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Abstract

:

This study investigates a summer heat wave (HW) associated with downslope winds (DWs) affecting the central region of the state of Rio Grande do Sul (RS), Brazil. The temporal evolution of both phenomena is analyzed in the atmospheric boundary layer (ABL) using a combination of micrometeorological and rawinsonde data. For spatial characterization, ERA-5 reanalysis data are used. The HW covered a large area in southern Brazil, Argentina, and Paraguay. The main features of the HW were locally enhanced in the central region of RS by the development of DWs. The establishment of DWs near the surface depends on the dynamics of the ABL and local topographic features. The results showed that DWs that occurred during the HW contributed to the extreme temperatures and were associated with strong northerly winds, low relative humidity, and a drop in the dew points. Together, these extreme events influenced the turbulent and mean flow patterns of the ABL. The increase in turbulent activity associated with the warming of the ABL favored enhanced growth of morning ABL, while at night the simultaneous effects of radiative and turbulence cooling inhibited the formation of a strong stable ABL. The analysis highlights the complex interplay of synoptic and local factors associated with DWs and HW.
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1. Introduction


The atmospheric boundary layer (ABL) is the lowest part of the atmosphere in which turbulent motions are ubiquitous [1]. During a daily cycle, the evolution of the ABL is generally controlled by distinct turbulent forcing mechanisms generated by local shear and buoyancy effects. The ABL is mainly governed by turbulent motions on small temporal and spatial scales that promote the exchange of scalar and vector quantities between the surface and the atmosphere. However, there are situations in which large-scale synoptic forcing (i.e., mesoscale pressure gradients, mesoscale circulations, among others) modify the turbulent generation patterns during the daily cycle of the ABL. One manifestation of this type of change in the turbulent field is provoked by topographically induced mesoscale flow [2,3]. Particularly, downslope flows are associated with strong wind and intense turbulence production [2,4,5,6,7,8,9]. Understanding downslope winds (DWs) and their interaction with turbulence are of great importance for predicting the transport and dispersion of pollutants and for developing parameterizations used in weather and climate numerical models.



DWs have been documented on different continents of the world [10]. Such flows may be associated with local intense heat episodes [11,12,13] and consequently promote social and environmental impacts [14,15]. DWs are generated by large-scale synoptic conditions and interact with local terrain features on a scale ranging from the turbulent eddies to some kilometers (e.g., [16]). Such interaction can produce strong turbulence downstream [17] and alter the diurnal cycle of the atmospheric turbulent and mean variables [5,6,8,18]. Observational studies and numerical simulations of DWs have reported intense turbulence activity associated with rotors, hydraulic jumps, and gravity wave breaking [2,4,19,20,21,22,23]. Although many studies generally focus on high and steep mountains, idealized simulations have shown that mountain waves can also occur in more modest topography (≈500 m) (see, e.g., [24]).



A less studied type of interaction concerns the coexistence of heat waves (HWs) and DWs [11,13,25,26,27,28]. From a meteorological point of view, an HW can be defined as a sustained and unusual period of elevated air temperatures [29,30,31,32,33,34]. Although progress has been made in understanding the synoptic-scale characteristics of HWs (see, e.g., [11,28,35,36,37,38], among many others), the role of ABL dynamics in this phenomenon remains poorly explored and documented. In Zhang et al. [37], the authors showed that the influence of HWs on the structure of the ABL depends on factors ranging from local to synoptic. High temperatures due to warming associated with HWs affect the development of the ABL, leading to enhanced growth of ABLs, deeper convective ABLs, and warm nocturnal residual layers [37,39]. Recently, Wang et al. [11], Turner et al. [27] and da Rosa et al. [13] have drawn attention to how downslope flows associated with HWs promote strong wind gusts and a local increase in air temperature, as well as a decrease in relative humidity, which enhances the main characteristics of HWs. Specifically, da Rosa et al. [13] showed downslope flows associated with the presence of HWs in southern Brazil during the winter season. This downslope flow, referred to as Vento Norte (VNOR, Portuguese for “North Wind”), was detected over a significant period of time during the HW phenomena. However, these concurrent events are poorly understood in the region, and little is known about their evolution and development during the summer months.



HWs have disastrous impacts worldwide, including thermal discomfort, increased mortality, wildfires, crop and livestock failures, and drought, among others [14,40,41,42,43,44]. HWs are one of the main consequences of global climate change, and their occurrence has increased in frequency, intensity, and duration in recent decades (IPCC, [45]). As for South America, Brazil has registered an increase in the frequency and intensity of HWs [32,33,36,46,47,48]. Although Brazil has continental dimensions and the climate has tropical and subtropical characteristics, there have been few studies on the characteristics and occurrence of HWs in the extreme south of Brazil.



The aim of this study is to document the summer HW case from 11 to 26 January 2022 that occurred simultaneously with a downslope flow in the central region of the state of Rio Grande do Sul (RS) in southern Brazil. An additional aim is to investigate the implication of both phenomena on the near-surface turbulence and the main features of the ABL. For this purpose, observations from a multiple-level micrometeorological tower, rawinsonde data, and ERA-5 reanalysis data were employed.



The paper is structured as follows. In Section 2, the study region and the meteorological observational data used in the analysis are presented and discussed, as well as the methodology used to identify DWs and HWs. In Section 3, a case of the simultaneous occurrence of an HW and DWs is presented and examined in terms of its spatial, vertical, and temporal structure in the ABL. Conclusions are presented in Section 4.




2. Materials and Methods


2.1. Experimental Area


The geographical area analyzed here refers to the extreme south of Brazil, as indicated in Figure 1. In particular, the focus is on the city of Santa Maria (SM), located in the center of the RS state. According to Köppen classification [49,50], the climate in southern Brazil is referred to as humid subtropical (Cfa) and is characterized by hot summers and cold winters and regular distribution of precipitation throughout the year. Typical values for the averaged maximum temperature in the city of SM are 20.6    ∘  C (winter; JJAS) and 30    ∘  C (summer; DJFM) (see climate standards, Brazilian National Institute of Meteorology (INMET); https://portal.inmet.gov.br/normais accessed on 15 December 2022). According to INMET, the climate standards for January in the city of SM for the main atmospheric variables are: maximum temperature 30.9    ∘  C, minimum temperature 19.8    ∘  C, sea level pressure 1008.4 hPa, wind speed 2.3 ms    − 1   , and wind direction SE. The most important geographical feature of the local topography is an abrupt difference in altitude of about 400 m, which divides the relief of RS into the plateau in the north and the depression in the south (Figure 1d). The regions in the north and northeast of the depression are most characterized by the typical vegetation of the Mata Atlantica biome, while in the other regions of RS the Pampa biome predominates. The Pampa biome plays an important role in the economy of RS, as it is mainly used for activities such as livestock and agriculture.




2.2. Meteorological Observations and Reanalysis Data


The micrometeorological data used in the study were collected at a 30 m high tower (Figure 1c,d [highlighted in green]) at the Universidade Federal de Santa Maria (UFSM; RS, Brazil) experimental site (29.72   ∘   S, 53.76   ∘   W; elevation 88 m) between December 2021 and March 2022, which is the austral summer season. The tower is located in a 24 hectare area typical of the Pampa biome, characterized by low herbaceous grassland vegetation ≈8 km south of the terrain discontinuity (Figure 1). Initially, 12 levels of sonic anemometers were installed at different heights: 1.5, 3, 5, 7, 9, 11, 14, 17, 20, 23, 26, and 30 m, and 15 levels to measure air temperature and relative humidity at 0.5, 1, 2.25, 3, 4, 6, 8, 10, 12, 15.5, 18.5, 21.5, 24.5, 28, and 29.5 m. Turbulence observations of wind components and sonic temperature were sampled at a frequency of 10 Hz, while air temperature and relative humidity were sampled each minute. Means, fluxes, variances, and other statistical moments were determined using a 30 min standard time window.



In addition to the near-surface observations, data from operational soundings conducted twice daily (near 0900 and 2100 LST; local standard time = UTC -3 h) from 14 to 18 January 2022 at Santa Maria Air Force Base (SBSM; 29.71   ∘   S, 53.69   ∘   W, elevation 85 m), located ≈3.4 km east-northeast of the micrometeorological station and ≈4 km from the terrain drop, were used to characterize the atmospheric higher levels (Figure 1c,d [highlighted in yellow]). Moreover, for the same period mentioned above, ERA-5 reanalysis data [51,52] with a spatial resolution of 0.25   ∘  × 0.25   ∘   were used to analyze the spatial behavior of the near-surface hourly atmospheric variables, such as wind (10 m), maximum air temperature (2 m) and mean sea-level pressure. Daily maximum temperature (  T  d m a x   ) data from 1980 to 2010 from the Climate Prediction Center (CPC; see https://www.cpc.ncep.noaa.gov/ accessed on 10 July 2022) of the National Center for Environmental Prediction (NCEP) with a spatial resolution of 0.25   ∘  × 0.25   ∘   were used to detect and characterize the HW in the area between 34   ∘   S and 24.7   ∘   S and 57.7   ∘   W and 48   ∘   W.




2.3. Identification of DW and HW


The HW episode that occurred between 11 and 26 January 2022 was detected based on the methodology proposed by dos Reis et al. [32]. Such a method considers and prioritizes the weather and climate patterns of the southern region of Brazil and eliminates the need to set arbitrary thresholds [32]. This methodology defines an HW by considering the   T  d m a x    above the 90th percentile (P90) for the respective month for a period of more than 4 consecutive days. This procedure was applied to the   T  d m a x    data from the CPC for the reference period 1981–2010 for the region between 34   ∘   S and 24.7   ∘   S and 57.7   ∘   W and 48   ∘   W. For this purpose, the spatial means of the daily anomalies of   T  d m a x    were performed, and based on this threshold, the present HW event was defined. Specifically, the P90 threshold corresponds to 2.5 °C in the region for January. On this basis, 16 consecutive days with a maximum air temperature above this threshold were identified. During such an HW event,   T  d m a x    anomalies in the southern region showed a peak on 16 January 2022 (anomalies ≈6    ∘  C), followed by a decrease on 17–18 January 2022 and recovery on subsequent days, reaching a second peak on 22 January 2022 (anomalies ≈8    ∘  C).



The following criteria were used to define the periods of DWs associated with an HW [13]: (i) sustained winds above 4 ms    − 1   , (ii) wind direction with a northerly component ranging from 300   ∘   (west-northwest) to 30   ∘   (north-northeast), and (iii) 4 consecutive hours meeting criteria i and ii. Based on the above criteria, 4 episodes of DW were identified. The shortest case was 4 h, and the longest was 23 h.





3. Results and Discussion


A summer HW episode that occurred from 11 to 26 January 2022 was selected as a case study because of its long duration, intensity, the influence of local topographic features on ABL formation, and impact on regional meteorological aspects. In addition, this extreme heat period had severe impacts in southern Brazil, including damage to agriculture, worsening drought, and an increase in fires [53,54,55,56].



3.1. Spatial Structure


Temperature, wind and mean sea-level pressure from the ERA-5 reanalysis data were used to explore the large-scale circulation patterns associated with the DW that occurred during the HW (Figure 2, Figure 3 and Figure 4). The heat core of the HW was located in Argentina during 14–16 January 2022, evidenced by strong positive temperature anomalies. The large-scale patterns that favored the development of a DW in the center of RS during the period of the HW were related to the combination of intense heat in South America associated with the South Atlantic Subtropical High near the southern region of Brazil.



At 1000 LST 14 January (Figure 2a and Figure 3a), a high-pressure system was observed in the Argentina region (35   ∘   S, 65   ∘   W), which tended to move eastward during the next periods. A high-pressure system in Argentina was also observed by Alvarez et al. [57], during the case study of the December 2013 HW in southern South America. On the other hand, a South Atlantic Subtropical High was located near the coast of southern Brazil (center ≈ 40   ∘   W) at 1000 and 1200 LST 14 January (Figure 2b) and was associated with winds from the northern quadrant. It is noteworthy that the position of this high-pressure area was closer to the Brazilian coast than its climatological position, which varied between 30   ∘   W and 10   ∘   E in January [58]. The South Atlantic Subtropical High and the high-pressure system in Argentina resulted in a convergence region of northerly and southerly winds in Argentina, which was characterized by a temperature gradient and lower sea-level pressure.



From 14 to 16 January, this temperature gradient tended to shift northward, reaching its maximum on 16 January (Figure 2c). On this last day, the convergence region was closer to the RS-Uruguay border and extended to the ocean (50   ∘   W). As the high-pressure area in the ocean moved eastward at 1400 LST 16 January (see Figure 2b,c and Figure 3b,c), the temperature anomaly centered at SM and favored the development of strong winds from the northwest. Figure 2c shows the occurrence of a strong northwesterly low-level flow responsible for promoting advection from the northern region, extending from southern Bolivia (20   ∘   S) to southern Brazil, ending in the convergence region in the ocean (50   ∘   W). The northerly flow at 1400 LST 16 January 2022 (Figure 3c) was associated with the lower pressure values recorded in a large part of South America. It is important to highlight that an interesting pressure pattern becomes evident when looking at RS (Figure 3c). In this case, the area of lower pressure stands out south of SM (white diamond) extending from east to west appears to follow the topographic discontinuity shown in Figure 1. This result suggests that the effects of warm advection from the north associated with terrain features were responsible for causing a local pressure drop and intensifying the pressure gradient. The flow at 10 m shown in Figure 2 and Figure 3 is quite different from the flow at 850 hPa observed by Alvarez et al. [57]. In their case study, the flow over RS came from the east, whereas in our case the combination of the HW and advection from the northern quadrant generated the background environment that favors the development of DW in the center of RS, suggesting a coupling between these two systems. On subsequent days (17–18, not shown), the arrival of a cold front caused a change in the large-scale environment. In this case, an inversion of the wind direction occurred, shifting from the northern to the southern quadrant.



A vertical cross section of the temperature anomalies in 46° W–60° W (Figure 4) provides information about the vertical structure of the atmosphere during an HW and DW and the influence of local topography. The center of the temperature anomaly extended from the vertical layers near ≈850 hPa to the surface between 14–16 January. At 1000 LST 14 January, the center of the anomaly was at 850 hPa, while at 1400 LST 16 January it was at 925 hPa, indicating that the core of the anomalies spread from the top down into the layers near the surface. The temperature anomaly peaked at 925 hPa on day 16 at 30   ∘   S, which includes the SM region. Such a pressure level is consistent with the drop in topographic elevation located north of SM (Figure 1d). The evolution of the large-scale patterns from 14 to 16 January 2022 favored the change in winds at the ABL, promoting intense warm-air advection over nearly the entirety of Rio Grande do Sul state. The advection of warm air through the ABL was locally enhanced by local topographic features in the center of RS (around 30   ∘   S) and contributed locally to the extreme heat events.




3.2. Temporal Structure


The time series of air temperature (Figure 5) shows a well-defined diurnal cycle from 10 to 13 January 2022. The maximum value of air temperature gradually increased from 32.2    ∘  C (≈1700 LST) on 10 January 2022 to 36.9    ∘  C (≈1600 LST) on 13 January 2022, and the minimum value of air temperature also increased from 17.0    ∘  C to 19.5    ∘  C (≈0600 LST) during the same period. During this time interval, the mean wind speed was weak and of the order of 1.5 ms    − 1    at 3 m height. The period from 14 to 18 January 2022 (grey box in Figure 5) was characterized by the coexistence of DWs and HW. This can be seen at 0900-1600 LST on 14 January 2022 (Episode I), 2000 LST 15 January to 1900 LST on 16 January 2022 (Episode II), 0200-0800 LST on 17 January 2022 (Episode III), and 0000-0400 LST on 18 January 2022 (Episode IV) as highlighted in orange in Figure 5. The presence of DWs alters the temporal evolution of the diurnal cycle of air temperature, and it is noteworthy that the maximum values of the air temperature time series (≈40    ∘  C at 1700 LST 16 January 2022) are found when DW occurs simultaneously with an HW.



The maximum air temperature on 18 January showed lower values compared to the overall HW. This could be related to the precipitation (≈10 mm) during the night from 17 to 18 January 2022. However, a recovery of the maximum air temperature values was observed on the following days. The end of the HW (26 January 2022) was characterized by a decrease in air temperature and precipitation.



The HW episode exhibited in Figure 5, which lasted for many days, is a good case to study the interaction between an HW, DWs, and the generation of turbulent patterns. Therefore, the period from 14 to 18 January 2022 is examined in more detail in Figure 6 and Figure 7 and in the next section. The onset and demise of DW episodes are normally marked by abrupt changes in the local flow characteristics. In such cases, relatively high wind speeds are observed associated with a northerly wind direction component. A significant increase in wind speed persistent for about one day occurred between 2000 LST 15 January to 1900 LST 16 January 2022. In this case, the wind speed approached 6 ms    − 1    and was consistent with the observed temperature peak in the HW episode (1200 LST 16 January 2022). The intense wind speed also coincided with the low-pressure values reached during this period. Relative humidity also changed noticeably, following the opposite behavior of air temperature. During the peak of air temperature (1200 LST 16 January 2022), critical values of relative humidity were reached of the order of 25%. Relative humidity depends on both temperature and dew point. Thus, higher temperatures could lead to low values of relative humidity even if the dew point is constant, as shown in Figure 6. When DWs took place, a decrease in dew point was observed compared to the hours before and after when the dew point was nearly constant. This can be explained by the transport of dry air by a DW from higher elevations above the elevated terrain to near the surface. Therefore, the temporal variability of the dew point is an important signature of the presence of a DW. Conditions similar to those described above have also been observed in DWs, known as Sundowners, along the coast of Santa Barbara, California [59].



The air temperature is expected to gradually decrease after sunset during the night. However, this usual behavior does not always occur during the occurrence of an HW and DW (Figure 6), as there are increases in temperature for a short time during the night, as in the nights of the 16–17 January and 17–18 January. During these periods, winds are locally enhanced by the slope of the terrain and are responsible for such air temperature behaviour.



Figure 7 exhibits for the same period as in Figure 6 the time evolution of the turbulent kinetic energy,   T K E = 0.5 (    u ′   2   ¯  +    v ′   2   ¯  +    w ′   2   ¯  )  , where     u ′   2   ¯  ,     v ′   2   ¯  ,     w ′   2   ¯   are the velocity variance components and the sensible heat flux   H = ρ  C p   (     w ′   T ′   ¯   ), where  ρ  is the density of air,   C p   is the specific heat of air at constant pressure, and     w ′   T ′   ¯   is the covariance between temperature and vertical velocity component. A greater increase in turbulent activity is observed in association with intense advection of warmer air (Figure 6). The period after the onset of a DW is characterized by an increase in   T K E  , which generally continues to rise in the following hours and peaks near its end. This intense turbulent regime is responsible for promoting strong turbulent mixing through the ABL. During daytime DWs, H generally exhibits large magnitudes, with a maximum mean value on the order of (341 Wm    − 2   ), in contrast to the other days (280 Wm    − 2   ) when only the HW occurred. Large magnitudes of H also occur during the night hours when DWs are present. Such behavior is quite distinct from the other night periods which are characterized by H near zero and low wind conditions [60]. Therefore, the analysis suggests that HW and DWs affect the turbulent fluxes and mean flow. In this sense, the DWs locally reinforce the main features of the HW, a hypothesis that is addressed in more detail in the next section.




3.3. Vertical Structure


In this section, the vertical profiles of the meteorological variables are considered to obtain information on the structure of the ABL. To identify the different impacts along the ABL diurnal cycle, the profiles are divided into day and night.



Figure 8 exhibits the vertical profiles of temperature, wind speed, and direction from the atmospheric soundings. The sounding on the morning of Day 14 (0833 LST) occurred shortly before the north winds (see Figure 6a; Episode I) were detected in the near-surface layer. In this case, the wind direction was in the northern quadrant at an extensive vertical region of the ABL (Figure 8c [red line]). The wind speed profile tended to increase with height, peaking at 11 ms    − 1    at 800 m altitude (Figure 8a [red line]). At this time there was a thin unstable ABL near the surface, but above 80 m there was a transition in the potential temperature profile, which approximated to near-adiabatic profile (Figure 8b [red line]). In such a situation, there is a tendency to homogenize the temperature gradient profile. Episode I dissipated around 1600 LST on 14 January 2022 (see Figure 6). At later times, around 2100 LST, winds were weak near the surface (Figure 6a) and increased almost linearly up to an altitude of ≈400 m (Figure 8d [red line]). Above this height, the wind speed was practically constant and had strength on the order of 4 ms    − 1   . The potential temperature profile (Figure 8e [red line]) at 2031 LST shows a strongly curved profile, indicating a strong stable boundary layer and the dominance of radiative cooling processes at the surface in concordance with [60,61].



On 15 January at 0852 LST, the wind profile (Figure 8a [orange line]) was similar to 14 January at 0833 LST [red line], with a nearly constant NW direction at all vertical levels (Figure 8c [orange line]). During this period, the height of the morning ABL was on the order of 700 m (Figure 8b [orange line]), indicating a rapid deepening of the evolving convective ABL compared to the 14 January at 0833 LST [red line]. At 2000 LST on 15 January 2022, wind speed near the surface tended to increase with time to more than 2 ms    − 1    (onset of Episode II; Figure 6a).



The vertical profile of wind speed (2039 LST 15 January 2022; Figure 8d [orange line]) reached its maximum (15 ms    − 1   ) at about 600 m altitude, blowing from a northerly direction (Figure 8f [orange line]) and weakening at higher altitudes. At the nose of the jet (≈600 m), the Richardson number (  R  i g  =  g   θ 0  ¯     Δ  θ ¯  Δ z   Δ   U ¯  2  + Δ   V ¯  2     , where g is the gravity,   Δ  U ¯  / Δ z  ,   Δ  V ¯  / Δ z   and   Δ  θ ¯  / Δ z   are approximately the vertical of the horizontal wind velocity components and  θ ) reached values of 0.8, while   R  i g    in the region further down and up reached values of less than 0.4 and 0.2 (not shown), respectively. The decrease in   R  i g    near the surface is consistent with the intensification of winds and turbulence motions as highlighted in Figure 6 and Figure 7. Determining the precise physics mechanism responsible for the observed behavior of the atmospheric flow variables along the manifestations of DWs is beyond the scope of this paper. However, it is interesting to mention that [24] reported the occurrence of mountain waves in modest topography (500 m) such as the one discussed here. The wind pattern observed at 2039 LST on 15 January 2022 (Figure 8d [orange line]) seems to be consistent with the development of the lee slope jet and the triggering of mountain waves. In fact, the atmospheric pressure time series at 3 m height (not shown) shows a clear oscillatory behavior during the period from 1900 to 2100 LST on 15 January 2022 and at 0300 LST on 16 January 2022. The oscillations were characterized by a time scale of 10 to 20 min, indicating a possible signature of mountain wave development. This suggests that a 30 m high micrometeorological tower may have been located in the region of turbulence caused by the wave-breaking. Therefore, this can be associated with the temperature increase, low relative humidity, dew point, and intensification of turbulent activity (Figure 6 and Figure 7). Compared to the previous sounding (2031 LST on 14 January 2022 Figure 8e [red line]), a decrease in the curvature of the potential temperature profile was observed at 2039 LST on 15 January 2022 [orange line]. This fact is consistent with the increase in downward turbulent sensible heat flux (Figure 7b) due to the strong advection of warm air from the northern direction. Therefore, the boundary layer cooling caused by turbulence was dominant [60,61]. This indicates that the formation of a strong stable boundary layer, as indicated in the earlier night profile [red line], did not occur. This is a consequence of the turbulent activity induced mechanically by the intense northerly flow.



Sounding at 0905 LST on 16 January 2022 was launched when the DW (Episode II) at SM had already persisted for 12 h. At 0905 LST, the wind speed profile (Figure 8a [black line]) increased almost linearly with altitude reaching ≈20 ms    − 1    at 1200 m, in the usual height of the low-level jet [62] (see Figure 8a), and presented a well-consolidated north direction through the vertical levels. Therefore, the mechanical generation of turbulence occurred along this vertical extent. This is the case when convective forcing does not promote an effective homogenization of the wind profile. However, in a deep vertical region of the morning ABL, the potential temperature profile is nearly adiabatic (Figure 8b [black line]). Therefore, due to the robust turbulence generation, the height of the morning ABL was already 1000 m at 0905 LST. Episode II ended at 1900 LST on 16 January 2022, followed by a decrease in wind speed at the surface (see, Figure 6a). The profile of wind speed at 2038 LST on 16 January 2022 (Figure 8d [black line]) showed a maximum (≈9 ms    − 1   ) near 250 m. Above this level, it decreased until 700 m and then started to increase again with altitude. This behavior indicates the presence of a nocturnal low-level jet [63]. As a result, the potential temperature profile (Figure 8e [black line]) showed the presence of a shallow surface-based thermal. The wind direction profile (Figure 8f [black line]) showed two distinct patterns, one above 700 m with a wind direction from NW-N and another below 400 m with a wind direction SE-S. The height at which the wind direction changed is comparable to the elevation of the terrain to the north of the city (Figure 1d). In this case, a vertical decoupling of the flow dammed in the depression in relation to those occurring at higher altitudes can be observed. Hours later, at 0200 LST on 17 January 2022, strong northerly winds were detected near the surface (see Figure 6a; Episode III), suggesting a re-coupling of high levels to the surface. The demise of Episode III occurred at 0800 LST on 17 January 2022, marked by a decrease in the wind speed (Figure 6a). The 17 January morning sounding (Figure 8c [light blue]) showed the presence of northerly winds in the vertical layers just above the height of 250 m. Differently, the winds were weak and of the order of 2.5 ms    − 1    in the layer between the surface and 250 m, while in the vertical layers above, the wind speed tended to increase and reached a maximum near 1400 m (Figure 8a [light blue]). The evening sounding (2041 LST on 17 January) revealed a similar wind speed profile to that observed 24 h earlier, with the wind direction also changing above the elevation of the terrain (Figure 8d,f [light blue]). The temperature profile presented lower values (Figure 8e [light blue]), which was due to the effect of precipitation in the day–night transition.



The sounding on the morning of 18 January (0840 LST; Figure 8a–c [blue line]) was launched several hours after the demise of Episode IV, which occurred at 0400 LST on 18 January (Figure 6a). The wind speed profile was similar to that of the previous day, showing low wind speed in the layer below 200 m. In this lower vertical layer, the wind comes from an easterly direction, while the profile well above takes on a northerly direction. The profile of potential temperature revealed a morning ABL of the order of 300 m. The evening vertical structure on 18 January (2043 LST; Figure 8d–f [blue line]) differed from that observed during the previous sounding, with winds assuming a near-easterly direction and not exceeding 6 ms    − 1    in the region from the surface to 500 m. The wind direction patterns indicate a change in the characteristics of the air mass that occurred at SM. The temperature profiles were also different from those observed in the previous soundings.



Regarding Figure 8c,f, it is noteworthy that the wind direction profile exhibits a northerly component at high vertical levels, despite the near-surface levels presenting a direction that differs from the north quadrant. Although the DW was generated by a synoptic-scale environment, its development depended on surface features and dynamic processes, such as turbulence forcing mechanisms. Our results suggest that the large-scale forcing associated with an HW and local terrain features affects the growth of the morning boundary layer and the nocturnal boundary layer by producing intense and sustained periods of warm air advection.



To examine the effects of HW and DWs on ABL flow patterns, the micrometeorological data were divided into three subgroups: (i) HW subgroup (  H  W  s p    ), which includes the hours of HW without the hours associated with the presence of DWs; (ii) DW subgroup (  D  W  s p    ), which represents the data of DWs hours that occurred simultaneously with HW; and (iii) summer subperiod (  S  s p   ), which represents the data from December 2021 to March 2022 without the hours associated with the presence of HW and DWs. Figure 9 reveals three patterns in the averaged vertical profiles of wind speed, air temperature, and turbulence parameters corresponding to   H  W  s p     (blue line),   D  W  s p     (orange line), and   S  s p    (black line). The lowest mean wind speeds (Figure 9a,f) are found for the   H  W  s p     and the highest for the   D  W  s p    , while the data for the   S  s p    lie between these two. As shown in Figure 9a,f, the winds in the near-surface region are relatively weaker for   H  W  s p     than for   S  s p   . Such weak airflow patterns into the ABL are abruptly modified by intermittent episodes of DWs, as shown in Figure 6. At   D  W  s p    , the wind speed at 30 m height reaches values close to 6 ms    − 1   . The daytime temperature (Figure 9b,g) at 3 m height is ≈5    ∘  C above the   S  s p    in the   H  W  s p     and 8.5    ∘  C above the   D  W  s p    . Similar values were obtained for nighttime. It is noteworthy that the higher temperature values are associated with the strongest wind from a northerly direction and lower relative humidity. For this last variable (not shown), there is no clear difference between the data of   H  W  s p     and the   S  s p   , while RH assumes low values in the   D  W  s p     with a mean value of 48% for the day and 70% for the night. Therefore, DWs occurring simultaneously with an HW contribute to locally intensified heat events and to the drying of the near-surface ABL during day and night.



Figure 9c,h illustrates the intensification of the sensible heat flux (H) during DWs (  D  W  s p    ) in comparison to the other profiles. Such a profile shows positive values during the day and strongly negative values at night, which are caused by the intense advection of warm air masses and the increased wind-shear turbulence production. The H profile is slightly lower (in magnitude) in the   H  W  s p     than in the   S  s p    for both day and night conditions. The momentum flux (Figure 9d,i) increases strongly with altitude in the   D  W  s p    , which is responsible for the vertical transport of momentum in the ABL. For the   H  W  s p    , such a variable assumes low magnitudes compared to the other two conditions. During the day and night, the turbulent kinetic energy (  T K E  ) is much higher for the   D  W  s p     than for the   H  W  s p     and   S  s p   . Although the   T K E   is slightly lower for   H  W  s p     than for   S  s p    during the day, no clear difference was observed at night. Therefore, the interaction of DWs with the HW provides increased generation of   T K E  , contributing to the warming of the ABL.





4. Conclusions


This paper examines the spatio-temporal evolution of a heat have (HW) episode that occurred from 11 to 26 January 2022, simultaneously with downslope winds (DWs) at the ABL. The analysis is based on a combination of multiple-level sonic anemometer and thermo-hygrometer measurements, as well as rawinsonde data collected in southern Brazil. ERA-5 reanalysis data were also employed.



The extreme heat in Argentina and large-scale patterns associated with the HW created a background environment that favored the development of DWs along a modest declivity located north of the city of SM in the central region of the RS state. As a result, the HW episode was sometimes locally influenced by the occurrence of DWs with the longest lasting 23 h. Although a northerly wind component characterized the high layers of the atmosphere during almost all the HW manifestation period, the onset of DWs at the near-surface layers depends on the local topographic features acting on the flow as well as on the dynamics of the ABL.



The interaction of an HW and DWs influences the diurnal cycle of atmospheric forcing and consequently the evolution of the ABL. During DWs, the wind speed increased significantly compared to the entire HW episode and also to the   S  s p   . For the analyzed period, the highest temperature value was recorded of the order of 40    ∘  C, which was associated with the simultaneous occurrence of an HW and DWs. In this extreme heat situation, relative humidity dropped to 25%, accompanied by strong winds from the north and low dew points. Compared to the   S  s p   , the temperature at the surface increased by 5    ∘  C during the HW and by 8.5    ∘  C during the simultaneous occurrence of the HW and DWs. Therefore, the establishment of DWs locally amplifies the main features of the HW.



The advection of warm air masses from a northerly direction enhanced turbulent activity, sensible heat flux, momentum flux, and turbulent kinetic energy both during the day and night. During the day, warming and drying of the ABL combined with strong northerly winds contributed to a significant growth of the morning convective ABL, which reached ≈1000 m in the early morning hours. At night, the strong winds combined with warm air layers did not allow the formation of a strong stable ABL presenting an accentuated surface thermal inversion. These results confirm the important role of the DWs and an HW in influencing ABL patterns, and vice versa, along the diurnal cycle.



This study highlights the importance of understanding a variety of effects on the characteristics of the ABL during an HW and DWs. Thus, knowledge of the ABL conditions associated with DWs during an HW may be useful for predicting local to regional extreme temperature events. Additional studies involving high-resolution numerical simulations and observation campaigns are necessary to investigate the contributions of rotors, hydraulic jumps, gravity-wave breaking, and the effects caused by adiabatic processes in increasing warming and drying of the ABL.
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Figure 1. (a) Location of the state of RS in relation to South America; (b) position of the city of SM in RS; (c) location of the tower (green) and sounding on the SBSM (yellow) in relation to SM; (d) local topography to the north of SM. 
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Figure 2. Maximum air temperature anomalies at 2 m and 10 m wind vectors for South America at: (a) 14 1000 LST; (b) 14 1200 LST; (c) 16 1400 LST; the white diamond indicates the location of the city of SM. 
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Figure 3. Mean sea-level pressure for South America at: (a) 14 1000 LST; (b) 14 1200 LST; (c) 16 1400 LST; the white diamond indicates the location of the city SM. 






Figure 3. Mean sea-level pressure for South America at: (a) 14 1000 LST; (b) 14 1200 LST; (c) 16 1400 LST; the white diamond indicates the location of the city SM.



[image: Atmosphere 14 00064 g003]







[image: Atmosphere 14 00064 g004 550] 





Figure 4. Latitude-height cross section in 46   ∘   W–60   ∘   W of air temperature anomalies at: (a) 14 1000 LST; (b) 14 1200 LST; (c) 16 1400 LST. 






Figure 4. Latitude-height cross section in 46   ∘   W–60   ∘   W of air temperature anomalies at: (a) 14 1000 LST; (b) 14 1200 LST; (c) 16 1400 LST.



[image: Atmosphere 14 00064 g004]







[image: Atmosphere 14 00064 g005 550] 





Figure 5. Time series of 3 m air temperature (T; black line) in the period from 10 to 27 January 2022. The orange lines highlight periods representing the DWs episodes (I–IV). The vertical dashed lines correspond to the beginning (11 January 2022) and demise (26 January 2022) of the HW, while the grey shaded area indicates the period from 14 to 18 January 2022 that was affected by the DWs. 
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Figure 6. Time series of (a) wind speed (V; purple line), wind direction (red dots), and air pressure (P; green line); (b) air temperature (T; orange line), relative humidity (  R H  ; blue line), and dew point (  T d  ; black line) recorded during 14–19 January 2022. The highlighted periods, indicated by dark colors, represent episodes of DWs (I–IV). 
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Figure 7. As shown in Figure 6, but for the: (a) turbulent kinetic energy (  T K E  ); (b) sensible heat flux (H). The highlighted periods, indicated by dark colors, represent episodes of DWs (I–IV). 
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Figure 8. Vertical profiles of (a,d) wind speed (V), (b,e) air potential temperature ( θ ), and (c,f) wind direction during the day (top) and night (bottom) from SBSM atmospheric soundings. 
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Figure 9. Vertical profiles of (a,f) wind speed (V), (b,g) air potential temperature ( θ ), (c,h) sensible heat flux (H), (d,i) momentum flux (   u ′   w ′   ), and (e,j) turbulent kinetic energy (  T K E  ), for   S  s p    (black),   H  W  s p     (blue), and   D  W  s p     (orange); (a–e) refers to daytime, while (f–j) is for nighttime. The plots refer to the 30 m micrometeorological tower. 
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