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The wind patterns in main and tributary valley systems undergo diurnal variation that are very dependent on the valleys dimensions. Characterising the down-valley winds is important for pollutant dispersion studies and a challenge for numerical simulations. This paper uses the KASCADE (KAtabatic winds and Stability over CAdarache for Dispersion of Effluents) observations to describe down-valley flow development and characteristics in two intersecting, shallow valleys of different size located in the prealpine region of southeastern France. The Durance Valley and its tributary valley, the Cadarache Valley, are different in depth (200 vs. 100 m depth, respectively), slope (0.2 vs. 1.2 ), width (5 to 8 vs. 1 to 2 km) and length (>50 vs. 6 km). Both down-valley flows were dominant features for the period of measurements. The distinct valley scales lead to different characteristics: the smaller Cadarache down-valley wind is primarily thermally driven and attains wind speeds up to 1 -4 m s -1 with its jet nose at around 30 m height a.g.l. The flow at that height initiates 2 hours after sensible heat flux turnover, a timescale that relates to linear wave solution for along-valley winds. The Durance down-valley wind involves larger scales -for both terrain features and large-scale circulation -, is related to a mountain-to-plain circulation and therefore its onset occurs with a delay of 6 hours after sunset. It reaches speeds of 4 -8 m s -1 and a depth of 175 -225 m a.g.l. Its highest occurrence is just after sunrise. In between the two valley winds, a shear layer is observed whose origin could be a combination of a Cadarache valley flow return current and a Durance down-valley wind stream redirected by orography.

Introduction

When contaminants are released in a complex terrain area, there is a need to document both local and regional flows, especially for stable conditions when vertical dilution is very weak. Characterising the stable boundary layer (SBL) is therefore of extreme importance, and is seen as one of the more serious atmospheric conditions for air quality (Zanetti 1990), especially in complex terrains which modify the flow and thus strongly influence dispersion (Bowen et al. 2000;Triantafyllou and Kassomenos 2002;Salmond and McKendry 2005;Largeron 2010). Cadarache, one of the research centers of the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA), is situated in the prealpine area of Southern Alps in France, where up-and down-valley flows are frequently formed under weak synoptic forcing and clear skies. For the purpose of impact assessment and risk management of the CEA facilities, the French regulation requires a constant monitoring of the dispersion of their emissions to the public and the environment. This necessitates characterising the local meteorology, which can be particularly challenging for the Cadarache area as it is on the intersection of two shallow valleys.

In valley systems, thermally-driven winds develop in stable conditions due to horizontal temperature gradients (Whiteman 2000). During the night, this is initiated by radiative surface cooling and consequently, the air is forced to flow downslope as a result of negative buoyancy (Manins and Sawford 1979;Mahrt 1982). The converging cold air reaching the valley bottom -also referred to as drainage -often results in a weak lifting motion, creating return currents at approximately the valley height (Oke 1987; Zardi and Whiteman 2013). In narrow valleys, the colder air stagnates at the valley bottom and a cold pool develops below a valley inversion (Clements et al. 2003). Down-valley flows often reveal themselves as low-level jets (LLJs - Kraus et al. 1985), their depth, strength, durations and onset times inherently depend on terrain geometries (McKee and O'Neal 1989; Atkinson 1995; Monti et al. 2002; Zardi and Whiteman 2013), which makes local field campaigns a necessity, but generalisation challenging. Besides their thermally-driven nature, valley flows can have multiple origins, some related to above-valley conditions. In this regard, Whiteman and Doran (1993) classified them into the fore-mentioned fully independent thermally-driven flow and three (quasi-) dependent flow types: downward momentum transport, forced channelling and pressure-driven channelling. Downward momentum transport plays a large role in unstable and neutral stratification in wider valleys (Whiteman and Doran 1993). Narrow valleys during unstable or neutral conditions experience the forced channeled flow (Weber and Kaufmann 1998) and pressure-driven channelling can be of importance in wide and shallow valleys under slightly to moderately stable conditions (Carrera et al. 2009). In the present study we therefore focus on the different scales of two confluent, relatively shallow valleys, to investigate their distinct response to stability, and their flow interaction. Two cross-oriented valleys are under study; the large Durance Valley (DV) and its tributary valley, the Cadarache Valley (CV). Their widths (5 to 8 vs. 1 to 2 km, respectively), depths (200 vs. 100 m), average slope angles (0.2 vs. 1.2 km) and lengths (67 vs. 6 km) are distinctly different, making them to behave differently under stratified conditions. We aim to quantify the down-valley flow characteristics by means of observations for these two connected valleys in terms of timing, height, strength and duration, their flow interactions, and to identify the main mechanisms causing the valley flows to develop. Observations come from the KASCADE (KAtabatic winds and Stability over CAdarache for Dispersion of Effluents) field measurement campaign, conducted in prealpine southeastern France during the winter season of 2013, which was characterised as having strong diurnal patterns during weak synoptic forcing.

The paper is organised as follows: First, the context of this study, a detailed description of the study area and details of the KASCADE-campaign are provided in Sect. 2. For general understanding, the observations of regional weather phenomena and stability, and valley flows in particular are described in Sect. 3.1. Characteristics of the valley flows under investigation are given in Sect. 3.2. Conclusions, including a conceptual framework, are given in Sect. 4.

KASCADE experiment

Background

Cadarache is a research centre of the CEA, located in southeastern France (see Fig. 1) at the intersection of the middle DV and the tributary CV immediately upstream of Clue de Mirabeau. The operation of several facilities there requires to control emissions of pollutants and to assess their impact. Clear skies and calm winds are regularly observed in the region (Wrathall 1985), leading to the onset of locally-driven winds in the complex area in and around Cadarache. Understanding the patterns of valley flows, their interactions, and cold-air pool formation in the tributaries confluent to the DV is therefore essential to evaluate the environmental impact of Cadarache's activities. The KASCADE field measurement campaign was conducted in the winter of 2013 and was designed to characterise the local SBL and thermally-driven winds to inform future numerical simulations of pollutant dispersion for environmental impact studies.

Site characteristics

The orography of the region of interest is presented in Fig. 1. The DV has been formed by the Durance river, a braided river flowing from the Southern Alps to the Rhône Valley. The valley is 5 to 8 km wide with an average depth of 200 m. The section of the DV between Sisteron and the Clue de Mirabeau has a length of 67 km with an along-valley axis mean slope angle of 0.2°. The aspect ratio, defined as the ratio of the valley depth to the valley width, is 0.04. The along-valley direction is about 30° North (Fig. 1a). The valley narrows from 5 km to 200 m at the Clue de Mirabeau. The CV is a SE-NW orientated tributary of the DV. The valley is 1 to 2 km wide, 6 km long, with an along-valley axis slope angle of 1.2°, a depth of ~100 m and an aspect ratio of 0.05. The sidewalls have an average slope of around 6°. The land use in the CV is a mixture of broad-leaved and mixed forests, grasslands, artificial surfaces and buildings. [Figure 1 about here.] Other orographic features of different scales (Fig. 1) may influence the local wind patterns. For instance, the Southern Alps, about 70 km northeast of Cadarache, reach heights of at least 1500 m MSL and attain heights of up to 3000 m at a distance of 140 km. In very calm synoptic conditions mountain systems of this scale develop drainage currents that can modify the flow more than 100 km downstream (Jiménez and Cuxart 2014). A sloping plateau with an angle of ~1° (Plateau de Valensole) lies in between the Southern Alps and Cadarache on the DV left bank. This plateau can induce the formation of a LLJ during stable situations and therefore can contribute to flow-channelling in the DV. Two east-west orientated mountain ridges are at moderate distance from the site: the Luberon and the Sainte Victoire. Both have maximum heights of 1000-1100 m. The narrow Clue de Mirabeau facilitates cold-air pool formation, especially during wintertime. Finally, situated within the Cadarache site boundaries, the Maladroit hill is part of the CV northeastern sidewall with an altitude of 394 m, being 110 m above the valley floor. The Maladroit is hypothesized to play an important role in the interaction of the CV and DV flows.

Various important local meteorological phenomena are typical for the region, and appeared to occasionally interfere with the valley winds during the KASCADE experiment. The Mistral is a cold and dry wind that flows down the Rhône Valley, and can occur throughout the year (Reiter 1971;Guenard et al. 2005). At the Cadarache site the Mistral comes from a northwesterly direction. Not all Mistral events, however, reach Cadarache. In the afternoon, due to solar heating and proximity to the Mediterranean Sea, land-sea breezes can develop (Cros et al. 2004;Mestayer et al. 2005). Sometimes the breezes are coupled with the Mistral wind (Bastin et al. 2005) and reach the Cadarache site where they approach from the west. Lastly, precipitation events usually come from the southeast (Margerit 2006) mainly during autumn and early spring months although they are sometimes observed in winter. They have been intensively investigated during the HYMEX campaigns (Drobinski et al. 2013). The topographically induced meteorological mesoscale phenomena (e.g. Mistral) favour clear sky. Wrathall (1985) reported more than 2500 hours of sunshine per year in the region.

Instrumentation and measurement strategy

To investigate the onset of the valley flows, their occurrence and interactions during stable conditions, the KASCADE campaign was conducted during the winter of 2013. Nocturnal atmospheric stability in the region occurs throughout the year, but the relatively long nights enhance SBL formation. The data were collected between 13 December 2012 and 18 March 2013. 23 special intensive observation periods (IOPs) were carried out between 15 January and 2 March 2013. An IOP was planned when clear skies and weak synoptic forcing were forecasted, but were actually executed when the wind was weak enough for the tethered balloon to be operated, making these periods inherently related to weak wind conditions. The dates of IOPs are presented in Table 1.

[Table 1 

about here.]

Measurements were made at different locations (see Fig. 1). A detailed description of the instrumentation is provided in Table 2. Cadarache has two permanent weather stations, La Grande Bastide (GBA) and La Verrerie (VER), which measure temperature at 2 m a.g.l. and wind speed and direction at 110 m (GBA) and 15m (VER) a.g.l. The top of the GBA-tower lies above the CV sidewalls. The M30 site (see Fig. 1) has a 30-m flux tower with sonic anemometers at 2, 10 and 30 m, one fast hygrometer at 30 m, longwave and shortwave radiation sensors at 2 and 20 m and two thermohygrometers at 2 and 30 m. This site is located in a flat open section with a 600-m fetch. The land cover is mostly grass with patches of bare soil. Turbulent fluxes of sensible heat, latent heat and momentum were During the IOPs, a tethered balloon was deployed and radiosondes were launched at the M30 site. The tethered balloon was equipped with up to three Väisälä probes separated by a distance of 50 m, measuring temperature, relative humidity, wind speed, wind direction and pressure. The tethered balloon was deployed to make measurements during the sunset and sunrise transitions, but in the last week of the campaign full-night measurements were also made. In general, profiles reached up to 300 m a.g.l. with an average ascent/descent speed of 0.3 m s -1 , yielding profiles every 15 min. At the surface an extra ground level probe was installed to give a pressure reference for height correction. To document the troposphere above 500 m a.g.l., radiosondes were launched during the IOPs, reaching an average altitude of around 5 km. Normally, the releases were at 12, 18 and 06 UTC and during the last campaign week when full-night measurements were made, radiosondes were also launched at 00 UTC.

All sensors were checked for inconsistencies and recalibrated during a two-month inter-comparison experiment right after KASCADE at Centre de Recherches Atmosphériques, Lannemezan, France. Detailed information on the correction procedures can be found in a KASCADE technical report (Appendix C in Duine 2015). Prior to the flux calculations, an additional despiking procedure was developed for the two lower sonic anemometers. The calculated fluxes were evaluated for both normal and de-spiked signals during the inter-comparison with another eddy-covariance package (Baghi et al. 2012) and no discrepancies were found for the de-spiked signal.

Results and discussion

General overview of the observations

The prevalent meteorological conditions

Data for the last 24 days of the campaign, a period during which 15 IOPs were conducted, are presented in Fig. 2. A diurnal temperature range of 15°C was observed regularly during the full campaign (40.9% out of the total of 93 days), with a peak of 20°C on 17 February (see Fig. 2a). For midlatitude regions in wintertime these values are rather extreme (Wallace and Hobbs 2006). They can be explained by the distance of the site to the Mediterranean Sea, generally clear skies and low soil moisture (Jackson and Forster 2010). Furthermore, because of the complex orography, cold air tends to drain from higher slopes to the valley bottom creating strong inversions and increasing the diurnal temperature range (Geerts 2003). A temperature inversion developed during clear-sky nights, as shown by positive temperature differences (T110m -T2m), and can reach 5°C (see Figs. 2a and2c).

Westerly winds prevailed during the afternoon at both the GBA and M30 sites (see Fig. 2b). Once the sun set, a SBL formed rapidly and at the M30 site (in the CV) the observed wind turned to the SE, i.e. down-valley and opposite to the daytime direction. This weak drainage flow will, hereafter, be named the Cadarache down-valley (CDV) wind, and is primarily thermally-driven (Duine et al. 2016). Whenever strong Mistral events occurred (e.g. 8th February, see Fig. 2b), no CDV wind was observed. During cloudy (and rainy) periods (e.g. the nights from 10 to 11 and 17 to 18 February) SE winds often occurred, as can be seen from the wind measurements at 110 m a.g.l. They coincidentally have the same direction as the CDV wind. At 110 m a.g.l. at the GBA site, i.e. well above the CV, the daytime westerly flow often persisted until the early evening and then turned progressively to the NE, i.e. along the DV. We will call this flow the DDV wind hereafter. We will elaborate on characteristics (timing, occurrence, strength) of both the DDV and CDV winds in Sect. 3.2. Figures 3b, 3c and3d show the probability density functions and the median values (for the whole campaign) of the sensible heat flux H, stability index z=L and friction velocity u*, respectively. On average a stable stratification forms 1.5 hour before sunset (see Figs. 3a, 3b and 3c), and is destroyed shortly after sunrise (not shown). In this shallow, narrow CV the sidewalls are able to create shading effects leading to negative values for H before sunset (see Nadeau et al. 2013). H reaches its minimum value half an hour after sunset, then increases gradually to 0, similar to what is observed during the CASES-99 experiment (Steeneveld et al. 2006), and becomes positive 1 hour after sunrise (not shown). In general, a clear transition from unstable to stable conditions was observed. Also the distribution and median value of u* clearly illustrate the transition from unstable, turbulent to stable conditions (see Fig. 3d). The wind speed decreases and weak turbulent mixing is observed during the night, with u_ rarely exceeding 0.2 m s -1 and being often lower than 0.1 m s - 1 . Turbulent mixing increases again from 1.5 hours after sunrise.

[Figure 2 about here.]

The prevalent winds at the VER site are shown by means of the frequency of the wind direction, and are derived from the Sodar measurements (see Fig. 4). Four main wind patterns can be distinguished: the NNE DDV wind, the SE wind that often brings clouds and precipitation, the Mistral from the N to NW sector, and afternoon and evening WSW winds.Westerly winds observed before sunset and just after sunrise are attributed to a mixture of Mistral and general westerly circulation (see Figs. 4a and4b). Southeasterly winds often associated with cloudy and rainy events are detected before sunset. The DDV flow is fully developed only 6 to 9 hours after sunset (see Fig. 4d), and persists at least 3 to 6 hours after sunrise (see Fig. 4h). We elaborate more on the DDV wind in the next sections.

[Figure 3 about here.]

Relationships between within-and above-valley winds

The observations collected during the KASCADE field campaign were very localised, but nevertheless can be used to infer the mechanisms driving the within-valley winds. In the following, we use the diagnostic framework introduced by Whiteman and Doran (1993), which relates within-valley to above-valley winds. The relationships for four possible forcing mechanisms (thermally-driven, downward momentum transport, forced chanelling, and pressure-driven chanelling) are presented in Fig. 5a-d.Within-and above-valley wind direction data, averaged over 2 hour periods, are shown in Fig. 5e for the CV and Fig. 5f for the DV. To estimate the within-and above-valley wind directions for the CV we used wind direction data at 30 m a.g.l. at the M30 site, and at 110 m a.g.l. at the GBA site, respectively. For the DV, the wind directions at 175 m and 475 m a.g.l. derived from the Sodar measurements at VER were used to estimate within-and above-valley wind direction, respectively.

The signature of thermally-driven up-and down-valley winds is clear for the CV (see Fig. 5e), for any above-valley wind direction. Thermally-driven up-valley winds are more variable in direction. Downward momentum transport does appear to be much less observed within the CV and DV (see Fig. 5f) and is principally associated with Mistral (NW) and cloudy (SE) events. Pressure-driven chanelling is driven by large-scale pressure gradients and does not show a diurnal cycle (Whiteman and Doran 1993), hence it can be excluded as a key driving mechanism in the CV. Besides, this mechanism is mostly found in valleys with moderate and cloudy climates, while the Cadarache region mainly experiences clear skies. From this figure, forced chanelling cannot be fully excluded as a mechanism, but the CV flows are primarily thermally-driven (Duine et al. 2016).

A clear diurnal pattern is also found for the DV wind (see Fig. 5f). Note that relationships between within-and abovevalley winds for this valley are more complex because the VER site is off the axis of the valley (see Fig. 1). Besides, the relationships associated with the forced and pressure-driven chanelling mechanisms overlap (see Fig. 5d). Similarly to the CV, no signature for pressure-driven chanelling is observed within the DV. The DDV winds present a signature of forced chanelling as they are associated with above-valley winds with directions in the range [300°-120°] (clockwise), and occur mostly during the late night and early morning hours. Durance up-valley winds are associated with abovevalley wind directions in the range [210°-360°] (clockwise) during the afternoon and early evening. Considering the position of the Southern Alps northeast of the VER site, above-valley flows can result from a mountain-to-plain circulation (Zardi and Whiteman 2013). Therefore, one of the mechanisms driving a DDV wind is drainage from the large-scale circulation. This was investigated and confirmed by mesoscale modelling covering a larger area [see Chap. 7 in Duine (2015)]. It was also found that, in addition to the drainage associated with the mountain-to-plain circulation, drainage from tributary valleys (Vallée de la Bléone and Vall´ee de l'Asse) plays an important role in the development of the DDV flow. Hence there are several possible drivers of the DDV flow: local valley drainage, chanelling effects from larger-scale synoptic winds, LLJs originating from the Plateau de Valensole (see Sect. 2.2), and drainage from the Southern Alps.

[Figure 4 about here.] Both valleys show features related to down-valley flows, which were dominantly present. By picking up individual cases, we will try to infer under which conditions the down-valley winds develop, and their characteristics.

Valley-flow characteristics

This section focuses on the description of the flow characteristics, by exploring a case study under weak synoptic forcing (Sect. 3.2.1), which leads to timing characteristics (Sect. 3.2.2). Then, we investigate the flows under moderate synoptic forcing (Sect. 3.2.3), which allows us to draw conclusions on depth, strength, and occurrence of the valley flows in Sect. 3.2.4.

Development under weak synoptic forcing: IOP 21

We selected IOP 21 to investigate the characteristics of the flows in both valleys under weak synoptic forcing and clear skies. The IOP started at 12:00 UTC on 27 February 2013. Astronomical sunset and sunrise were at 17:21 and 06:16 UTC, respectively. Four days before the IOP started, a precipitation event covered the region with a 10-cm deep snow layer (see Fig. 2a). The snow had mostly melted by the start of the IOP, as revealed by the values of SW↓ (see Fig. 2c). The synoptic situation was characterised by a high pressure area over the United Kingdom that extended eastward and a low pressure area over southern Spain, driving an easterly flow over southern France.

Data from the radiosonde launched at 12:00 UTC reveals a dry mixed layer extending from the surface to 1400 m a.g.l.

(see Fig. 6a). The time evolution of the mixing ratio profile indicates moisture advection during the IOP, with dew formation in the early morning as a result of the strong stability (not shown). A well-marked westerly jet was observed below 900 m at 18:00 UTC (see Fig. 6b). Observations from the Sodar at VER (not shown), and the GBA and M30 stations (see Fig. 2b) indicate that this westerly wind at Cadarache formed around 17:00 UTC and lasted for several hours. By the end of the night (06:00 UTC), the depth of the SBL reached 400 m, which is beyond the height range of the tethersondes.

[Figure 5 about here.]

We selected 14 among the 66 tethersonde profiles obtained during IOP 21 (see Fig. 7). Potential temperature profiles indicate that at 17:13 UTC (that is shortly before sunset) a stable layer had formed in the first 30 m above the surface. By 18:43 UTC the atmosphere in the first 300mabove the surface had cooled by 2°C, and the near-surface temperature inversion strength had reached ~85 K km -1 , see Fig. 7a. The SBL deepened steadily throughout the night while the wind profile changed dramatically within the first hours. The weak winds aloft between 21:40 and 22:31 UTC allowed the CDV flow to develop throughout the whole valley depth, that is ~100 m (see (Fig. 7b). The CDV wind takes the shape of a jet, with a maximum wind speed of about 2.5 m s -1 . The wind at around 175 m a.g.l. turned to the DDV wind direction. At this height the turbulence collapsed (i.e. σw <0.1 m s -1 ) at 23:15 UTC (not shown). At 23:52 UTC, i.e. 6.5 hours after sunset, the DDV wind had developed, and presented a jet with a maximum speed of 3 m s -1 at 175 m a.g.l. The timing for both the CDV and DDV winds is further discussed in Sect. 3.2.2.

[Figure 6 about here.]

During the second part of the night, the surface continued to cool until a minimum temperature of -3°C was reached before sunrise (06:16 UTC), see Fig. 7c. This lead to a diurnal temperature range of 17.4°C (see Fig. 2). The DDV wind has attained speeds up to 4 m s -1 (see Fig. 7d). After 04:00 UTC a shear layer is observed between 50 and 100 m: the wind rotates clockwise with altitude from SE to NNE, through a 265° rotation instead of 95°. This typical behavior was observed during other IOPs featuring both DDV and CDV winds. The following mechanisms may explain these observations: (i) a return current [or closing branch belonging to the thermally driven circulation (Zardi and Whiteman 2013)] flowing just above the CDV flow, (ii) an intrusion of the DDV flow into the CV, partially redirected by the Maladroit hill, or (iii) a combination of (i) and (ii). At the surface, the CV wind reversed from down-valley to up-valley at 07:50 UTC (not shown). The DDV wind lasted until around 10:00 UTC as revealed by the Sodar measurements (not shown). Later on, the SE-direction of the synoptic wind was re-established.

IOP 21 is one of the many examples of calm synoptic forcing conditions. Out of the total of 23 IOPs, the CDV and DDV winds co-existed 14 times (i.e. 61%). This number is restricted by the appearance of a DDV wind, as the existence of the CDV wind is less susceptible to large-scale disturbances. In the next section we will draw some conclusions about the typical timing of both flows.

Timing of the CDV and DDV flows

Figure 8 shows wind direction during the KASCADE campaign as a frequency distribution on a time scale referenced to sunset at 2, 10 and 30 m a.g.l. for the M30 site and 110 m a.g.l. for the GBA site. The most frequent wind direction at all heights in the CV before sunset is WNW, see also Figs. 1b, 4, and7. It is not necessarily a local CV effect as it is also present at 110 m. The wind turns to SE at 2 and 10 m a.g.l. at sunset, indicating the onset of the CDV wind. One hour after sunset the 30 m wind turns to SE as well, as indicated by the median value on Fig. 8d. The CDV flow persists at all heights until 1 hour after sunrise and reverses to up-valley 2 hours after sunrise (see Fig. 9). The transition to up-valley occurs earlier at 30 m a.g.l. than at 2 m a.g.l. This feature was observed regularly from the tethersonde measurements during the morning transition (e.g. IOP 21 in Sect. 3.2.1), and may be explained by the valley shading effect leading to earlier surface heating at the CV floor in the lower part of the valley than in the upper part of the valley. The CDV wind is likely to be eroded from the top, once the WNW flow aloft is re-established. During nighttime (see Fig. 8), a wind from the NW is sometimes observed at 2, 10 and 30 m a.g.l.: this is the signature of Mistral events. These events were observed episodically during the entire campaign.

[Figure 7 The timing of the CDV wind to reach its steady state can be related to the timescale Tl associated with the linear wave solution of the along-valley wind equations derived by Egger (1990), further investigated by Schmidli and Rotunno (2015), and related to the valley length Lx by Arduini et al. (2016). A typical timescale Tss for the along-valley wind component to reach its (quasi-) steady state is found to be about 3 Tl, whereTl = 2Lx=(hN0), with Lx = 6000 m, h = 100 m the valley depth, and N0 proportional to the Brunt-Väisälä frequency (N0 =sqrt ( (g/θv) ∂θv / ∂z) ). The CDV wind maximum is typically around 30 m a.g.l. (see Sect. 3.2.4). Using a characteristic temperature gradient at sunset between 30 and 2 m (see Fig. 3a), we get N0 = 0.05 s -1 , yielding Tl = 40 min. With the coefficient of proportionality of 3, the CDV wind would reach its steady state in 120 min. This coincides well with observations when we consider the time when H changes sign at 30 m a.g.l. as an initial time for the CDV wind to develop (approximately 1 hr before sunset, see Fig. 3b), indicating that the CDV flow reaches its steady state 1 hr after sunset (see Fig. 8d).

The timing of the onset of the DDV flow can be inferred from the wind measurements at 110 m a.g.l. at GBA (see Fig. 8d). Since the tower is situated above the CV (see Fig. 1) it captures the DV flow. After sunset, the daytimeWNWwind continues steadily into the night. The first appearance of the DDV flow is visible about 4.5 hours after sunset when the wind shifts to the DDV direction (NNE direction). Winds from the WNW and NNE directions coexist as the night progresses. The highest occurrence of the DDV wind is found just after sunrise (see Fig. 9). After sunrise the DDV wind persists for longer than the CDV wind, shifting back to the daytime WNW direction around 4.5 hours after sunrise.

To investigate further the time delay in the onset of the DDV flow, we consider the Sodar measurements at VER (see Fig. 1). Figure 10 shows the onset of a wind oriented in the 10°-50° direction range, i.e. along the DDV direction at a height of 225 m a.g.l. The DDV wind is most noticeable between 100 and 300 m a.g.l. (see Fig. 4). We restrict our analysis to winds lasting for at least 1.5 hours to exclude coincidental occurrences in the same wind direction range during low wind speed conditions. The figure shows that DDV winds can start throughout the night at this height, but the highest probability for the onset is between 6 and 9 hours after sunset, although the onset at lower heights could occur earlier.

[Figure 9 about here.]

The turbulence, as shown by the median of σw at 175 m a.g.l., generally decreases to its lowest level 6 hours after sunset (see Fig. 11a). Considering IOP-days only (see Fig. 11b) leads to a similar result. A possible explanation for the development of the DDV wind when turbulence decays is that the DDV wind is not aligned with the wind above the DV, and as long as turbulence maintains a certain level, vertical mixing of momentum prevents the DDV wind from developing in the valley. Figure 11 highlights the strong diurnal patterns observed for both the full campaign and during IOPs.

[Figure 10 about here.]

We have not attempted to find a typical timing for the DDV wind to develop, as was done for the CDV wind, for multiple reasons: N0 cannot be determined due to the lack of stability information within the DV, the theory of the linear wave solution might be less appropriate for large-scale valleys (Schmidli and Rotunno 2015), and the DV is far from ideal with its depth varying greatly along the 70 km-long fetch. We recall however that the distance from the measurement site to the Southern Alps is around 70 km, and that on these scales (both distance and mountain range height) a mountain-toplain circulation might very well explain the found time delay: Jiménez and Cuxart (2014) reported that the Pyrenees mountain ridge can affect flows on horizontal plains more than 100 km away, with a delay of more than 6 hours. This delay is fairly consistent with the findings of the present study. If we consider the DDV flow to be a drainage flow restricted to the valley itself, we come to a similar conclusion: in such case the DDV flow could form around Sisteron (see Fig. 1a), and with a typical wind speed of around 4 -8 m s -1 (see Sect. 3.2.4), it would take around 5 hours to reach the Cadarache area.

To summarise, the CDV and DDV flows have different timings relative to sunset and sunrise. We also note a strong difference in turbulence decay for the two valleys (e.g. compare Figs. 3 and11). Wind reversals in the smaller CV occur close to sunset and sunrise transitions. Onset occurs when a stable layer forms at the surface and cessation occurs shortly after sunrise when atmospheric stability is reduced. The onset and cessation of the DDV flow occur with a delay related to sunset and sunrise transitions. This flow is affected by larger scales; the DV has a longer fetch and the VER site is on a sidewall of the DV at its lower end so that this transition takes time to reach the site's elevation. Besides, the DV is much wider than the CV and is therefore more exposed to external influences. To investigate the importance of such external influences on the differences in the valley flow developments, we pick up a case study under moderate synoptic forcing in the next section.

Development under moderate synoptic forcing: IOP 5

In this section we examine the non-typical IOP 5, which started on 24 January 2013 at 12:00 UTC. Astronomical sunset was at 16:36 UTC and sunrise at 07:01 UTC.

During IOP 5 a low pressure system was present above Italy which resulted in a northerly wind in the region of interest. This IOP was conducted under moderate Mistral conditions during which turbulence was sustained (the average value of σw between sunset and sunrise was 0.19 m s -1 at 125 m a.g.l.) and no clouds were observed. Note from Fig. 11 that the value for σw is indeed higher than the average for the IOPs. At 12:00 UTC a convective boundary layer extended from the surface to ~1000 m height (see Fig. 12a). The wind on the profile is weak and northerly, except in the lowest 300 m a.g.l., where NW winds were observed (see Fig. 12b). At 18:00 UTC, the layer below 800 m has already cooled. Two inversion layers are observed with a neutral layer in between, the lowest one with its top at around 100 m and the upper one at 800 m. Given its height and the short time (1.5 hr) after sunset, the upper inversion cannot be a consequence of the local surface cooling, but has to be related to cold air advection by the Mistral wind. By the early morning (06:00 UTC), the lowest stable layer has deepened to 250 m a.g.l., with a sustained NW flow; the upper inversion has also strengthened.

[Figure 11 about here.]

The tethersonde profiles confirm the moderate Mistral conditions. Among the 50 tethersonde profiles, 7 in the evening and 7 in the morning transition were selected (see Fig. 13). The wind below 200 m turned from NW to W at 14:00 UTC (see Fig. 13a), as revealed by the Sodar at VER and M30 observations (not shown). A similar shift was observed during IOP 21, and is a typical feature for the region as shown in Sect. 3.1.1. Surface cooling started shortly before sunset, together with a weak and variable near-surface wind (16:48 UTC, see Fig. 12b). The CDV wind was observed with a jet maximum at 30 m a.g.l. ~3 h after sunset (19:31 UTC), that is later than the typical onset timing during weak synoptic forcing (see Sect. 3.2.2). The delay is related to the stronger synoptic forcing, which sustained mixing in the lower layers and so delayed the onset of the CDV wind. By the early morning the SBL depth was about 150 m a.g.l. (see Fig. 13c). The Sodar observations reveal that the northerly wind was observed during the full-night period, with speeds of around 4 -6 m s -1 up to 500 m a.g.l. (not shown). No clear DDV wind (30°) was observed below 200 m (see Fig. 13d), unlike during IOP 21. A steady CDV wind persisted near the surface, although it was thinner (~50 m), weaker (1 -2 m s -1 ) and therefore more variable than during IOP 21. The Mistral above the CDV flow prevented its development by eroding its top. We conclude that the depth of the CDV flow is influenced by the wind above the valley [see also Barr and Orgill (1989)]. In the next section we determine typical depths and wind speeds of the CDV and DDV flows.

[Figure 12 about here.] 3.2.4. CDV and DDV wind speed, depth and occurrence

In this section we focus on the data from the IOPs characterized by weak synoptic winds, pointing out typical flow depths and interactions, as well as influences of local features. We have disregarded IOP 2, since a very strong Mistral event prevented tethersonde measurements, and we restrict our analysis to nighttime periods. Figure 14 shows the wind roses at various heights, derived from the tethersonde wind data. The highest frequency of CDV winds occur at around 33 m a.g.l. At 51 m there is still a high frequency of down-valley winds, along with a lower frequency of up-valley winds. At higher elevations (e.g. 75 m) the down-valley wind is barely present and at 111 m it is absent. Typical values of the wind speed for the down-valley jet are 1 -4 m s -1 .

[Figure 13 The influence of clear skies and relatively weak synoptic forcing on the diurnal wind pattern can be demonstrated by comparing Sodar observations at VER for the full winter period (see Fig. 4) with Sodar observations at the same site for the IOPs only (see Fig. 15). The largest differences are found in the SE and NW sectors. Both sectors are characterised by winds that are principally synoptically driven: we recall that the SE large-scale winds are associated mostly with cloudy and rainy events, and the strong NW winds are associated mostly with Mistral events. These features are not visible for the weak synoptic conditions of the IOPs. However, SE winds above 100 m were observed during some IOPs (primarily IOP 15; see Fig. 2b). It is clear that for weak synoptic forcing during the afternoon, westerly winds are predominant. Figure 16 shows tethersonde data for the IOPs at the M30 site. By comparing Figs. 15a and16a, one observes a difference around sunset between the measurements inside and outside the CV. The Sodar observations are divided into two groups: WSW and NW, whereas the tethersonde gather along a single WNW direction. Just after sunset inside the valley, the CDV flow has developed near the surface (see Fig. 16b) and remains well established throughout the night (see Fig. 16d-g). The onset of the CDV flow is consistent with the tower measurements in Sect. 3.2.2 and the data shown in Fig. 8. Figures 16b-c and 15bc further imply that the westerly flow remains until 6 hours after sunset, when the DV flow shifts towards the DDV direction. This confirms the uncertainty on the onset timing of the DDV flow mentioned in Sect. 3.2.2. During the 6 hours preceding sunrise and the 3 hours after sunrise (Figs. 16d-g and 15d-g), the DDV flow is fully developed between 100 and 300 m a.g.l., with wind speed in the range 4 -8 m s -1 (see Fig. 14). LLJs were frequently observed during the IOPs with a maximum wind speed in the range 175 -225 m a.g.l. (not shown).

At the end of the night during IOP 21 a shear layer was observed between 50 and 100 m (see Sect. 3.2.1). This layer, between the CDV and DDV winds, was observed in other IOPs and therefore appears in Fig. 16f-g. In the shear layer the wind turns clockwise with elevation by 265°. It is typically present in the late night and believed to represent large horizontal motions generated in the height range between the CDV and DDV flows when stratification is at its strongest. It is readily identifiable in the IOP mean wind data and is especially apparent during IOPs when both the CDV and DDV flows co-exist: out of 17 early-morning periods when tethersonde data are available, this situation occurred 11 times, and a shear layer was observed 10 times.

The Maladroit hill (see Fig. 1), which lies north of the tethersonde site, may create a sheltering effect that influences the CDV flow. During nighttime at the GBA site, the northeasterly DDV flow is observed at 110 m, whereas at the M30 site it is much less frequent at this height and completely absent below.

[Figure 16 about here.]

Conclusions

Field measurements from the KASCADE field campaign held during the winter 2012/2013 were analysed to characterize the atmospheric stability and valley winds that develop in the connecting Cadarache valley (CV) and Durance valley (DV). The experiment collected high quality data for three months, including 23 periods of intensive observations focused on anticylonic conditions, which are typical for the region. The representative case studies in relation to the full campaign data implied the importance of valley flow characteristics in such shallow (around 100 to 200 m in depth) valleys, and showed their significance for atmospheric dispersion studies.

The distinct dimensions of these two valleys lead to different flow characteristics, and are conceptualised in Fig. 17. The along-valley wind system in the CV is generally thermally-driven, that is up-valley during the day and down-valley during the night. The Cadarache down-valley (CDV) flow develops shortly after sunset. Its onset is immediate, and reaches a quasi-steady state around 2 hrs after the sensible heat flux changes from positive to negative. This is consistent with linear wave theory. Once established, the CDV wind persists throughout the night and ceases within two hours after sunrise. Due to sheltering effect, the CDV flow can also develop under moderate synoptic forcing. During very weak synoptic wind conditions, it extends throughout the valley depth whereas under stronger synoptic forcing it typically reaches a few tens of metres a.g.l. only, as stronger external winds reduce its depth by erosion from the top. The CDV wind speed is typically in the range 1 -4 m s -1 .

[Figure 16 about here.] The Durance down-valley (DDV) flow experienced at Cadarache develops much later than the CDV flow. Although the onset timing is variable, the average delay of 6 hours with respect to sunset could be related to terrain geometry on the mesoscale. The development of the DDV flow is associated with a reduction in turbulence level and an increase of the wind speed towards sunrise, and the maximum wind speeds can even occur after sunrise. Once established, the DDV wind is typically in the range of 4 -8 m s -1 at 175 -225 m a.g.l. The DDV wind generally ceases 3 hours after sunrise.

The analysis revealed an interaction between the DDV and CDV flows at the Cadarache site. The governing processes of this shear layer are hypothesised as being a return current or an intrusion of the DDV flow into the CV. Such knowledge however is crucial for atmospheric dispersion studies. To further increase our understanding of the wind regimes in the Cadarache region during stable conditions, numerical modelling and dispersion studies are currently in progress. Recently, the Weather Research and Forecasting numerical model was tested and evaluated using the field campaign data (Kalverla et al. 2016), showing the potential to be used for model-based dispersion studies (Duine 2015). 1 

  Thermally-driven valley flows were investigated extensively during the VTMX (Doran et al. 2002), ASCOT (Clements et al. 1989), METCRAX (Whiteman et al. 2008), and more recently MATERHORN (Fernando et al. 2015) and TRANSFLEX (Fernando et al. 2013) campaigns. Although the literature on valley flows is vast and the governing processes are well described [e.g. Whiteman (1990)], their interaction with tributary flows has received little attention. Complex interactions between tributary and valley wind systems however exist (Porch et al. 1989), as the tributary flow can considerably contribute momentum to the main valley flow (Coulter et al. 1989), can modify the main valley flow (Porch et al. 1989; Zängl and Vogt 2006), and particularly can contribute to clean polluted air in the main valley (Banta et al. 1997). Coulter et al. (1991) compared three different tributary flows, finding that small differences in topography of the tributaries have meaningful effects on the main valley flow. Sakiyama (1990) related the geometry of tributary and main valley flows to their distinct sizes. Despite the effort of these studies, it is clear that different terrain geometries result in different wind characteristics, especially in complex terrains with tributary valley systems.

  Kalthoff et al. (2005) showed the existence of an along-valley wind in the DV only in the early morning during the ESCOMPTE campaign (Cros et al. 2004; Mestayer et al. 2005) and Quenol and Beltrando (2008) investigated the effect of spring frost on the valley wind system in the lower part of the DV.

  calculated using the open-source flux calculation package EddyPro (LI-COR Biosciences, USA), version 4.1.2. The radiometers at two different heights (the lower one on a nearby mast) provided measurements of radiative flux divergence, a crucial variable controlling SBL formation that is still relatively unexplored (Sun et al. 2003; Savijärvi 2006; Hoch et al. 2007; Steeneveld et al. 2010). At VER a Remtech PA2 Sodar provided averaged wind speed and direction, and turbulence characteristics every 15 min with a vertical resolution of 25 m.

  about here.] [Figure 8 about here.]
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Experimental data is available at the data website http://kascade.sedoo.fr/ or by contacting Dr. Thierry Hedde (Thierry.Hedde@cea.fr)
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