulating the onset of up-valley winds ending up
in 2 hours delay in the morning transition period which was caused by the inability
to model shading effect of surrounding topograpgy around the sunset and sunrise.
COSMO was able to resolve the valley winds in large and medium sized valleys.
Schmidli et al. (2018) found also a requirement of high resolution surface topogra-
phy and land use data for capturing the valley wind magnitudes well. Capability of

WRF is described in details in Section 3.2.

2.2.1 Slope winds

Slope winds are driven by horizontal temperature difference in air adjacent to the
slope surface (Markowski and Richardson, 2010). During daytime the slope surface
is heated by solar radiation which leads to air being warmer close to the surface
than away from it on the same height which is illustrated in the Figure 2.4a, where
the horizontal isentropes are pointed downwards in the vicinity of the surface. Po-
tentially warmer air accelerates upwards when bouyancy force acts stronger than
gravity in the air parcel at the surface (Figure 2.5a). Pressure gradient force caused
by the warmed air keeps the flow towards the slope (Stull, 2011), which is marked
with PGF in Figure 2.5a. The same process happening along the slope at each
height produces an up-slope blowing wind layer. The simple model for daytime up-

slope wind circulation is illustrated in Figure 2.6a, where slope winds blow in the
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CBL and towards the valley center above CBL, with corresponding descending flow

above the valley center (de Wekker and Kossmann, 2015).

a) b)

Figure 2.4: Potential temperature () profiles that develope a) daytime up-slope winds and b)

nighttime down-slope winds. Adapted from Markowski and Richardson (2010), Figure 11.1.
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Figure 2.5: Force diagram in the process of a) up-slope winds and b) down-slope winds. Vectors

V and PGF denotes wind vector and pressure gradient force, respectively. In this figure 77 < T3

and p; > pa. Adapted from Barry (2008), Figure 3.32.

Aforementioned slope wind process happens reversed when longwave radiation
is cooling the slope surface during nighttime and the down-slope winds blow along
the slope. For downslope winds at the surface the isentropes point upwards in the

vicinity of surface (Figure 2.4b) and the gravity force exceeds buoyancy (Figure
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2.5b). The driving mechanism acts the strongest in early hours of the transitions
periods (Whiteman, 2000) when the temperature gradients are at the strongest.

The magnitude of slope winds is around 1-5 meters per second and the depth
of the up-slope (down-slope) winds varies from 50 to 150 (10 to 40) meters after
the transition period (Whiteman, 2000). Despite that the horizontal temperature
gradients are the strongest near the surface, the slope wind maxima is typically
found in up-slope and down-slope winds on heights 10-20 meters and 1-3 meters
above the surface, respectively. Aforementioned surface friction reduces the wind
speed in the surface vicinity. The depth of the up-slope wind layer increases with
increased elevation (Markowski and Richardson, 2010). With increasing depth also
volume flux increases as there is air entrained from the upper boundary of the slope
wind layer (Zardi and Whiteman, 2013).

The classical slope wind circulation in Figure 2.6a is typically found in wide or
low valleys (Rotach et al., 2015). With strong capping inversion below crest height,
the slope wind circulation can be limited in lower heights (Figure 2.6¢)(de Wekker
and Kossmann, 2015). During the coupled period when the CBL has grown height
from the valley bottom the returning circulation occurs within the CBL and is mixed
with the up-slope winds (Figure 2.6d). In this stage the up-slope winds get weaker
or absent.

Up-slope winds act most pronounced with aforementioned clear sky, weak to
moderate ambient wind but also in an initially stable valley atmosphere. Differ-
ent cloud types absorb and reflect longwave and shortwave radiation differently but
overall the slope wind circulation is stronger with clear sky. Ohata et al. (1981)
found the thermally driven local winds to decrease in magnitude almost by a third
when Khumbu valley was coveraged by clouds in the Himalayas. In an unstable

valley atmosphere the up-slope wind layer would not be observed, since the convec-
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c) d)

Figure 2.6: Conceptual models of daytime up-slope wind circulations and CBL height over heated
slope. Solid and dashed lines denote isentropes and CBL height, respectively. Solid and dashed
arrows denote air flow over the slope and corresponding subsidence flow over the center of the

valley. Adapted from de Wekker and Kossmann (2015), Figure 4.

tion would raise air parcels vertically, instead of developing the up-slope wind layer
(Orville, 1964).

In the northern hemisphere, south facing slopes have the strongest up-slope
winds and north facing slopes the weakest (Barry, 2008). The difference in up-slope
winds between south and north facing slopes is significant, for example in the Inn
valley in Austria that is east-west orientated (Gohm et al., 2009). The slope wind

cycle between east and west facing slopes are slightly delayed from each other as
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the west slope is sun lit earlier in the morning and east slope later in the evening
(Barry, 2008).

For slopes with varying slope angle (Barry, 2008) and surface properties the
slope wind velocities vary along the slope (Whiteman, 2000). Increased soil moisture
and surface albedo would weaken the driving mechanism for up-slope winds due to
decrease in sensible heat flux and absorbed sun radiation. Gohm et al. (2009) found
a layered flow separation of up-slope winds towards the valley center caused by
changes in the slope angle and surface albedo along the Inn valley. Ohata et al.
(1981) found the thermally driven winds to decrease in magnitude when Khumbu
valley were covered in snow. For uniform slope angle the down-slope winds would
have the down-slope maximum near the base of the slope (Barry, 2008). In concave
shaped valleys the maximum is found in the steepest part and lower wind speeds in

the base.

2.2.2 Along-valley winds

The magnitude of the valley wind maxima is 3-10 meters per second and is typi-
cally found at height 30-60% of the inversion layer height (Whiteman, 2000). The
strongest down-valley winds are usually found at the mouth of valley, in the so-
called valley exit jet. Near the valley exit the valley-plain pressure gradient is the
strongest, caused by abrupt change of topography. Cold air sinking along the valley
also causes the down-valley wind velocities to increase with distance. In valleys
without major constrictions along the valley axis, the valley wind layer increases
both in depth and wind speed with distance which means an increase in mass flux
(Zardi and Whiteman, 2013). Returning circulation for valley winds are sometimes
observed below ridge height, in the stable core or residual layer (Whiteman, 2000).

The returning wind is usually weaker and often not observed.
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Figure 2.7: Cross sections of air for equal horizontal length taken across a valley and above a

plain. Adapted from Markowski and Richardson (2010), figure 11.9.

The main driving mechanism for diurnal along-valley winds are tempera-
ture gradients between the valley atmosphere and air above the adjacent plain
(Markowski and Richardson, 2010). Taken an equal cross section of atmosphere
across the valley and above a plain, the air volume in the valley is smaller than
above the plain (Figure 2.7). From the first law of thermodynamics, one can say
that for equal heating the air in the valley will warm faster. This causes a pressure
gradient force pointing towards the valley and results in a daytime up-valley wind.
The same process is reversed with longwave radiative cooling nighttime, causing
the air in the valley to cool down faster than the air above the plain. Now the
pressure gradient force points down the valley towards the plain and it drives the
nocturnal down-valley winds. For along-valley winds to form it is not necessary for
the valley floor to be elevated along the valley-axis. If the valley floor is sloped the
slope wind mechanism, described in previous section 2.2.1, will act also along the
valley. Synoptic-scale pressure gradients can also cause along-valley winds that do
not have a diurnal cycle (Zardi and Whiteman, 2013). Pressure-driven channeling
drives wind along the valley-axis from higher to lower pressures.

The effects of valley geometry and along-valley axis heterogeneity was stud-
ied using idealised valley simulations by Wagner et al. (2015a) and Wagner et al.
(2015b). Tilting the valley floor and narrowing the valley towards the head of the
valley caused a major increase in the up-valley wind speeds. When the valley air

volume was reduced by half, the up-valley wind speeds doubled and up-valley winds
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were found to penetrate further up the valley with both tilted valley floor and nar-
rowing slopes (Wagner et al., 2015a). Constrictions and local height minima along
valley-axis cause cold pools with night-time down-valley winds (Whiteman, 2000).
Rampanelli et al. (2004) found up-valley winds in their idealised simulation
even for a valley with vertical slopes. In a valley with vertical slopes the taken cross
section would be equal in the valley and above a plain. The subsidense warming in
the valley core, caused by the slope wind circulation, modifies the vertical structure
of CBL that forms an up-valley wind. Rampanelli et al. (2004) proposed this sub-
sidence warming of the valley air to be the main driver of the valley winds, instead

of the air volume difference introduced earlier.

2.2.3 Cross-valley winds and vertically stacked circulation

The cross-valley and vertically stacked circulation processes go beyond the standard
textbook mechanisms, but are important to understand when monitoring the local
mountain winds.

Cross-valley winds blow perpendicular to valley-axis from slope-to-slope and
are moderately weak in magnitude (Whiteman, 2000). Uneven heating between
the slopes cause cross-valley winds and thus they happen during daytime, since
the longwave radiative cooling is equal between the slopes in spite of the valley
orientation. The most typical characteristics of cross-valley winds is a surface wind
flowing towards the warmer slope and opposite direction higher within the valley
atmosphere. Strongest cross-valley circulations are most likely to occur in east-
west orientated valleys, since the heating difference between the slopes are then
the highest (Rotach et al., 2015). In north-south orientated valleys the cross-valley
circulations occur in early morning and late evening when the differential heating

of the slopes is at the strongest (Weigel and Rotach, 2004).
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Wagner et al. (2014) found in their idealised valley simulations that during
the coupled period deep and narrow valleys favor to form multiple circulation cells
separated by inversion layers within the valley (Figure 2.6b). Similar result is visible
in idealised valley simulations by Schmidli (2013) and Serafin and Zardi (2010).
The lower circulation cell acts within the CBL and is associated with the up-slope
winds and corresponding subsidense flow above the valley center. The circulation
in the upper cell is relatively weaker than in the lower one and it is caused by the
thermally driven cross-valley winds at the crest height, having also a subsidence
flow above the valley center. Wagner et al. (2015b) summarise that single cross-
valley circulation form in valleys with crest height less than the ABL height over
adjacent horizontally homogeneous land. For deeper valleys the valley inversion
would separate the circulation cells into multiple layers. Although whether the
stacked circulation occurs it is highly dependent in the background forcing and
static stability of the ABL.

Weigel and Rotach (2004) studied local mountain winds in Riviera valley in
Switzerland and identified two cross-valley circulations occuring in the particular
valley. The valley bends just before the entrance into Riviera valley which creates
curvature-induced secondary circulation in the valley entrance during afternoons,
which is illustrated in Figure 2.8. When the strong up-valley wind flows through
the bend, the potentially colder and thus heavier air is packed close to the outer
slope, pushing the potentially warmer and thus lighter air towards the inner slope.
The potentially warmer air rises and cold air sinks creating a cross-valley circulation
from the outer slope to inner slope and corresponding reversed circulation higher
in the valley atmosphere. Near the head of the valley the cross-valley circulation
is thermally driven. In the afternoon the west facing slope (outer slope in the case
of mouth of the valley) in sun lit and east facing slope shaded. Ascent in sun lit

and descent in shaded slope creates a counter-clockwise circulation. This thermally
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Figure 2.8: Daytime curvature-induced cross-valley circulation in the mouth of Riviera valley.
Right-hand side is the outer slope and left-hand side is the inner slope. F), and Fa, denote the
centrifugal force and the hydrostatic pressure gradient force, respectively. Adapted from Weigel

and Rotach (2004), Figure 11.

driven circulation is dominated by the curve-induced circulation in the mouth of the

valley creating a clockwise circulation.

2.3 Terrain forced flow

When air flow confronts a barrier on its path, the air is forced to either flow around
or over the obstacle. The resulting flow field depends on various factors and often the
air flow split vertically in both going over and around layers (Whiteman, 2000). The
most important factors are flow velocity, barrier height and width, static stability

of atmosphere and the orientation and shape of the barrier with respect to the flow
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direction. While the air is forced to ascend over the mountain, adiabatic cooling and
condensation takes place on windward slope (Markowski and Richardson, 2010).

The more stable the air layer is, the more work is required for lifting it over
the barrier. This required amount of work refers to the flow velocity and cross-
barrier pressure gradient, meaning that even a stable layer can be brought over a
barrier with great wind velocity or pressure difference. Isolated peaks and flow-
parallel orientated barriers are more likely to separate the flow around them than
wide mountain walls perpendicular to the flow. Also the shape of the barrier has an
effect, concave barrier lifts the air more efficiently than a convex barrier.

Flows going around mountain barriers are associated with jet-like increased
wind velocities (Whiteman, 2000). One type of these jets is barrier jet, that form
when stable low-level flow confronts mountain massif perpendicular to it. In this case
if there would be a thin gap through the mountain barrier, the flow velocities through
the gap would be increased. The velocities increase due to Bernoulli effect: the same
mass flows through a smaller cross section which forces the flow velocity to increase.
Synoptic scale pressure gradients have also impact on the flows through gaps, driving
the flow towards lower pressures which is called pressure-driven channeling. Cold
pools are easily formed if a stable and cold air mass confronts a mountain barrier
with relatively low velocity or below a strong flow (Whiteman, 2000).

Flow over a barrier may result in the lee side as a severe wind velocities, moun-
tain waves and significant warming by Fohn effect. Mountain waves and downslope

windstorms are introduced in the following Sections 2.3.1 and 2.3.2.

2.3.1 Mountain waves

Topography induced gravity waves form when stable air is brought over a mountain
barrier (Whiteman, 2000). Air is forced to rise along the mountain wall resulting

displaced vertically from its equilibrium level in a stable atmosphere. Due to grav-
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Figure 2.9: a) Vertically propagating wave. b) Trapped lee wave. Arrows refer to the flow
direction and solid lines to the streamlines. White shading denote the probable clouds if the air is

sufficient moist. Adapted from Whiteman (2000), Figures 10.8 and 10.9.

ity acting on the air, caused by vertical density anomaly, it is forced to descend.
Reaching its equilibrium level the air has still momentum downwards causing it to
overshoot and then be forced to rise again. This vertical oscillation around the
equilibrium level is transported by the horizontal flow. Gravity waves formed by
mountains are called mountain waves, buoyancy waves, lee waves and orographic
waves (Holton and Hakim (2013), Markowski and Richardson (2010), Whiteman
(2000)). The wave forms over the mountain, lee side or both (Whiteman, 2000).
Depending on the atmospheric stability profile and wind shear the waves can either
be trapped or verticaly propagate.

Trapped lee waves propagate downwind with a decreasing amplitude and range
from low altitudes to mid-troposphere (Figure 2.9b). These waves require strong
vertical wind shear and increasing stability to trap the gravity wave below the strong

flowing stable layer (Holton and Hakim, 2013). The wavelength and amplitude of
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trapped lee waves increase with a increasing horizontal flow velocity (Whiteman,
2000).

Vertically propagating mountain waves form with increasing stability without
significant wind shear (Holton and Hakim, 2013). These waves can reach up to upper
troposphere or even in stratosphere (Figure 2.9a). The highest amplitudes are found
in middle troposphere and the highest surface wind velocities in the downslope flows
in the lee side. The wider the mountain is, the more likely the wave is to propagate
vertically (Markowski and Richardson, 2010).

If the mountain wave faces another barrier it may be either amplified or can-
celled, depending on the relation between the wavelength and the distance between
the mountains (Whiteman, 2000). Generally the mountain waves are most promi-
nent with steep, high and wide barriers perpendicular to the flow direction.

With sufficient moisture clouds would form in the wave crests, both downwind
and upwind (Whiteman, 2000). Laminar lenticularis clouds are a clear sign that
gravity waves are present. Mountain waves with longer wavelengths can be visible
as a long, mountain parallel straight border in altostratus cloud, called chinook
archs. Without these clouds present the gravity waves are not visible and therefore

they can cause severe, unexpected turbulence for aircraft.

2.3.2 Downslope windstorms

Downslope windstorms blow in the lee side of the mountain and are associated with
topography induced gravity waves (Whiteman, 2000). These windstorms may reach
to severe wind velocities, up to 30 meters per second, causing damage to forests,
buildings and aircraft. Wind maxima is often found in the base of the slope or
slightly downwind.

Conditions for forming downslope windstorms are similar to gravity waves, and

often the strongest downslope wind velocities are observed in a break of standing
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cross-mountain wave (Markowski and Richardson, 2010). In addition gentle slope
and absence of cold stable layer on the lee side and relatively low or even reverse
wind shear favor increased downslope wind velocities (Markowski and Richardson,
2010). Strongly stable layer near a mountain top with a less stable air above are
also favorable condition for a strong downslope windstorm. Downslope windstorms

happen more likely in winter and in lee waves with large wavelenghts (Whiteman,

2000).

Figure 2.10: Hydraulic jump in water flow in a sink. Red dashed line denotes the boundary

between laminar and turbulent flow, where the hydraulic jump takes place.

Often the strong gusty downslope winds have a structure of so called hydraulic
jump (Markowski and Richardson, 2010). Hydraulic jump occurs downwind of an
obstacle where is found an abrupt decrease in flow velocity and increase in fluid
layer height. Same phenomenom occurs for water and can be illustrated with a
water flow in a sink (Figure 2.10). Hydraulic jump takes place where the laminar

flow becomes turbulent and the water height is increased. The mean velocity of the
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fluid layer, towards the original direction, decreases but the turbulent motion cause
increased wind velocity in gusts. These gusts cause severe wind speeds in downslope

windstorms in case of hydraulic jump.

2.4 Khumbu valley

This thesis investigates the slope and valley winds in the Khumbu valley, that is
located in Eastern Nepal, Central Himalayas. The Himalayas range all the way of
2500 kilometers from Pakistan in the west to Myanmar in east with a north-south
width around 200 kilometers (Wester et al., 2019). The Khumbu valley is orientated
in north-south direction, arising from less than 1000 meters above sea level towards
the Nepal Climate Observatory-Pyramid station (NCO-P) marked with black star
in Figures 2.12 and 3.2. NCO-P is in the base of Mount Everest at 5079 meters
above sea level. Bollasina et al. (2002) describes the meteorological observations
during 1994-1999 in NCO-P. Automatic weather station in NCO-P has measured
air temperature, precipitation, wind speed and direction, atmospheric pressure and
solar irradiance since December 1993.

Climate of the Khumbu valley is characterised by the annual cycle of sum-
mer monsoon, post-monsoon, dry season during winter and pre-monsoon (Bollasina
et al., 2002). Bollasina et al. (2002) identified the onset and decay of summer mon-
soon to take place in mid-June and turn of October, respectively. Gautam and
Regmi (2014) identified that the onset and withdraw of Indian monsoon are delayed
after year 1997 and they are non-stationary year-to-year. Winter is defined to last
from December to February, leaving the months of March to May and October to
November for pre-monsoon and post-monsoon, respectively.

Due to the large range of elevations, the annual mean temperatures vary along
Khumbu valley from more than 16°C to less than -4°C (Karki et al., 2016). Karki

et al. (2016) classified the Nepal area using Koppen—Geiger climate classification.
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Lower elevations of Khumbu valley are classified as Temperate climate with warm
summer (Cwb!) and Cold climate with dry winter and warm summer (Dwb?).
Higher elevations of Khumbu valley are classified as Polar Tundra (ET) or Polar
Frost climate (EF), having warmest month temperature above and less than zero,
respectively. In the Central-Eastern Himayalas over 80 percent of annual precipita-
tion is brought by summer monsoon (Figure 2.11, Bookhagen and Burbank (2010))
and most of the winter precipitation are associated with synoptic scale weather dis-
turbances (Wester et al., 2019). At elevations greater than 4800 meters above sea
level the winter temperatures are below freezing and most of the precipitation is
snow. During the summer monsoon the daily variation of temperature deacreases
to 7 °C being rarely higher than 10 °C while during the winter the daily temperature
varies 12 °C on average, some days even up to 20 °C (Bollasina et al., 2002). The
decrease in daily temperature variations is caused by increased amount of clouds

that decreases the daily heating and nocturnal cooling.

LC — Coldest month temperature above -3°C but less than +18 °, w — driest month precipitation
in winter is less than wettest month precipitation in summer, b — at least four months temperature

above 10 °C but less than 22 °C
2D - Coldest month temperature less than -3 °C)
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Figure 2.11: Climate diagram for Khumbu valley (27.7N 86.7E), period 1981-2011. 30 years

monthly averages calculated using ERA5 reanalysis data (Mufioz Sabater, 2019).
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Figure 2.12: Khumbu valley as seen in WRF topography. Thick contours mark each 1000 meters
above sea level. Valley center line and ridge lines marked with yellow and red, respectively. Nepal
Climate Observatory-Pyramid station marked with star. Letters A-C mark different parts of the

valley that will be examinated in Chapters 4 and 5.



3. Methods

Slope and valley winds in the Himalayas were studied by using Weather Research
and Forecasting model. First, the model will be introduced and later in Section 3.2

the particular run setup will be desrcibed.

3.1 Weather Research and Forecasting model

The Weather Research and Forecasting model (WRF) is a widely used numerical
weather prediction model in research and operational meteorology (Powers et al.,
2017). After it was first published in December 2000, registered users from over 160
countries had published up to 3000 WRF related articles by the end of 2015. The
community of users have developed a wide range of parametrizations and applica-
tions, for example WRF-Chem (Wang et al., 2016) and HWRF (Bernardet et al.,
2015), that could be used for air-quality and hurricane forecasting, respectively.
WREF is a fully compressible and nonhydrostatic model (Skamarock et al.,
2008). The user can either choose the core with mass-based vertical coordinate
that refers to ARW (Advanced Research WRF) or WRF-NMM (Nonhydrostatic
Mesoscale Model) with hybrid-pressure coordinates (Powers et al., 2017). The
height-based core was replaced with NCEP’s (National Center for Environmental
Prediction) Nonhydrostatic Mesoscale Model in the early stages of WREF. Janjic

(2003) estimated a 20% increase in computational cost when nonhydrostatic verti-

26
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cal motion were taken to account but beneficial accuracy between the cores were
found even for a coarse resolution as 8 kilometers.

In addition to a wide range of spatial and temporal scales, WREF offers some
great add-ons for research purposes (Powers et al., 2017). WRF has capability to
run nested domains, where the inner domains could have higher resolution in the
same simulation. WRF has good data assimilation options to initialize simulations
with reanalysis data. In addition WRF has some idealised scenarios to simulate,
such as flow over idealised topography or supercell convection.

Related to this study, WRF has been successfully used in studying thermally
driven winds with idealised valley topographies (Leukauf et al. (2015), Leukauf et al.
(2016), Wagner et al. (2015b), Catalano and Cenedese (2010), Giovannini et al.
(2014b)). Giovannini et al. (2014b) concluded that according to their analyses,
WREF is a reliable tool for simulating the local thermally driven winds in Alpine
valleys. In their studies the WRF run at 500 meter resolution had errors comparable
to Large-Eddy Simulation (LES) on 150 meter resolution. WRF simulations using
resolutions 2 and 1.2 kilometers in Giovannini et al. (2014a) also managed to produce
the diurnal valley winds well, the finer resolution ending up in some over estimation

of valley wind magnitudes during evenings.

3.2 Model setup

The simulation used in this study is equal to one used in Bianchi et al. (2020). The
simulation was done using WRF version 3.6.1.

The simulation was run with four nested domains that are presented in Figure
3.1. Domain d01 refers to the parent domain and d02, d03 and d04 to the inner
domains. The parent domain covers area of 3618 kilometers by 2997 kilometers and
the inner most d04 covers area of 300 kilometers by 288 kilometers. The nested

domains have horizontal grid spacing of 27, 9, 3 and 1 kilometers and each domain
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Figure 3.1: d01, d02, d03 and d04 domains in WRF simulation.

has 61 vertical levels. The simulation covers a five day period from 17th Dec 2014
to 21st Dec 2014 and the model output is given every half an hour in the inner-most
domain d04. As described in Section 2.4, during December the dry winter season
prevails in Khumbu valley which is favorable for studying the thermally driven winds.
The summer monsoon reduces the daily temperature variations in Khumbu valley
(Bollasina et al., 2002) which also is seen in the thermally driven winds by reduced
surface wind magnitudes (Ohata et al., 1981)

The simulation was initialized with Climate Forecast System Reanalysis (Saha
et al., 2010) that has a horizontal resolution of 0.5 degrees. To keep the simulation
on track, it was nudged towards the reanalysis, which is available from each 6 hours.

Nudging was performed for atmosphere above ABL. The surface topography data
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Figure 3.2: WRF simulation inner domain topography. Thick contours mark each 1000 meters
above sea level. Nepal Climate Observatory-Pyramid station marked with star. NCO-P is located

in 27.95°N, 86.82°E at 5079 meters above sea level near Mount Everest base camp.

is from United States Geological Survey (USGS) that has a horizontal resolution of
30 arc seconds, which means approximately one kilometer.

To keep the high resolution simulation numerically stable, adaptive timestep
was calculated using a Courant-Friedrichs-Lewy (CFL) criteria of 0.8. CFL criteria
limits the timestep to be small enough, so the fastest moving actions won'’t travel
further than one grid spacing in a time step (Laney, 1998). For inner most domain
d04 this means typically timestep of one second. To prevent refraction of waves there
was used 6th order numerical diffusion and w-Rayleigh damping for the upper-most

5 kilometers. Microphysical phenomenas that happen on sub-grid length scales
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are parametrized with Thompson scheme. Longwave and shortwave radiation are
parametrized with RRTMG scheme on each 5 timesteps to save on computational
costs. Turbulence in boundary layer is parametrized with Mellor-Yamada-Jenjic
(Eta) TKE (turbulent kinetic energy) scheme and surface layer physics with Monin-
Obukhov scheme.

According to recent studies, WRF is capable model to simulate the thermally
driven mountain winds using 1 kilometer horizontal resolution (Giovannini et al.
(2014b), Giovannini et al. (2014a), Potter et al. (2018), Collier and Immerzeel (2015),
Karki et al. (2017)). Two studies using similar model setup than this thesis (WRF, 1
km horizontal resolution, USGS topography data) covering Khumbu valley showed
that WRF simulates the local circulations well in this area (Potter et al. (2018),
Karki et al. (2017)). Collier and Immerzeel (2015) stated that WREF using 1 kilo-
meter resolution is not accurate enough to resolve the thermally driven winds in the
narrowest parts of valleys (< 2 km) in Langtang Catchment, 150 kilometers west
from Khumbu valley. This limit will reduce the reliability of the model setup in
the narrowest valleys that branch east from the main Khumbu valley, thats shown
by the yellow line in Figure 2.12. According to the comparison of high resolution
WRF and observations on studies in the Alps (Giovannini et al. (2014b), Giovannini
et al. (2014a)) and in the Himalayas (Potter et al. (2018), Collier and Immerzeel
(2015), Karki et al. (2017)) this model setup is suitable for studying the slope and
along-valley winds in Khumbu valley, that has ridge-to-ridge distance from 25 to 50

kilometers (ridge lines shown by red lines in Figure 2.12).
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Figure 3.3: Valley center line identification algorithm. Numbers refer to surface height in the
grid points. Dark blue squares refer to the grid point at the valley center line where the algorithm
is at each step. Red circle points the grid point which is selected by the algorithm on each step.

Light blue squares refer to the grid points already saved in the valley center line.

3.3 Data analysis

Slope and along-valley winds in this simulation were examined by timeseries and
cross section plots. For studying the slope and along-valley wind components, the
wind vector was separated into two components. Although the Khumbu valley
is north-south oriented (Figure 2.12), the meridional and zonal components did
not describe the along-valley and slope wind in each point so those components
were calculated for each plot. The methodology to do this is described in following

sections 3.3.1 and 3.3.2.

3.3.1 Valley center line identification

To identify the along-valley wind component, one must know the valley orientation
in the model grid. The valley center line, that is shown by yellow line in Figure
2.12, was identified from the WRF topography field with the script in Appendix A.
Figure 3.3 describes how the algorithm works step by step. The algorithm starts

from a given grid point at the head of the valley (dark blue square in Step 1 in
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Figure 3.3), searching and saving the route to the mouth of the valley. In each step
the code picks the lowest height in the surrounding grid points and continues the
procedure from that grid point (red circle in Figure 3.3). In case the valley center
line has local minima, the code checks if the lowest point is already saved in the
valley center line. This preventes the algorithm getting stuck looping in the same
local minima. With a little modification, the same code was used for identifying the

ridge lines, that are shown in Figure 2.12 by the red lines.

3.3.2 Valley and slope wind components

Wind vector V is expressed by using zonal and meridional wind components, u and

v In cartesian coordinates:
V =ud + v (3.1)

Along-valley wind component, V,, is a component of wind vector pointing
towards the local tangent of valley center line. Vector A marks the vector from grid

point (n — 2) to (n + 2) at the nth grid point on the valley center line.

A= i’(l’nﬁ - l‘nf2) + Z?(yn+2 - yn72)7 (3-2)

where (x,y) marks the grid points of valley center line. With this notation, vector
A points upvalley so V, being positive marks upvalley wind. V, in grid point n is

now calculated by taking dot product of wind vector and unit vector of A

V,=A-V

Ay

oA
v — UW(Tnr2 — Tp—2) + V(Yn+2 — Yn—2) (3.3)

V@2 = 2022)? + (Ynsa — Yo2)?
Slope wind component, Vj, is the perpendicular component to along-valley wind.

The wind direction will be also compared to the actual height gradient of the slope
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in Chapter 4. With this notation and in the case of Khumbu valley, up-slope wind
on the east slope is positive and down-slope wind negative, and vice versa for the

west slope. Slope wind component can be calculated by using the valley vector A

Vi, = (l% X fl) Vv
V, = k x fi) Vv
Al
Vvs _ u<yn+2 - ynf2) B U(xn+2 - xan) (34)

V@nss = 202)? + (Yss — Yu-2)?

Slope and along-valley wind timeseries are presented in a way that positive
(negative) values refer to up-slope (down-slope) and up-valley (down-valley) winds.
In cross section plots perpendicular to the valley axis the slope winds follow the
aforementioned notation, that at the east (west) slope the up-slope wind is positive

(negative) and down-slope wind is negative (positive).



4. Results

This chapter answers to the research question: Are the slope and valley winds
driven by the textbook mechanisms in Khumbu valley? Slope wind mechanisms is
caused by horizontal temperature differences in the vicinity of the surface and valley
wind mechanism by the air volume difference along the valley. These theories were
described in details in Sections 2.2.1 and 2.2.2. The results will be discussed in
Chapter 5.

In Figures 4.1-4.7 the panels A, B and C refer to different parts of the valley
that are shown in Figure 2.12. The locations A, B and C refer to the head, middle
part and the mouth of the Khumbu valley, respectively. Blue, orange and green
timeseries refer to west slope, valley center and east slope, respectively. The grid
points shown in orange are picked from the valley center line (Section 3.3.1) and the
grid points on the slopes are picked from same latitude with approximately same
surface height. The variables in timeseries are plotted every half an hour, which is
the model output timestep of the simulation. The timeseries are plotted on local
time, which is in Nepal +5:45UTC. The shaded grey areas denotes the hours between

sunset and sunrise.

34
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Figure 4.1: Timeseries of 10 meter slope wind in Khumbu valley. Positive values mark upslope
wind and negative values downslope wind. Time between sunset and sunrise shaded on gray.
Panels A-C refer to different parts of Khumbu valley shown in figure 2.12. Note that the scale of

vertical axis in panel A differs from B-C.

4.1 Slope winds in Khumbu valley

In lower and middle parts of the Khumbu valley the 10 meter slope winds have a
textbook daily cycle with daytime up-slope winds and nighttime down-slope winds
(Figure 4.1B—C). The up-slope winds peak their maxima in the afternoon and have
a maximum magnitude of 2-3 meters per second. The up-slope winds are mainly
stronger at the west slope compared to the east slope having peak magnitudes 0.5

to 1 meters per second greater. Nocturnal downslope winds are weaker, having a
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average magnitude less than 1 meter per second. In the upper part of the Khumbu
valley (Figure 4.1A) the 10 meter slope wind does not have that clear daily cycle.
The west slope shows some signs of thermally driven up-slope winds during the
second, third and last day of the simulation but otherwise the slope winds do not
have the similar patterns than in the lower and middle parts of Khumbu valley. The
slope winds in the upper part of the valley are dominated by synoptic scale wind

channelling and by a mountain wave developing into the valley.

Potential temperature difference, slopes + 1km [K]
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Figure 4.2: Timeseries of potential temperature difference between the slope surface and next
grid point towards valley center at the same height. Panels A-C refer to different parts of Khumbu

valley shown in Figure 2.12
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According to the textbook slope wind mechanism, the slope winds are driven by
the horizontal temperature differences at the vicinity of the slope surface (Whiteman
(2000), Markowski and Richardson (2010)). In Figure 4.2 is shown the horizontal
potential temperature differences at the Khumbu valley slopes. The difference is
calculated using the lowest vertical level at the slope grid points (shown in Figure
2.12) and the next grid point towards the valley center interpolated at the same
height. Positive values mean that the air closer to the slope is warmer. The lowest
vertical level is on average 25 meters above the slope surface, but this method was
the most accurate for avoiding the use of extrapolation in the potential temperature
profiles. As told in Section 2.2.1 the 25 meters is more likely to be within the well
developed up-slope wind layer that has a depth of 50 to 150 meters but it does
not show the strongest horizontal temperature differences found just at the surface,
especially during the morning and evening transition periods.

Comparing the timeseries of 10 meter slope wind magnitude (Figure 4.1) and
the horizontal potential temperature difference at the slope surface (Figure 4.2) one
can say there is a relation with the daytime cycles. The temperature difference
peak at the same time with peaking up-slope wind. So can be stated that the up-
slope winds are driven by textbook mechanism in the lower and middle parts of the
Khumbu valley. The nocturnal temperature differences are small, caused by their
examination at the 25 meter height, and can not be said if the down-slope winds are
driven by the slope wind mechanism. Figure 4.3 shows the 10 meter wind direction
timeseries at the slopes. The solid lines present the direction of height gradient in
the grid points denoting the direction of pure slope wind mechamism driven slope
wind. In the middle and lower parts of the valley at the west slope the 10 meter
wind actually flow towards the height gradient referring to thermally driven slope
winds. At the east slope the wind direction is towards the height gradient only at

the noon, when the slope wind mechanism is at its strongest.
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Figure 4.3: Timeseries of wind direction on slope surfaces.
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surface height gradient. Panels A-C refer to different parts of Khumbu valley shown in Figure 2.12

The difference in slope wind magnitudes between the west and east slopes
could be explained with the location of selected grid points. In the mouth of the
valley (Figure 4.1C) the grid point at the west slope is further away from the valley
axis. Slope wind magnitude increases with distance which would explain the 1 meter
per second difference between the peaking up-slope wind magnitudes. In the middle
part of the valley (Figure 4.1B) some portion of the up-slope wind might be advected
by up-valley winds before the valley axis turns east.

Third night of the simulation is exceptional as there is up-slope winds at the

west slope. Compared to other nights in the lower parts of the valley there is a
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Figure 4.4: Ridge-to-ridge cross section of the head of Khumbu valley (A in Figure 2.12) on 20th
Dec 2014 5:45 local time. Upper left, upper right, lower left and lower right panels show the slope
wind, along-valley wind, vertical wind and potential temperature profiles, respectively. Slope wind
is shown in the notation described in Section 3.3.2, positive (negative) slope wind referring to wind
component towards right (left) and positive (negative) along-valley wind referring to up-valley
(down-valley) wind. Horizontal axis is in kilometers meaning the shown ridge-to-ridge topography

profile is shown steeper as it is in reality.

stronger inversion layer developing at the crest height below the strong western
winds and there is a stronger up-valley wind blowing in the residual layer above the
valley floor (not shown). Also there is down-valley wind flowing at the west slope
(Figure 4.5C) which could indicate for cold air advection from the higher altitudes
resulting in the drop in surface temperature (Figure 4.2C).

The ridge-to-ridge cross section of the gravity wave developing, around the part

of A in Figure 2.12, is shown in Figure 4.4 (more timesteps shown in Figures 1-3 in
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Appendix B). The development of the gravity wave started when synoptic scale wind
direction turns to west. Then the wind flows more perpendicular to the northwest-
southeast orientated cliff on the west side of the head of the valley. Large scale wind
flowing perpendicular to a high and wide barrier is likely condition for forming a
gravity wave, which is seen just in the case of the head of the Khumbu valley in this
simulation. The gravity wave structure is seen in the potential temperature profile
having a wave-like structure and also in the vertical wind component. Flow pattern
in this gravity wave has also characteristics of hydraulic jump, which would explain

the strong surface winds in the west slope.
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Figure 4.5: 10 meter along-valley wind in Khumbu valley. Positive values mark upvalley wind
and negative values downvalley wind. Panels A-C refer to different parts of Khumbu valley shown

in Figure 2.12. Note that the scale of vertical axis in panel A differs from B-C.
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4.2 Along-valley winds in Khumbu valley

Along the center line of the Khumbu valley (yellow line in Figure 2.12) there is a
textbook cycle of daytime up-valley winds, as seen in 10 meter along-valley wind
timeseries in Figure 4.5. The up-valley winds develop after the sunrise and peak in
the afternoon around 15 local time and is ceased at the time of sunset around 18
local time. Nocturnal along-valley winds are relatively weak, around less than 0.5
meters per second flowing up or down-valley.

In the lower part of the valley the daytime up-valley winds are stronger on
the eastern slope than on the western slope (Figure 4.5C). This could be caused
by both the selection of grid points and the valley geometry. The daily up-valley
wind in the slopes depends on the distance from the valley center line, the closer to
the valley center the stronger the along-valley wind component would be. The grid
point on the eastern slope is closer to the valley center than the grid point on the
western slope. The Khumbu valley also bends near the mouth of the valley (Figure
2.12). The curvature induced jet (described in Section 2.2.3) increases the up-valley
winds in the outer slope, which is in this case the eastern slope. The structure of
along-valley wind jet is seen in the cross section plot as the tilt in the isotaches
(Figure 4 in Appendix B).

By textbook mechanisms, along-valley winds are driven by valley wind mecha-
nism that is caused by the air volume difference between the valley atmosphere and
the air above a adjacent plain, or the air volume changes along the valley (Whiteman
(2000), Markowski and Richardson (2010)). In case the valley floor is elevated along
the valley axis the slope wind mechanism drives also the winds along the valley.

The air volume effect can be estimated from the valley geometry. In Figure
2.12 is presented the valley ridge lines on red. The Khumbu valley narrowes towards
the head of the valley, by looking at the distance of the ridge lines to each other. In

addition to narrowing the Khumbu valley also steepens, which can be seen in ridge-
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to-ridge height profiles (not shown), which affects the ABL height as described in
Section 2.1.1. When estimating the air volume that is warmed by the solar radiation,
there should be compared the ABL air volume along the valley, because the portion
of atmosphere affected by Earth surface is defined as the ABL. In Figure 4.6 is
calculated the ABL cross sectional area along the valley floor for each latitude around
the valley center line separated for daytime and nighttime. Technically the ABL
cross section area is an integrated area between the WRF model topography and
model boundary layer height. To ensure the equal horizontal area for the comparison

the ABL cross section is calculated 5 kilometers around the valley center line.
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Figure 4.6: Area between the surface and ABL height along the Khumbu valley for the horizontal
area b kilometers around the valley center line. Blue and orange line denotes the mean value for
the daytime (06-18 local time) and nighttime (18-06 local time) during the five days simulation.

ABL height is the boundary layer height from the model output.
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During daytime the ABL volume decreases from the mouth of the valley to-
wards the middle part of the valley. In the head of the valley the ABL air volume
increases again caused by the valley opening and strong winds near the surface (Fig-
ures 4.1A and 4.5A). During nighttime there is no ABL air volume differences along
the valley except the increase in the head of the valley compared to rest (Figure
4.7). Overall the nocturnal ABL height is very low. The decrease in the magnitude
of along-valley wind maxima towards the head of the valley is probably caused by

the decrease in the ABL air volume differences.
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Figure 4.7: Mean height of the atmospheric boundary layer separated for daytime (06-18 local
time) and nighttime (18-06 local time) shown on blue and orange, respectively. ABL height is
the boundary layer height from the model output. Panels A-C refer to different parts of Khumbu

valley shown in Figure 2.12. Note that the scale of vertical axis in panel A differs from B-C.

In Figure 4.8 is the potential temperature profile in along-valley cross section
as a snapchot from the second noon of the simulation. Comparing this Figure 4.8 to
the textbook sketch of the potential temperature profile for developing a up-slope

wind in Figure 2.4a (Section 2.2.1) there is a clear similarity. Horizontal isentropes
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turn downwards in the vicinity of the surface which causes the air at the surface
to be accelerated up the valley. During nighttime the inclination of isentropes that
would drive the down-slope winds are not found in the cross sections (not shown).
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Figure 4.8: Potential temperature profile on a cross section along the Khumbu valley as a snapshot
of the second day noon (local time 11:45) of the simulation. The horizontal axis is the valley center

line shown with yellow line in Figure 2.12 and the numbers refer to horizontal distance in kilometers.

In Khumbu valley the daily up-valley winds are driven by the textbook mech-
anisms. Valley and slope wind mechanisms are caused by valley narrowing and
inclination towards the head of the valley, respectively. The nocturnal down-valley
winds are weak and the analysis does not advocate that the textbook mechanisms

for down-valley winds are relevant.



5. Discussion

In this chapter the results and methods used in this study are compared to similar
studies and literature on the topic. Few studies have investigated the local wind
patterns in Khumbu valley using observations or simulations. The observation net-
work in Khumbu valley is not comprehensive, having less than 10 automatic weather
stations nowadays in the upper part of the valley. All the observation based studies
in Khumbu valley are concentrated in the valley center line so there really is no
in-situ observations to compare from the slopes, which is probably caused by the
logistical issues in the mountainous area.

Both the studies using observations (Ohata et al. (1981), Shea et al. (2015),
Ueno et al. (2008), Inoue (1976)) and simulations (Potter et al. (2018), Karki et al.
(2017)) result in strong daytime up-valley winds and weak or absent nocturnal along-
valley winds in Khumbu valley. Strong up-valley winds would be expected by the
Khumbu valley geometry, as in Wagner et al. (2015b) was studied the enhancement
of up-valley wind magnitudes by valley narrowing and floor inclination. Similar
along-valley wind pattern is seen in the simulation of this study and also the presence
of both slope and valley wind mechanisms in the daytime along-valley winds.

Potter et al. (2018) studied the dynamical drivers of the local winds in Khumbu
valley, with similar WRF setup than in this study. Their simulation was done using
same horizontal resolution and topography data but the microphysical parameter-

izations were partly different and there was 50 vertical levels in their simulation,
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whereas in this study the simulation has 61 vertical levels. They found strong
daytime along-valley winds that continued throughout the nighttime as weaker up-
valley winds and textbook daily cycle for slope winds. The simulated slope and
along-valley winds are similar than in this study. The lack of nocturnal down-valley
winds in this analysis may be caused by the fact that the down-valley wind layer is
typically shallow so it would not be seen in the 10 meter winds. Potter et al. (2018)
found that pressure gradient force was the strongest driving force of the winds with
some influence of advection. This seems also consistent with the role of textbook
mechanisms in the simulations used in this study.

Potter et al. (2018) found also in their simulation characteristics of orographic
waves in the head of the valley. The same was seen in the simulation used in this
study on the third night and day that can be seen in increased 10 meter winds up to
20 meters per second. The simulation of this study is not valitated with comparison
on observations which limits the reliability of the results. Especially in the extremely
strong downslope wind speeds in the western slope in the head of the valley, where
the gravity wave acts on. The mountain wave development can be seen in Figure
4.4 and in Figures 1-3 in Appendix B.

Shea et al. (2015) found in their observation based study that the daily wind
maxima is typically found around 15 and 16 local time in Khumbu valley. Their
find is consistent with this study as the along-valley wind maxima is found in the
afternoon each day of the simulation. They also found that the wind speed magni-
tude is a function of the station location in relation to the main valley axis in this
area (including two different valleys nearby). This can be seen in lower part of the
valley in Figures 4.1C and 4.5C as the wind speeds at the east slope are greater than
at the west slope, where the grid point examined is further away from the valley

center.
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The boundary layer height used for estimating the ABL air volume, in the case
of valley wind mechanisms, was WRF output ABL height. Banks et al. (2015) found
in their study that WRF systematically underestimates the ABL height. Herrera-
Mejia and Hoyos (2019) evaluated the ABL height estimation of WRF in a narrow
and complex valley. Their result was that WRF has a high skill in ABL height
estimation with better results over the valley floor than over the slopes. This com-
bined with the unclear definition of ABL height over complex terrain (de Wekker
and Kossmann, 2015) might cause an error in the analysis of Figure 4.6. Although
the along-valley wind magnitudes decrease with decreasing difference in ABL air
volume, the error might only be seen in the absolute values calculated for the ABL

cross section areas.



6. Conclusions

Slope and valley winds in the Himalayan valley were studied using a high resolu-
tion weather simulation. The model used in this study is Weather Research and
Forecasting model (WRF') which were run for 5 days period in December 2014 at 1
kilometer horizontal grid spacing and 61 vertical levels in the area of Mount Everest
in the Nepal Himalayas. This thesis concentrates in the Khumbu valley which is a
approximately 120 kilometers long valley leading to the west base of Mount Everest
from the south. The aim of this thesis is to determine if the slope and valley winds
are driven by textbook mechanisms in the Khumbu valley.

The daily cycle of local mountain winds in Khumbu valley were similar to
what the earlier studies done in this valley stated. The 10 meter slope winds have
a textbook diurnal cycle in the lower and middle parts of this valley. The up-slope
winds reach their maxima at noon with magnitudes of 2 to 3 meters per second
and turn down-slope around sun set with weaker magnitudes less than 1 meter per
second. In the head of the valley the 10 meter slope winds are dominated by synoptic
scale wind channelling and gravity wave developing into the valley. Slope wind
mechanism was studied by comparing horizontal potential temperature differences
at the vicinity of the slope surface with the slope wind component. The daily cycles
were similar and therefore can be said that the slope wind mechanism is present in

the form of the daily up-slope winds.

48



49

The daily up-valley wind in the center line of the Khumbu valley has a textbook
cycle of developing after sun rise, peaking at afternoon and ceasing around sun set.
During nighttime the along-valley winds are weak, mostly less than 0.5 meters per
second. The role of valley wind mechanism was studied from the valley geometry of
Khumbu valley but also by estimating the air volume within atmospheric boundary
layer along the valley. The air volume of atmospheric boundary layer decreased
from the mouth of the valley towards the middle parts of the valley, especially in
the lower parts of the valley, where the up-valley winds are the strongest. Slope
wind mechanism is also acting along the valley axis because the Khumbu valley
is elavated steeply towards the head of the valley. Both valley and slope wind
mechanisms were stated to be driving the daytime up-valley winds due to valley
narrowing and elavation towards the head of the valley, respectively.

The simple textbook mechanisms for thermally driven slope and valley winds
were found to work partly in the simulation using high resolution in grid spacing
and topography data. The relatively recent, more complex and detailed additions in
these theories were found to work in the valley geometry and curvature induced flow
patterns. The future work will include extension of the analysis in the other major
valleys of the Nepal Himalayas and combination of aerosol physics and chemistry

with the high resolution meteorological modelling.
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Appendix A. Valley center line identification code

The code is written in Python 3.

#x,y is the given grid point on top of the valley
#hgt is the topography field in (x,y) coordinates
#resulting valley center line is valley_x,valley_y
#from head of the valley towards the mouth of the valley
X, y = x_start, y_start
for n in range(0,20):

hgt_tmp = []

for i in [-1,0,1]:

for j in [-1,0,1]:
if i==0 and j==0:

continue
if n > 4:
if valley_x[-3] == x+i or valley_x[-2] == x+i:
if valley_y[-3] == y+j or valley_yl[-2] == y+j:
continue
else:

hgt_tmp.append(hgt [x+i,y+j])
if min(hgt_tmp) == hgt_tmp[-1]:
X_tmp, y_tmp = x+i, y+j
else:
hgt_tmp.append (hgt [x+i,y+j])
if min(hgt_tmp) == hgt_ tmp[-1]:
X_tmp, y_tmp = x+i, y+j

valley_x.append(x_tmp)
valley_y.append(y_tmp)
X, y = X_tmp, y_tmp
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Appendix B. Valley cross section plots

Cross section 34.0 km // 2014-12-19_08:00:00 (13:45)
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Figure 1: Ridge-to-ridge cross section from the head of Khumbu valley (A in Figure 2.12) on 19th
Dec 2014 13:45 local time. Upper left, upper right, lower left and lower right panels show the slope
wind, along-valley wind, vertical wind and potential temperature profiles, respectively. Slope wind
is shown in the notation described in Section 3.3.2, positive (negative) slope wind referring to wind
component towards right (left) and positive (negative) along-valley wind referring to up-valley
(down-valley) wind. Horizontal axis is in kilometers meaning the shown ridge-to-ridge topography

profile is not on scale.
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Cross section 34.0 km // 2014-12-19_13:00:00 (18:45)
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Figure 2: Ridge-to-ridge cross section from the head of Khumbu valley (A in Figure 2.12) on 19th
Dec 2014 18:45 local time. Upper left, upper right, lower left and lower right panels show the slope
wind, along-valley wind, vertical wind and potential temperature profiles, respectively. Slope wind
is shown in the notation described in Section 3.3.2, positive (negative) slope wind referring to wind
component towards right (left) and positive (negative) along-valley wind referring to up-valley
(down-valley) wind. Horizontal axis is in kilometers meaning the shown ridge-to-ridge topography

profile is not on scale.
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Cross section 34.0 km // 2014-12-19_18:00:00 (23:45)
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Figure 3: Ridge-to-ridge cross section from the head of Khumbu valley (A in Figure 2.12) on 19th
Dec 2014 23:45 local time. Upper left, upper right, lower left and lower right panels show the slope
wind, along-valley wind, vertical wind and potential temperature profiles, respectively. Slope wind
is shown in the notation described in Section 3.3.2, positive (negative) slope wind referring to wind
component towards right (left) and positive (negative) along-valley wind referring to up-valley
(down-valley) wind. Horizontal axis is in kilometers meaning the shown ridge-to-ridge topography

profile is not on scale.
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Cross section 25.0 km // 2014-12-20_09:00:00 (14:45)
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Figure 4: Slope-to-slope cross section from the mouth of Khumbu valley (C in Figure 2.12) on
20th Dec 2014 14:45 local time. Upper left, upper right, lower left and lower right panels show the
slope wind, along-valley wind, vertical wind and potential temperature profiles, respectively. Slope
wind is shown in the notation described in Section 3.3.2, positive (negative) slope wind referring to
wind component towards right (left) and positive (negative) along-valley wind referring to up-valley
(down-valley) wind. Horizontal axis is in kilometers meaning the shown ridge-to-ridge topography

profile is not on scale.
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