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Abstract

:

The diurnal, seasonal, and spatio-temporal characteristics of local wind systems in a steep mountain valley in Nepal are analyzed with the identification of valley wind days (VWDs). Distributed across the Rolwaling Himal valley in Nepal between 3700 and 5100 m a.s.l. at eight automated weather stations (AWSs), meteorological data between October 2017 and September 2018 were examined. VWDs were classified by means of ERA5 reanalysis data and in situ observations, employing established thresholds using precipitation, solar radiation, air pressure, and wind speed data at different pressure levels. Thus, overlying synoptic influences are highly reduced and distinctive diurnal patterns emerge. A strong seasonal component in near-surface wind speed and wind direction patterns was detected. Further analyses showed the diurnal characteristics of slow (approximately 0.5–0.9 m s    − 1   ), but gradually increasing wind speeds over the night, transitional periods in the morning and evening, and the highest averaged wind speeds of approximately 4.3 m s    − 1    around noon during the VWDs. Wind directions followed a 180   ∘   shift with nocturnal katabatic mountain winds and inflowing anabatic valley winds during the daytime. With AWSs at opposing hillsides, slope winds were clearly identifiable and thermally driven spatio-temporal variations throughout the valley were revealed. Consequently, varying temporal shifts in wind speed and direction along the valley bottom can be extracted. In general, the data follow the well-known schematic of diurnal mountain–valley wind systems, but emphasize the influence of monsoonal seasonality and the surrounding complex mountain topography as decisive factors.
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1. Introduction


There are only a few detailed in situ data-based analyses available on small-scale wind systems in the Himalayas. Due to its remoteness and inaccessibility, one of the largest mountainous regions on Earth remains underrepresented in scientific research (e.g., [1,2,3,4]). Especially seasonal and diurnal differences in the formation and transition of local wind systems, as well as their spatio-temporal characteristics along valley axes and slope heights require further research. Although the general concepts of valley wind systems and the synoptic scale processes of the Indian Summer Monsoon (ISM) are reasonably well understood, the meso- γ -scale influences of complex mountain terrain lack detailed analysis still.



This approach will show the development of near-surface wind systems and their diurnal shifts through spatio-temporal analysis of detailed observed wind data. The records of eight automated weather stations (AWSs) equipped with basic meteorological sensors are evaluated. This analysis is embedded in the TREELINE project (https://www.geo.uni-hamburg.de/en/geographie/forschung/forschungsschwerpunkt-klima/treeline.html, accessed on 7 July 2022), whose aim is to study the climate sensitivity and responses of the treeline ecotone in regard to climate warming in the Rolwaling Himal, Nepal (e.g., [5,6,7,8,9]).



Local wind systems, such as the diurnal slope and mountain–valley wind system (MVWS), typically develop under fair weather conditions and are mostly thermally driven. Due to the daily periodicity of shifts in wind directions twice a day, they are often referred to as diurnal valley winds (e.g., [10,11,12,13,14,15,16,17,18,19]). As the name implies, they are phenomena that typically occur in mountainous regions and are sometimes likewise addressed as mountain–valley breezes (e.g., [20]). The basic formation of slope and valley winds depends on the spatio-temporal disparities of solar insolation on mountain and valley slopes. The surface warming and, subsequently, warming of near-surface air masses result in thermal expansion with a higher buoyancy of heated air masses. Thus, pressure gradients develop between irradiated and non-, less-, or later-irradiated areas. Air masses of lower areas stream upwards in compensation. Compared to the adjacent plains, this heating of air masses in mountain regions during the day is faster and leads to a horizontal temperature difference compared to the free atmosphere at identical altitudes over the neighboring lowlands. Hence, within the valley, upslope anabatic winds develop during the daytime. During the night, stronger radiative cooling of the mountain slopes and the above hovering air leads to slow, but steady downslope winds [15,19,21]. Differences in the scale of single slopes, whole mountain valleys, and mountain chains such as the Himalayas determine the magnitude of air movement. However, local slope winds and whole valley wind systems can interact with each other. Due to the larger magnitude of the MVWS, the transition between the anabatic and katabatic airflow can take up to several hours and often lags behind the more immediate slope wind transitions. This, however, depends on the volume of the valley atmosphere and, hence, the size of the valley [15,19]. The periodic air movements contribute to a great extent to the atmospheric exchange of mass, momentum, and heat. Especially, over complex terrain and at the meso scale, they directly influence local weather characteristics and climate conditions such as the near-surface solar insolation, temperatures, precipitation, winds, cloud formations, and concentrations of air pollutants (e.g., [3,22,23,24,25,26,27,28]). This raises the demands for better understanding the characteristics of diurnal valley winds. Furthermore, numerical weather prediction and climate modeling benefit from a better understanding of the processes driving these wind systems. Accurate predictions and modeling of these processes still pose challenges and have been the focus of numerous recent studies (e.g., [29,30,31,32,33,34,35,36,37]). As described in Schmid et al. [38], “it is important [to] sample a wide variety of valleys to further our knowledge of the diurnal valley wind system in complex terrain” since the valley flow’s strength, depth, and timing show a strong connection with climatic and local factors [19]. Yet, only a few studies of local wind systems in the Central Himalayas have been conducted. Regarding the vertical structure, Egger et al. [3] found a daytime up-valley wind layer of 1–2 km in depth and a ca. 1 km nocturnal down-valley wind layer depth at the Kali Gandaki Valley in Nepal during their pilot balloon observation in late 1998. Stewart et al. [39] examined the diurnal evolution and consistency of thermally driven winds using the MesoWest cooperative networks in the U.S. Intermountain West. They found that the consistency of winds is generally high during nighttime and low during the shift between the up- and down-valley flows. Barman et al. [40] conducted seasonal analyses on the MVWS and surface layer parameters in the northeastern mountain regions of India. They found strong influences of incoming solar radiation and synoptic air flows on evaporation, heating, and thus, the energy budget of the valley that drives the MVWS. Schmid et al. [38] provided an overview of other studies regarding the structure of the diurnal valley winds (e.g., [41,42,43,44,45,46,47]). In the context of the Himalayas, the anthology of Miehe et al. [48] with the comprehensive chapter of Boehner et al. [49] gives an overview of the state-of-the-art climatology for Nepal. Further research of Karki et al. [50] and Gerlitz et al. [5] confirmed the monsoonal influence on the valley. Even though, the large-scale influence of the ISM is widely researched and the processes are known, research on the seasonal influences of the ISM on small-scale wind systems with stationary observation data is rare. The explicit research interest is to identify and analyze the MVWS and slope wind systems in a monsoon-influenced high mountain area with the help of a dense AWS network. In this, diurnal and seasonal variations are considered in particular.




2. Materials and Methods


2.1. Study Area


In this study, recorded meteorological data of AWSs were analyzed. The stations were placed within a high mountain valley in the Central Himalayas, the Rolwaling Himal, Nepal. The Rolwaling Himal is located in the Dolakha district within the Bagmati province of Nepal in the Central Himalayas. It extends in a west–east orientation between 27   ∘  57   ′   N 86   ∘  12   ′   E and 27   ∘  50   ′   N 86   ∘  30   ′   E. The valley lies within the protected area of the Gaurishankar conservation area, which is located between Langtang National Park in the west and Solukhumbu of Sagarmatha National Park in the east. In the west, the lowest point of the valley marks the opening into the transverse Tamakoshi main valley at approximately 1300 m a.s.l. The highest points of the valley floor are in the east at approximately 4300 m a.s.l. below the flanks of the moraine dammed Tsho Rolpa glacial lake. In the western regions, the slopes form a V-shaped valley, which gradually widens towards the east into a glacial trough valley [51]. Four conventional climatic seasons prevail in this valley: winter (December–February), pre-monsoon (March–May), monsoon (June–September), and post-monsoon (October–November). Outside the monsoon season, the Rolwaling Himal is influenced by dry and cold westerly winds in the upper troposphere. In the monsoon season, the prevailing climate can be characterized by warm and moist southerly to south-easterly near-surface flow conditions [50,52,53,54,55]. Winter over the Indian subcontinent is mainly characterized by continental northeastern winds and the resulting dryness. Additionally, a stable high pressure area develops over Siberia and Mongolia (e.g., [49,56]). In the pre-monsoon, the air pressure conditions successively change. These changes are generated by increased warming of the Tibetan plateau (e.g., [49,57]). In the monsoon season, a stable and extensive low pressure area is formed by high incoming shortwave radiation over the Tibetan Plateau and the Himalayas. This creates a large pressure gradient from the Equator with higher air pressures over the Indian subcontinent to the north. Furthermore, this effect is intensified by the shift of the Intertropical Convergence Zone (ITCZ) beyond 30   ∘   N latitude. In June, the monsoon trough is based directly on the southern slope of the Himalayas in the northwest of India and has the lowest air pressures of the Northern Hemisphere during this season [49,56]. The humid and unstably layered air masses cause heavy precipitation above the land masses, especially on the West-Ghats, over Chota Nagpur, and on the southern slopes of the Himalayas [56]. The decreasing intensity of solar radiation in September results in decreasing pressure gradients over the region. The warm monsoon high over southern Tibet and the Himalayas dissolves periodically due to baroclinic waves, and the monsoon season comes to an end. This results in abrupt reversals of large-scale circulation modes in the troposphere. The atmospheric conditions stabilize at the beginning of winter [49].




2.2. Station Network


The station network consists of eight modular solar-powered AWSs. They are situated on the slopes and on the valley floor, as shown in Figure 1. Weidinger et al. [9] provide a more comprehensive overview of the network and recorded data.



Information about the location of the stations, as well as details about the position and height of all stations can be derived from Figure 1 and Table 1. The lowest station was installed at 3718 m a.s.l. at the valley floor and the highest at 5005 m a.s.l. in the glacier basin of the Yalun Glacier. The Gompa station is the only station located on a steep south-facing slope. The stations on the opposite side of these slope were placed in two transects, one along a northwest- and the other on a northeast-facing ridge. The lower stations of those transects, NW bottom and NE bottom, are situated at the valley floor about 380 m apart horizontally and ca. 30 m vertically. Due to the narrow profile of the valley floor, both stations were carefully positioned next to the mountain stream, with shrubs in the surrounding area. The higher stations, NW top and NE top, are situated about 300 m and 400 m further up, outside the forest. About 6 km further east on the valley floor at around 4200 m a.s.l., the Na station was installed. Behind the terminal moraine dam of the further ablated Chubung glacier at 4532 m a.s.l., the station Dudgunda is located. The highest station of the network is located at 5005 m a.s.l. on top of a north-facing slope.



All stations record data with the identical sensor setup and logging build at a height of 2 m above ground. The sensor’s measurement interval lies at three minutes. For the parameters wind speed, wind direction, solar radiation, temperature, and relative humidity, the average of five measurements is saved at the end of the 15 min logging cycle. Precipitation is logged as the total sum within the same logging cycle. Further information about the build is displayed in Table 2.



Maintenance and data collection were carried out biannually in the pre-monsoon and post-monsoon season. During the field trips, sensors and stations were carefully checked for proper function and replaced in case of malfunction. These inspections were performed visually and with the test of plausibility of the gathered data during the stay. However, even though the stations were checked regularly, corrupted sensors were found. For further analysis of the parameters, the collected raw data were examined following established workflows and erroneous data points excluded.




2.3. Data Processing


Since wind parameters are one of the most dynamic climatic variables, the guidelines of the World Meteorological Organization for data processing were followed [62]. This analysis was conducted in the context of the TREELINE project and was performed on the raw data of every parameter [9]. The rules were specially fitted for every sensor and parameter. Therefore, the variables wind speed and direction have to be checked separately. Wind speed values under 0 and over 45 m s    − 1    per 15 min logging cycle were regarded as erroneous. Peak wind speeds over the 99.99th percentile were checked visually for plausibility and compared to neighboring stations. The same was performed with data showing no changes within 96 time steps (=24 h). For wind direction, values under 0   ∘   or over 360   ∘   were flagged as erroneous (sensor failures). The same was done for consecutive values that were repeated more than one time. Further, wind direction changes were analyzed. Constant values for wind directions over a 24 h time frame were regarded as erroneous values, as well. After finishing the analysis of the raw datasets, the u and v vectors were calculated:


  u = − 1 · w s p d · s i n (  π 180  · w d i r )  










  v = − 1 · w s p d · c o s (  π 180  · w d i r )  








where   w s p d   is the wind speed and   w d i r   is the wind direction of a specific time step. Following the calculation of the vectors, the hourly mean values were aggregated. Those values required at least 45 min to be regarded as valid. Hours with three or more missing or erroneous time steps were set as such, while hours with two or less invalid time steps were marked with the respective number of missing time steps. All datasets were individually checked for quality and plausibility in the end.



Included in the analysis of the mountain valley wind systems were wind speed, wind direction, precipitation, solar radiation, and air temperature.




2.4. Data Analysis and Visualization Methods


The analyzed year starts on 1 October 2017 00:00 GMT+5.45 and ends on 30 September 2018 23:00 GMT+5.45. All following dates and times are given in the local time zone (GMT+5.45). The year was determined due to its consistent data coverage since the measuring campaign started in March 2013 [9]. For seven out of eight installed AWS, no erroneous sensor or systematic measuring errors were found. The data of Yalun station, however, displayed several data gaps during winter. It is the highest elevated station of the station network and located the furthest away from the valley floor. Additionally, it has the longest distance from the valley axis. Due to its altitude and exposure, the non-heated sensors were more prone to icing, which could have led to erroneous data. Furthermore, they were most exposed to winds in general and near the crest of the neighboring valley in the south. Thus, the Yalun station indicated many points of error and was therefore disregarded in this study.



Following the study design of Schmid et al. [38], the analysis was conducted on a selection of VWDs, i.e., days with stable atmospheric conditions, to identify patterns in spatio-temporal wind system shifts. For this, 500 hPa wind speeds and sea level pressure from the ERA5 reanalysis dataset [63,64], GIS-derived potential solar radiation (ALOS (AW3D30) by JAXA) [59,60,65], and in situ precipitation and global irradiance observations [9] were evaluated. This was to compare the potential maximum with the actual observed incoming solar radiation at the stations and check for the prevailing synoptic pressure system. Additionally, the precipitation sums of the days were evaluated to further eliminate days with potential circulation disturbances.



The VWD was classified any day with (1) at least 65 % of solar radiation reaching the stations, (2) no precipitation (<1 mm), and (3) a high (≥1015 hPa) or either flat (>1010 and <1015 hPa) or 500 hPa wind flat (<3 m s    − 1   ) pressure system. On this basis, 120 days were identified as VWDs, which was just over 30 % of the observational period. An overview of the seasonal distribution can be seen below in Figure 2. The post-monsoon had 40 VWDs, while during the winter, 42 VWD were identified. In the pre-monsoon of 2018, 27 VWDs were found. During the monsoon season, 11 days were classified with suitable VWD conditions. This means only about 9% of the VWD lie within the monsoon season.



For the processing and analysis of the station and reanalysis data, the script-based statistic software R was used (v. 4.1.0) [66]. Scripting and visualizing were performed in the IDE of RStudio (v. 1.4.1103) [67]. For the analysis, various R-packages were helpful [68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96]. As the external GIS, SAGA GIS (v. 7.9.0) [65] and ArcGIS Pro (v. 2.8.) [58] were used.





3. Results


In the results, the extracted temporal and spatial variations on the forming of mountain and valley winds are described. First, a closer look into the seasonal and diurnal variations of the small-scale mountain wind systems is given. Hereby, findings are exemplarily described for two stations with different positions within the valley. The other stations show similar patterns with different characteristics depending on their location within the valley. Illustrations similar to Figure 3, Figure 4, Figure 5 and Figure 6 are appended in the Supplementary Material (Figures S1–S10) for all analyzed AWSs. Second, the spatio-temporal forming of the mountain and valley winds on one particular VWD is reviewed. To analyze shifts in wind speed and direction over time and along the whole valley, further GIS analyses were prepared to calculate potential incoming solar radiation and visualize topographical shading effects on this day.



3.1. Mean Valley Wind Day Wind Speeds and Seasonal Pattern at Na and NE Bottom Station


3.1.1. Na Station


As mentioned in Section 2 (Figure 1, Table 1), the station Na is situated at the valley floor in the eastern part of the study area. Figure 3a shows the mean hourly wind speeds during all VWDs as the height of the column. Observed mean wind speeds are indicated as black dots, while standard deviations (SDs) are indicated as red whisker for each hour. Mean hourly temperature and mean hourly incoming solar radiation sums with their respective SDs are depicted in Figure 3b. Figure 3c shows the hourly mean wind velocities over the whole year in a heat map format, where days with desaturated columns are non-VWDs. The lower part of the figure (e.g., Figure 3d) depicts the hourly mean wind directions throughout the year with a similar marking for VWDs as Figure 3c.



Starting with the mean hourly wind speeds of the VWD at the Na station, a gradual increase in velocity during the first eight hours (00:00–09:00) can be seen. During this time, the wind speeds picks up ca. 0.52 m s    − 1    (0.96 m s    − 1    at 00:00–01:00; 1.48 m s    − 1    at 07:00–08:00) with SDs between 1.04 m s    − 1    (04:00–05:00) and 1.25 m s    − 1    (02:00–03:00). Mean temperature and incoming solar radiation increase strongly between 07:00 and 08:00 at this station on the VWD. Temperature shows a mean value of −0.29    ∘  C (SD: 4.22    ∘  C), which is 2.35    ∘  C higher than the mean value during the hour between 06:00 and 07:00. Solar radiation showed a mean value of 191.24 W m    − 2    (SD: 146.46 W m    − 2   ) in this hour. In the following hour (08:00–09:00), while temperature and radiation values increased further, the wind speeds decreased to a mean of 1.47 m s    − 1    with an SD of 1.22 m s    − 1   . In Figure 3a,b, this can be identified. After 09:00, a strong increase in mean wind speed during the VWD from 2.55 m s    − 1    (SD: 1.10 m s    − 1   ) until 13:00 of 4.26 m s    − 1    with an SD of 0.94 m s    − 1    can be seen. In the following hours, the wind speeds decreased again, along with the temperature and incoming solar radiation, until 19:00 to 20:00 (0.60 m s    − 1   ; SD: 0.52 m s    − 1   ), and stagnated in the following hour. The strongest decrease of mean solar radiation took place in the hour between 14:00 and 15:00 (−237.56 W m    − 2   ), while the temperature showed the strongest decrease in mean hourly value between 15:00 and 16:00 by about 1.65    ∘  C. This decline in temperature and solar radiation also showed stagnating values between 18:00 and 20:00. After 21:00, however, the wind speed started to pick up again slowly from 0.73 m s    − 1    (SD: 0.68 m s    − 1   ) to 0.87 m s    − 1    (SD: 0.92 m s    − 1   ) between 23:00 and 00:00. Thereafter, the initial increase of wind speeds during the night began again.



Figure 3a shows maximum wind speeds between 12:00 and 13:00 with 4.26 m s    − 1    (SD: 0.94 m s    − 1   ) and minimum wind speeds between 20:00 and 21:00 (0.59 m s    − 1   , SD: 0.51 m s    − 1   ). The diurnal cycle of the wind speeds’ SD does not follow the behavior of mean wind speeds. However, the SDs during the night are also comparatively high. Between the evening and the first hour of the day, the SD increases by ca. 0.37 m s    − 1    (21:00–22:00: 0.68 m s    − 1   ; 00:00–01:00: 1.05 m s    − 1   ). The highest SD is shown in the late afternoon during the hour between 16:00 and 17:00 with an SD of 1.41 m s    − 1   . It is the strongest decrease of the mean wind speeds of the day by about 1.04 m s    − 1    less than in the previous hour. A similar strong increase can be seen in the mean values during the morning hours between 09:00 and 10:00 (1.08 m s    − 1   ).



In the seasonal distribution, the pre- and post-monsoonal seasons are particularly noticeable, with strong contrasts between weak winds at night and stronger winds during the day. Further, the shift in daytime length becomes apparent in Figure 3c.



Regarding the wind directions, an almost binary inflow from southeast (light green; 90–180   ∘  ) at night and west-northwest (partly blue, mainly pink; ˜300   ∘  ) during the day can be seen in Figure 3d and Figure 4. These shifts occur predominantly during winter, while during most days of the monsoon season, up-valley winds are blowing also throughout the night. However, rare reversals in wind direction can be identified, but mostly during early morning hours and only until the morning transition.




3.1.2. NE Bottom Station


The NE bottom station is located at the valley floor of the lower region of the study area. At the station, the mean VWD wind speeds show a similar diurnal structure as at the Na station further up the valley. Starting at midnight, the mean wind speeds begin to increase until 06:00 to 07:00 by 0.21 m s    − 1    to 0.98 m s    − 1    with the SD ranging between 0.67 and 0.80 m s    − 1   . The mean hourly wind speed of the VWD can be seen analogous to the previously presented station in Figure 5a. Wind speeds then proceed to show lower velocities during the hours between 07:00 and 08:00 (0.86 m s    − 1   ; SD: 0.81 m s    − 1   ). During the same hour, mean radiation increased by 81.22 to 88.21 W m    − 2    and mean temperature increased by 1.43    ∘  C to 0.74    ∘  C (SD: 3.43    ∘  C). This can be seen in Figure 5b. In the following hour, the wind speed shows an increase of 0.18 to 1.04 m s    − 1    (SD: 0.77 m s    − 1   ), similar to the wind speeds during the sixth hour of the day. Solar radiation and temperature, however, show comparatively the strongest increases in mean values during this hour. Mean radiation increases by 377.91 W m    − 2    to 466.12 W m    − 2    (SD: 131.71 W m    − 2   ) and mean temperature by 5.15    ∘  C to 5.89    ∘  C (SD: 3.22    ∘  C). In the ninth hour, a strong increase of the wind speeds can be seen. The velocity increases, compared to the previous hour, by 0.91 to 1.95 m s    − 1    (SD: 0.71 m s    − 1   ). Radiation and temperature show a further increase. The peak mean wind speeds were calculated for the observational period to be between noon and 13:00. Here, wind speeds with 3.41 m s    − 1    (SD: 1.07 m s    − 1   ) were found to be the mean wind speeds. Mean hourly sums of solar radiation during this time show a decrease of 112.10 W m    − 2    from 801.38 to 689.28 W m    − 2   . Between 13:00 and 14:00, a decrease of wind speeds can be seen in the mean wind speeds. This continues until 19:00. The SDs, however, are higher during the early afternoon than in the early evening. The decline of the mean solar radiation started, as described, around noon, but shows the strongest decline between 13:00 and 14:00. The highest mean temperature decrease falls, however, into the hour between 14:00 and 15:00. There, mean temperatures decreased by 0.98    ∘  C from 5.54 to 4.56    ∘  C. Mean wind speeds stay slow for the hours 18:00 to 20:00 (18:00–19:00: 0.51 m s    − 1   ; 19:00–20:00: 0.48 m s    − 1   ) and start to increase in the hour between 20:00 and 21:00 (+0.11 m s    − 1   ). The minimum day value of 0.6 W m    − 2    is shown again between 19:00 and 20:00, and the temperature’s decrease is comparatively constant after stronger decreases during the afternoon. Over the course of the evening, wind speed increases further with values ranging between 0.59 m s    − 1    (20:00–21:00; SD: 0.64 m s    − 1   ) and 0.72 m s    − 1    (23:00–00:00; SD: 0.67 m s    − 1   ). Compared to the mean value of the first hour after midnight, it can be seen that an increase of mean wind speeds is evident during the VWD of the observational period.



With regard to the seasonal component of the forming of slope winds and the MVWS, the NE bottom station shows an even more striking difference between the season as the Na station. This is presented in Figure 5c. In the post-monsoon season, wind speeds are high during the day and comparatively weak during the night. During winter, higher wind speeds were recorded during the day and night. This can also be seen to a lesser extent during the early pre-monsoon season. However, nights are more calm than during winter. In April and May 2018, strong winds during the day and some calm hours during the night characterize the winds at the NE bottom station. During monsoon season 2018, wind speeds showed generally slower winds throughout the day. The seasonal structure of the wind direction (see Figure 5d) shows the diurnal shift in wind direction even more clearly than at the Na station. In the winter and early pre-monsoon, this pattern can be seen almost every day. During monsoon season, the wind direction that indicates mountain winds mostly occurs during early morning and usually only for a few hours. The many data gaps need also be addressed during this season. The wind rose in Figure 6 presents the same bidirectional wind direction pattern during the VWD.



Both stations show weaker winds with low SDs in the evening and stronger winds during the afternoon. During the afternoon, SDs are higher at both stations.





3.2. Spatio-Temporal Forming of Mountain–Valley Wind-System on a Valley Wind Day


Crucial for the spatio-temporal forming of local wind systems in mountainous regions are various factors. These include the valley’s orientation, altitude, and inclination, as well as the general topography. The AWS’s location has a great influence on the recorded local wind signal and will be reviewed next. In order to identify repeating patterns in the direction and velocity of local winds, the VWDs with the least amount of unidentified wind directions were subsetted to exclude days with many calm hours. The main reason for missing data points in the wind directions are calm hours within the valley, followed by frozen sensors. The VWD with the least amount of unidentified wind directions was 22 November 2017. On this day, the hourly wind speed showed no missing value within the AWS network and one missing value in the hourly station data at the NE bottom station due to a calm hour. In addition to the data coverage, this day also shows the double reversals of wind directions and the other characteristics of a day with a pronounced MVWS. Furthermore, 22 November 2017 lies within the group of other as VWD classified days. It can be stated that 22 November 2017 can be used as a representative example for a VWD. Hence, the spatio-temporal forming of the MVWS is presented by a total of eight hourly mean wind directions and speeds in Figure 7 and Figure 8.



Starting at the hour between 00:00 and 01:00, nearly all stations show down-valley wind directions. Station NW bottom had less than 0.3 m s    − 1    wind speeds and is therefore depicted as a circle. These characteristics can be seen also still during the hour between 02:00 and 03:00. Between 04:00 and 05:00, however, wind directions at the stations in the western part of the study area show a downslope wind rather than a wind along the valley axis, which can be seen at the eastern, higher elevated valley stations. During the hour between 06:00 and 07:00, the directions show mostly no changes. At the Dudgunda station, however, the wind blows now from west-southwest with low velocities. Between 08:00 and 09:00, as depicted in Figure 7, the wind direction at almost every station has shifted almost 180   ∘  . The Gompa station shows a southern wind direction, indicating upslope winds. Same upslope wind directions can be identified for the station NE top and the bottom stations of the northerly exposed slopes during this hour. NW top shows winds along the slope, parallel to the valley axis in the south-easterly direction. In the eastern part of the station network, winds from the southwest can be identified. Over the further course of the morning, wind speeds increased at every station. The other stations show only minor changes in wind direction and speed.



Around noon (12:00–13:00), as can be seen in Figure 8, upslope winds at the Gompa station shift to a slightly south-westerly direction, while the stations on the opposite slopes show mostly strong winds along the slope and valley axis. NE top, however, shows only wind direction indicating upslope winds with comparatively slow wind speeds. Na and Dudgunda show an unchanged strong up-valley air motion. Between 14:00 and 15:00 the Gompa, Na, and Dudgunda stations show only minor changes in wind direction and speed. NE and NW bottom now show slower wind speeds than around noon, but the wind direction following the valley axis at their location. The top stations at those slopes also show along slope winds in the up-valley direction. This shifts to downslope or southeasterly winds for the slope stations of the lower part of the station network during the hour between 15:00 and 16:00. NW and NE bottom show calm winds, while Na and Dudgunda still indicate up-valley air motion.



Between 16:00 and 17:00, slower up-valley winds are still recorded for the stations Na and Dudgunda. In the lower parts of the valley’s station network, Gompa and NW bottom show no air movement greater than 0.3 m s    − 1   , while NE bottom indicates winds from the eastern direction. The top stations show southern winds downslope. This changes only marginally during the hours between 18:00 and 19:00. Gompa and NW bottom show weak winds towards the valley axis. The stations Na and Dudgunda show both winds from south-easterly directions. Between 20:00 and 22:00, winds change from downslope into a down-valley motion, as was described for the first hours of the day.



As one of the main forcing factors for the development of valley and slope winds, the potential incoming solar radiation (PISR) and its spatial distribution over the study area were calculated. A depiction of the results can be seen in Figure 9. The PISR of 22 November 2017 ranges between sums of ca. 0.07 kWh m    − 2    and about 7.94 kWh m    − 2   . Taking the elevation into account (see Figure 1), the northerly exposed slopes receive far less solar radiation than opposing south-facing slopes. Potentially the highest solar radiation is found close below peaks and south-facing mountain ridges. The PISR is in close coverage of the measurements at the stations, with the Gompa station receiving potentially the highest amount of solar radiation with about 6.3 kWh m    − 2    on this day. The northerly exposed transects show low values between 1.21 and 2.68 kWh m    − 2   . In the more eastern region of the station network, the Na and Dudgunda stations receive potentially 3.57 kWh m    − 2    and 4.84 kWh m    − 2    of solar radiation on 22 November 2017. For this day, it can be stated that down-valley and downslope air motion can be identified at the stations in the night to early morning until about 07:00 and in some parts in the afternoon. Starting at about 15:00, this is well-developed after about 18:00. Up-valley motion develops after upslope motion (refer to 08:00–09:00 in Figure 7) and shows the strongest winds around noon on the southerly exposed slopes and at the valley floor stations Na and Dudgunda of the higher region of the station network (refer to 12:00–13:00 in Figure 8). At these stations, the PISR is also calculated as higher than at the slopes of NW and NE. With the seasonal component in mind, as shown in, e.g., Figure 3, this shift in wind direction has a strong seasonal variability. However, the pattern of the spatio-temporal distribution of wind direction is identifiable throughout the observational period on the VWD.





4. Discussion


In the previous section, the winds within the complex mountain terrain of the Rolwaling Himal were described using station data from the TREELINE project network. For this purpose, the diurnal course of mean hourly wind speeds within the previously identified VWDs, hourly wind speeds, and wind directions over the study period were presented (e.g., Figure 3), as well as an exemplary spatio-temporal forming of an MVWS on 22 November 2017 (Figure 7). This date was selected due to the representativeness of all VWDs and in consideration of the annual cycle of temporal differences in sunrise and sunset. These are the typical transition periods for the MVWS, and hourly mean values over all VWDs would limit the expressiveness of the analysis. The research interest is to identify and analyze these wind and slope wind systems in a monsoon-influenced high mountain area with the help of a dense AWS network. Hereby, the focus is set on the seasonal and diurnal variations in order to detect possible differences.



4.1. Data Coverage


As previously described in Section 2.4, the data coverage of the selected year for the analysis was nearly error-free. The Yalun station (5005 m a.s.l.), however, showed a major data gap between October 2017 and March 2018. Due to its highly exposed location, harsh weather conditions can be a source of sensor failure. Since this data gap spans almost half of the observational period, the station was excluded. For all other stations, wind speed, wind direction, temperature, precipitation, and solar radiation data were available for almost the entire year. Daily precipitation and solar radiation sums of the stations were used to identify the VWD, similar to the methods used by Schmid et al. [38]. Likewise, data from ERA5, in particular sea level pressure and wind speeds at the 500 hPa level, were used for this purpose. The latter were derived from U- and V-wind components. Reanalysis data are still distributed in a coarse spatial resolution (approximately 31 km), which does not sufficiently resolve the valley topography. This can introduce misconceptions in narrow high mountain valleys like the Rolwaling Himal [5,8,50]. As mentioned in Section 2.4, 120 days were classified as VWDs, as can be seen in the data coverage (Figure 2) and the figures for wind speed and wind direction (Figure 3 and Figure 5). These days are predominantly in the post-monsoon, winter, and pre-monsoon. During these seasons, the valley mostly underlies a weak synoptic current with cloudless skies and weak synoptic flow [49,97]. January was mostly excluded due to low atmospheric pressure conditions (Section 2.4). The heavy rains during the summer monsoon restrict the determination of a VWD, mainly following the known threshold of less than 1 mm daily precipitation, especially during the months of May through September. A further limiting factor was the incoming solar radiation, which decreases the possible VWD throughout the onsetting and offsetting monsoon season due to increased cloud coverage. The general concept of VWDs, as applied to the structure of an alpine valley (Rhone valley at Sion) in Schmid et al. [38], needs to be reviewed in the context of a monsoon-influenced Central Himalayan valley. As mentioned in Section 2.4, a classification of VWDs is also possible with other parameters. However, the approach of Schmid et al. [38] was the most recent publication incorporating previous methods [45,98]. In their approach, some weather typification relied on a new MeteoSwiss automatic weather type classification method. The most striking limitation of this method becomes present with the exclusion of the classification of VWDs in January 2018. Reviewing the diurnal characteristics of other VWDs, these are similar to days in December and February. Nevertheless, distinct diurnal and seasonal patterns can also be identified based on these days. As the possible cause of “abnormal” wind days, Ohata et al. [1] also found similar indicators as the ones used in the VWD classification above. In this, the authors showed also the snow coverage as a possible cause of the reduced heating of the ground surface. This is due to the raised albedo and the cooling effect of the snow surface on the air when the ground temperature is below 0    ∘  C. Additionally, they mentioned the cloud coverage decreasing the solar radiation reaching the ground and invasions of strong westerly jets preventing the formation of local winds.




4.2. Diurnal and Seasonal Patterns of the Stations


The results show strong diurnal patterns and seasonal variations. The most distinct seasonal variation is shown by the prevailing valley winds during the nights of the monsoon season. Ohata et al. [1] hypothesized this in their study within the Khumbu Himal on those winds to be due to the latent heat release from the cloud formation and precipitation. In their study, wind data of a similar time period were analyzed. Their findings are in strong accordance with the analysis of this study. Following the key characteristics of slope and valley winds, all stations showed stronger winds during the daytime. In comparison with the study of Ohata et al. [1], the seasonal distributions of wind speeds were not directly analogous, but showed strong similarities. Especially the stations above 4000 m a.s.l. showed a similar seasonal pattern. The diurnal patterns of mean wind speeds, however, indicated strong similarities with all stations. With respect to the individual stations, however, the results must be considered in the context of the location within the complex terrain and their individual surroundings. Especially the stations at the valley floor on the northern slopes of the lower regions in the Rolwaling valley are to be mentioned here.



The top stations are expected to have a higher influence of slope winds, which is reflected in the wind directions and speeds (see Figures S3–S6). The valley floor stations of the north-exposed slopes also show an influence of slope winds. Since their location is near or within the forest cover, an influence of the immediate environment on the recorded wind directions and velocities should not be underestimated. Especially the positions of the stations NW bottom and NE bottom should be pointed out here, since they are positioned right at the bottom of a shielding ridge (see Figure 1). We identified this to be of importance for the low wind speeds during the night, as well. In further research, the forming of cool air pooling near the stations should be considered [5,99,100]. The incoming winds, as previously described in Section 3.1.2, lie in an almost binary pattern of southeast winds at NE bottom during the night and northerly winds during the days with VWD conditions (see Figure 5). During the day, overlapping of the slope and valley winds is a plausible cause of this shift in wind direction [19]. At the valley floor station Na in the higher area of the valley, winds blow from the east (mountain wind) during the night and from the west (valley wind) during the day. Here, the valley is wider, and the station is surrounded with almost no vegetation or topographic obstacles. Comparing the wind speeds at this station to the valley floor station NE bottom, stronger mean winds with smaller standard deviations prevail at the Na station. The wind direction pattern of the NW top station is similar to the Na station (see Figures S3 and S4). The station NE top, on the other hand, reflects more the pattern of NW bottom (see Figures S1, S2, S5 and S6). To explain these differences, it can be assumed that nocturnal katabatic slope winds from higher slope regions and mountain tops cause these shifts in wind directions. It is also worth noting that the wind directions at these slope stations are far less consistent than those recorded at the valley floor. The stations Gompa and Dudgunda also deserve special consideration. The wind directions of the Gompa station clearly show how katabatic air masses flow towards the station from the higher regions of the valley during the night. Due to the location on a southern exposed slope, these onsets of slope winds are also recognizable. At the station Dudgunda, the inflow from the west can also be identified during the day. West of the station is the opening of the terminal moraine of the glacier, which allows anabatic winds from lower valley regions to reach the station. During evening and nighttime, winds from the northeast are observed at the Dudgunda station, which corresponds to the course of the moraine channel in which the station is located. Due to this topographic barrier, most of the air masses from the tributary valley sections in the north pass through this channel.



These assumptions of the wind directions are supported at all stations by corresponding wind speeds. It must be noted that the wind speeds at all stations show higher wind speeds during winter nights than during nights of the pre- and post-monsoon season. It is worth considering that the higher wind speeds result from more substantial radiation deficits and, therefore, stronger cooling after the sunset [19,101]. However, during winter day times, wind speeds are not as fast as during the other seasons. Ohata et al. [1] traced this back to a higher albedo, caused by snow and ice. This is followed by a diminished surface heating, resulting in a smaller temperature gradient, which finally results in a weaker MVWS. The analysis of the spatio-temporal forming of the valley winds shows a strong positive correlation between incoming global irradiance and wind speed. In general, the valley stations of the northerly exposed slopes show the slowest air movements, while the station Na in the higher region of the study area shows the highest wind speeds. This is partly due to the fact of topographical shadowing, but also influenced by incoming moist air masses with clouds. While the valley bottom with the AWS is already protected from sunlight, higher mountain slopes still receive considerable amounts of incoming radiation and, thus, drive the wind circulation. The short reduction in wind speed during the early morning hours and, to some extent, during the evening, as mentioned in the Section 3, is shown in connection with the wind directions as the hour in which the change between the wind directions takes place. A clear alternation between katabatic mountain winds during the dark hours and anabatic valley winds during the day is clearly identifiable. Likewise, it is clear that the shift between nocturnal and diurnal systems is closer together during the winter months between 06:00 and 18:00 than during other months. Again, the time of sunrise and sunset is indicative of the reversal of winds from anabatic valley winds during the day to katabatic mountain winds during the night. The duration of the shift in wind direction, however, shows another important difference of the valley floor and slope stations. As described before, the transition takes place mostly within one hour in the morning at the valley floor stations. At the slope stations, however, at least two hours of shifting wind directions during the morning transition can be seen. The duration of evening transitions is comparable throughout the network and in accordance with other studies [1,14,15]. It has to be noted here that the seasonal distribution of the VWDs influences the diurnal distribution of wind speeds.




4.3. Error Discussion, Limitations, and Further Research


The selection of the VWD and the resulting days limits the seasonal scope of the study. A more in-depth revision of the selection parameters for a VWD in the context of a monsoon-influenced high mountain valley could return a more robust classification. Especially the onset and final phase of the ISM should be considered thoroughly in this context. Regarding their seasonal components, wind speeds and directions were briefly addressed in the results. An assessment of diurnal wind directions and wind speeds after the local sunrise could return further insights into the implications on diurnal wind systems by seasonal variations. This should be followed by a comparison between different years to further improve knowledge about the seasonal variability of the MVWS in a high mountain valley with complex terrain. Additionally, an approach over a longer time period could yield a deeper understanding of the inter-annual variability and periodicity of the seasonal component of the local winds. The usage of ERA5 reanalysis data as the indicator for the overall synoptic situation is sufficient. However, the data have still a coarse spatial resolution and are only suitable to a limited extent for the analysis of a medium-sized valley with complex terrain, such as the Rolwaling Himal. Preferably, smaller-scale products should be used, especially for the pressure areas and height winds. These data products, however, are not yet available. In situ measurements of air pressure at the stations and height winds through Lidar and radar methods could lead to better cross-validation in this complex terrain. The DEM limits the accuracy of the values in the same way for the PISR. Shadowing effects and small topographic obstacles may have an influence on wind conditions within the valley. With regard to the recorded wind speed and direction, it is important to mention that only horizontal components were measured. Especially at slope stations, vertical air movements would be of great interest, as this would enable a more sophisticated approach and analysis of slope winds [38]. It should also be noted that the analysis was not performed in a transverse main valley, as was the case, for example, in the analysis of Egger et al. [3]. The levels of wind speed described in that analysis were not matched here. In addition to the existing analysis of wind speeds and directions, an overview of the generally prevailing wind patterns should be provided in greater detail. In further analyses of the diurnal wind systems, additional attention should be paid to the incoming solar radiation at the stations. This could give, combined with the placement and elevation of the station and the valley’s shape and curvature, further insight into the formation and characteristics of the local wind system and the MVWS. Furthermore, further analysis of small eddying due to vegetation and terrain disturbances would be of interest, especially for the valley floor stations NW bottom and NE bottom [102]. Nevertheless, surface cover such as altering snow cover in winter and the vegetation cover along the valley slopes influences the dynamics of measured wind data at a 2 m height above the surface [19]. Although there are only small obstacles in the directly surrounding area (<10 m) at the AWS, there is an altitudinal gradient of vegetation cover that influences the surface roughness in the valley. In mid-altitude valley parts (up to 4010 m a.s.l.), dense forest stands decline to the krummholz treeline (up to 4120 m a.s.l.) and higher alpine scrubs and meadows [103]. Declining vegetation heights and, thus, lower surface roughness result in higher wind speeds. Declining sheltering effects of topography further amplify this effect along the mountain tops.





5. Conclusions


The findings demonstrate the ability to identify distinctive diurnal and seasonal variations of local wind systems in a complex mountain topography. With the help of the AWS, near-surface wind speeds and wind directions were analyzed over 12 months in 2017–2018. Employing the concept of valley wind days according to Schmid et al. [38], 120 representative days with ideal atmospheric conditions for the formation of local wind systems were identified. During these days, the wind directions showed katabatic slope and mountain winds during the night and anabatic slope and valley winds during the day. Their gradual development considering transition timings and wind characteristics within the valley with respect to the station’s locations was also found. The wind directions recorded at the most stations showed location dependent wind direction shifts of about 180° twice a day. The analysis of wind speeds showed faster winds occurring primarily during daylight hours. Additionally, seasonal variations showed that monsoonal wind speeds were recorded as slower than during the rest of the year. The highest diurnal range of wind speeds was found at stations particularly exposed topographically towards the Sun and moving air masses. Hereby, mean hourly wind speed ranges from 0.59 to over 4 m s    − 1    were detected, while lesser-exposed stations typically showed ranges only between 0 and under 3.75 m s    − 1   .



The data evidently showed the well-known schematic diurnal MVWS and identified the seasonal aspect of sunrise and sunset as a varying factor. Therefore, it can be concluded that, on the one hand, the employed network of the AWS is capable of identifying temporal and spatial patterns in local wind systems. On the other hand, a seasonal varying diurnal wind system was clearly identified within the observations. However, minor restrictions, as discussed, demand further research. In general, our findings support previous research, but show a characteristic influence of the valley type. Comparing the results of this study area in a minor east–west-oriented tributary valley to larger transversal valleys with a north–south exposition is not easily possible.



With reference to the initial issue of having just few in situ-data-based descriptive work of small-scale wind systems in the high mountain area of the Himalayas, this analysis showed that the network of the AWS within the TREELINE project provides vital information to further tackle this research gap.
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Figure 1. Network of automated weather stations (AWSs) installed in the Rolwaling Valley, Nepal. Source: (a,b) ESRI [58]; (c,d) ALOS (AW3D30) by JAXA [59,60]. 
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Figure 2. Overview of days identified as valley wind days (VWDs) during the observational period. Black columns indicate VWDs. Months are indicated above the columns. 
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Figure 3. Wind speeds and direction during valley wind days at Na station. Topmost position (a) shows the hourly mean value of wind speed on the VWD as bar height with the red SD whisker. Hourly data are provided as black dots. Plot (b) consists of the hourly means of temperature (blue) and mean incoming solar radiation sums (yellow) on VWDs. Whiskers of one SD are added to the parameters in the respective colors. Mean hourly wind speeds for every hour in the observational period are shown in (c). The bottom plot (d) shows hourly wind directions in the same period. Calm hours are shown as transparent boxes in (d). Both (c) and (d) show the VWD data with higher lumination. 
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Figure 4. Wind rose of hourly wind speeds during the VWD at the Na station. 
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Figure 5. Wind speeds and direction during valley wind days at NE bottom station. Topmost position (a) shows the hourly mean value of wind speed on the VWD as bar height with the red SD whisker. Hourly data are provided as black dots. Plot (b) consists of the hourly means of temperature (blue) and mean incoming solar radiation sums (yellow) on the VWD. Whiskers of one SD are added to the parameters in the respective colors. Mean hourly wind speeds for every hour in the observational period are shown in (c). The bottom plot (d) shows hourly wind directions in the same period. Calm hours are shown as transparent boxes in (d). Both (c) and (d) show the VWD data with higher lumination. 
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Figure 6. Wind rose of hourly wind speeds during the VWD at the NE bottom station. 
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Figure 7. Diurnal forming of the winds in the Rolwaling Valley on 22 November 2017. Sub-figures showing the mean hourly wind speeds of the first hour of the day (00:00 – 01:00) in the top-left. The hour between 04:00 and 05:00 at the top-right, and the hours following 06:00 and 08:00 in the bottom row left and right respectively. Arrows indicate the wind direction at the stations, with the wind speed shown by the size of the arrow. Calm hours and hours with less than 0.3 m s    − 1    are indicated by circles. 
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Figure 8. Diurnal forming of the winds in the Rolwaling Valley on 22 November 2017. Sub-figures showing the mean hourly wind speeds of the first hour of the day (12:00 – 13:00) in the top-left. The hour between 15:00 and 16:00 at the top-right, and the hours following 18:00 and 21:00 in the bottom row left and right respectively. Arrows indicate the wind direction at the stations, with the wind speed shown by the size of the arrow. Calm hours and hours with less than 0.3 m s    − 1    are indicated by circles. 
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Figure 9. Potential incoming solar radiation over the study area on 22 November 2017. Calculated using ALOS (AW3D) by JAXA and SAGA-GIS [65]. 






Figure 9. Potential incoming solar radiation over the study area on 22 November 2017. Calculated using ALOS (AW3D) by JAXA and SAGA-GIS [65].



[image: Atmosphere 13 01138 g009]







[image: Table] 





Table 1. Automated weather station (AWS) in the TREELINE station network [9]. Mean hourly wind speeds were calculated within the period of 1 October 2017 to 30 September 2018.
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	Station
	Latitude (    ∘   N)
	Longitude (    ∘   E)
	Elevation (m a.s.l.)
	Position
	Mean Hourly Wind Speed (m s     − 1    )





	NW bottom
	27.9009
	86.3762
	3718.9
	Valley floor
	0.62



	NE bottom
	27.8986
	86.3791
	3734.2
	Valley floor
	1.08



	Na
	27.8782
	86.4337
	4192.1
	Valley floor
	1.66



	Dudgunda
	27.8756
	86.4604
	4532.2
	Valley floor
	1.25



	Gompa
	27.9050
	86.3755
	3886.0
	Slope
	0.94



	NW top
	27.8967
	86.3742
	4035.9
	Slope
	1.46



	NE top
	27.8934
	86.3759
	4158.3
	Slope
	1.14



	Yalun
	27.8590
	86.4338
	5005.2
	Slope
	—
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Table 2. Sensor properties according to the manufacturer Onset Computer Corporation, Bourne, MA 02532, USA [61].
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	Sensor Type
	Sensor ID
	Measurement Range
	Operating Range
	Other Details





	Weather station data logger
	U30-NRC
	
	−40–60    ∘  C
	Logging interval: 15 min (user defined), storage capacity: 512 Kb flash storage



	Wind speed
	S-WSB-M003
	0–76 m s    − 1   , accuracy: ±1.1 m s    − 1    or ±4%, automatic averaging
	−40–75    ∘  C
	Starting threshold: 1 m s    − 1    horizontal movement



	Wind direction
	S-WDA-M003
	0–355   ∘  , 5   ∘   dead band,

accuracy: ±5   ∘  , unit vector averaging
	−40–70    ∘  C
	Starting threshold: 1 m s    − 1    resolution: 1.4   ∘   horizontal movement



	Solar radiation
	S-LIB-M003
	−1280 W m    − 2   , Accuracy: ±10 W m    − 2   , Drift: <±2% per year
	−40–75    ∘  C
	±0.38 W m    − 2    error at conditions >25    ∘  C, Spectral range: 300–1100 nm



	Temperature
	S-THB-M008
	−40–75    ∘  C, accuracy: ±0.02 from 0–50    ∘  C, drift: <0.1    ∘  C per year
	−40–75    ∘  C
	



	Rain gauge
	S-RGB-M002
	0–12.7 cm h    − 1   , Max. 4000 tips per logging interval, accuracy: ±1.0 at 20 mm h    − 1   
	0–50    ∘  C
	Resolution: 0.2 mm
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