

[image: image1]
Response of a Small River Plume on Wind Forcing












	 
	ORIGINAL RESEARCH
published: 16 December 2021
doi: 10.3389/fmars.2021.809566





[image: image]

Response of a Small River Plume on Wind Forcing

Alexander Osadchiev1,2*, Roman Sedakov1 and Alexandra Barymova3

1Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia

2Moscow Institute of Physics and Technology, Dolgoprudny, Russia

3Marine Research Center at Lomonosov Moscow State University, Moscow, Russia

Edited by:
Juan Jose Munoz-Perez, University of Cádiz, Spain

Reviewed by:
Fialho Nehama, Eduardo Mondlane University, Mozambique
Wenping Gong, Sun Yat-sen University, China

*Correspondence: Alexander Osadchiev, osadchiev@ocean.ru

Specialty section: This article was submitted to Coastal Ocean Processes, a section of the journal Frontiers in Marine Science

Received: 05 November 2021
Accepted: 29 November 2021
Published: 16 December 2021

Citation: Osadchiev A, Sedakov R and Barymova A (2021) Response of a Small River Plume on Wind Forcing. Front. Mar. Sci. 8:809566. doi: 10.3389/fmars.2021.809566

Wind forcing is the main driver of river plume dynamics. Direction and magnitude of wind determine position, shape, and size of a river plume. The response of river plumes on wind forcing was simulated in many numerical modeling studies; however, in situ measurements of this process are still very scarce. In this study, we report the first direct measurements of frontal movement of a small river plume under variable wind forcing conditions. Using quadcopters, we performed nearly continuous daytime aerial observations of the Bzyb river plume located in the non-tidal Black Sea. The aerial remote sensing was accompanied by synchronous in situ measurements of wind forcing. We assessed spreading patterns of the plume and evaluated movement velocity of its outer border with unprecedentedly high spatial (∼10 m) and temporal (∼1 min) resolution, which was not available in previous studies based on in situ measurements and satellite observations. Based on the collected data, we evaluated the time of response of plume spreading dynamics on changes in wind forcing conditions. The advection velocity of the outer plume border shows linear relation to wind speed with very small response time (10–20 min). The reversal between upstream/downstream plume spreading occurs during several hours under moderate wind forcing conditions. These reversals involve only near-field part of the plume, which cause detachment of the far-field part of the plume. The obtained results are crucial for understanding and simulating spreading dynamics of small river plumes worldwide.
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INTRODUCTION

Wind forcing and river discharge rate are two major factors that govern spreading of river plumes. Generally, spatial scales of a river plume are determined by river discharge rate, i.e., volume of fresh water that forms the plume. River discharge generally has large seasonal variability, which regulate seasonal variability of a river plume (Thomas and Weatherbee, 2006; Lihan et al., 2008; Saldias et al., 2012). Wind forcing generally governs synoptic variability of stratified river plumes (Liu et al., 2009; Horner-Devine et al., 2015). Temporal scales of discharge-driven and wind-driven variability decrease with for smaller spatial scales of river plumes. In particular, discharge-driven variability of small river plumes can be synoptic (Yankovsky et al., 2001; O’Callaghan et al., 2010; Yuan et al., 2018) and diurnal (Osadchiev and Korshenko, 2017; Cole et al., 2020), while wind forcing determine diurnal and even hourly variability of small river plumes (Pinones et al., 2005; Qu and Hetland, 2019; Osadchiev et al., 2020a,2021a).

Wind impulse limitedly penetrates below the bottom boundary between a river plume and subjacent saline sea (Xia et al., 2011; Osadchiev and Zavialov, 2020). As a result, wind energy is concentrated in relatively shallow surface layer that causes more intense wind-driven advection of a river plume as compared to less stratified ambient sea. Similarly, ambient sea circulation affects river plume dynamics much less than wind forcing due to density gradient between a river plume and subjacent saline sea, which hinders upward flux of impulse (Osadchiev and Zavialov, 2013; Zu et al., 2014). Ambient currents can be the dominant driver of plume dispersal, albeit only for diluted outer parts of large plumes (Nikiema et al., 2007; Osadchiev, 2017; Osadchiev et al., 2020b; Nehama and Reason, 2021), while spreading of stratified river plumes is governed by wind forcing. As a result, wind-driven dynamics of a river plume is significantly different from that of the ambient saline sea. This feature strongly affects land-ocean exchange processes. Under strong wind forcing conditions, river-borne suspended and dissolved matter can be effectively transported within river plumes far off its sources in river estuaries as compared to suspended and dissolved material contained in saline sea water (Perianez, 2005; Shi and Wang, 2010; Osadchiev and Korshenko, 2017; Osadchiev et al., 2019; Korshenko et al., 2020).

Many previous works addressed wind-driven spreading of river plumes (e.g., Fong and Geyer, 2001; Berdeal et al., 2002; Hallock and Marmorino, 2002; Houghton et al., 2004; Lentz, 2004; Whitney and Garvine, 2005; Lentz and Largier, 2006; Choi and Wilkin, 2007; Williams et al., 2010; Rao et al., 2011; Lentz and Fewings, 2012; Moffat and Lentz, 2012; Zhao et al., 2018; Osadchiev and Sedakov, 2019; Osadchiev et al., 2020c). However, the majority of these works were based on numerical modeling of river plumes under different wind forcing conditions. Studies of this process based on in situ observations are still very scarce due to complexity of simultaneous thermohaline and velocity measurements at various plume regions with highly variable properties, positions, and circulation patterns. Nevertheless, in situ measurements of different plume characteristics (vertical structure, location of outer front, spreading direction, inner circulation, etc.), which change in response to changes in wind forcing conditions, are crucial for general understanding of spreading and mixing of river plumes. These measurements are essential for validation of numerical models and correct simulation of river plumes worldwide.

Quadcopters, which recently started to be applied in field surveys, provide unprecedented ability to continuously observe river plumes (Osadchiev et al., 2020a,2021a,2021b). Aerial imagery and video records obtained by quadcopters can be used to reconstruct spatial and dynamical characteristics of river plumes with high spatial and temporal resolution. As a result, simultaneous measurements of wind forcing and continuous observations of a small river plume from a quadcopter provide ability for qualitative and quantitative assessment of response of a river plume on wind forcing. It is especially efficient for small river plumes, which can be almost completely observed from a single quadcopter from the altitudes of 100–500 m.

In this study, we report field measurements, which were performed in April 2021 at the Bzyb river plume located in the eastern part of the Black Sea (Osadchiev et al., 2020a,2021a,2021b). Observations of the plume from a quadcopter at daytime during 3 days with variable wind forcing conditions were accompanied by wind measurements on-site, as well as thermohaline and current velocity measurements at the sea. Based on the collected data, we evaluated the time of response of plume spreading dynamics on changes in wind forcing conditions. In addition, we evaluated the dependence between spreading direction of the plume and movement velocity of its outer border on direction and magnitude of wind speed.



DATA AND METHODS

Field measurements analyzed in this study were performed on 14–17 April 2021 at the area adjacent to the Bzyb river mouth in the eastern part of the Black Sea (Figure 1). Aerial observations of the Bzyb plume by DJI Mavik 2 Zoom quadcopters equipped with a 12 MP/4K video cameras were performed during daytime (from 8 am to 7 pm). Quadcopters were lifted to the altitude of 500 m every 30–60 min from the spot located at the seashore 1 km northward from the river mouth (indicated by the red circle in Figure 1C) that provided opportunity to fix the observation point. Images of the plume at the angle ∼60° were taken every 3 s, quadcopter flights lasted 15–20 min. Usage of two quadcopters and multiple batteries provided ability to alternate their flights and to download data from one quadcopter during the flight of the other quadcopter. The resulting temporal coverage of the field survey period by images of the plume is shown by gray and black bands in Figure 2.
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FIGURE 1. Satellite (A) and aerial (B) images of the Bzyb plume acquired on 15 April 2021 at 11:20 (B) and 11:28 (A), i.e., almost simultaneously. Scheme of quadcopter observations at the study area (C). The red circles in the panels (A,C) indicate the place where the quadcopter spot and the meteorological station were located. The blue squares in the panels (A,B) indicate the place of ADCP measurements at the plume border. The red star at the inset in panel (A) indicates the location of the study area at the eastern part of the Black Sea. The dashed red triangle in the panel (C) indicates the quadcopter observation angle. Note that the aerial image shown in the panel (C) was taken during the other day that the almost simultaneous images shown in the panels (A,B).
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FIGURE 2. Eastward (blue) and northward (red) components of wind speed on 14–16 August 2021 at the study area. Gray and black bands indicate periods of aerial observations of the Bzyb plume, gray band mark northward spreading of the plume, black bands mark southward spreading of the plume. Two black arrows indicate times of two satellite images of the study area acquired during the period of field survey.


Wind forcing was measured by Gill GMX200 wind speed and direction sensor located in the same place as the quadcopter spot (indicated by the red circle in Figure 1). The sensor was mounted to a pole and performed measurements at the altitude of 8 m with 1-min intervals. Satellite data used in this study include Landsat 8 optical image of the study area acquired on 14 April 2021 at 11:01 and Sentinel-2 optical image acquired on 15 April 2021 at 11:28 (indicated by black arrows in Figure 2). Note that these satellite images were acquired synchronously with aerial remote sensing. Therefore satellite data was used only to indicate the direction of plume movement, and no scientific analysis was made based on satellite images. Thermohaline and velocity measurements at the sea area adjacent to the Bzyb mouth were performed by CastAway CTD instrument and Nortek Aquadopp ADCP profiler.

The remote sensing data processing included georeferencing of the aerial imagery by direct projection into an earth-based Cartesian coordinate system using GPS and altimetry data from the quadcopter. The obtained projection was validated and corrected according to location of ground control points with well-known coordinates registered at the imagery, namely, river mouth capes, lakes near the river mouth, buildings. Georectification of the UAV imagery was performed based on the ground control points. The exact coordinates of the river mouth and sea shoreline at the georectified imagery were validated against the Sentiunel-2 satellite image (with 10 m spatial resolution) taken during the period of field work. This is an important issue due to regular morphologic changes induced by river channel processes, which are very intense in the study area. The vertical and horizontal accuracy of quadcopter positioning are 0.1 and 0.3 m, respectively. Once the remote sensing was performed from the altitude of 500 m on a distance of 1 km from the study area, the accuracy of direct projection is <1 m.

The choice of the point and angle of aerial remote sensing is crucial for this study. The observation area should cover the area of interest in the coastal sea. On the other hand, in order to obtain accurate georeferencing using multiple onshore ground control points, the observed area should partly cover the coast. The increase of altitude of remote sensing widens the observation area. However, this altitude is limited, first, by the camera resolution and, second, by regulations of national aviation administrations and quadcopter manufacturers, which seems to be more important. In particular, the DJI quadcopters used in our study have a hard-coded altitude limitation equal to 500 m, which was the exact operation altimetry in our study. The increase of the observation angle also widens the observation area, albeit only to a certain extent due to the projective distortion of the imagery.

In case of this study, the quadcopters observed the river mouth, the near-field part of the plume, and partly the far-filed plume. A small river plume generally has two types of outer border, namely, diffuse and sharp fronts (Osadchiev and Sedakov, 2019). A diffuse frontal zone is formed from the side of plume movement direction, i.e., in front of a spreading plume. A sharp frontal zone is formed from the opposite side, i.e., behind of a spreading plume. A sharp front is narrow (tens of centimeters for the Bzyb plume) and is distinctly visible in aerial imagery. As a result, motion of this part of the plume boundary could be accurately detected by aerial remote sensing, which is not the case of the diffuse front.

The main limitations of the described methodology, despite those related to altitude and observation area and described above, consist in turbidity of river water and weather conditions. The plume is visible at the aerial images due to its high turbidity, as compared to ambient seawater. However, low turbidity of river water limits detection of a river plume. Usage of quadcopters is hindered during rain and strong winds, which is a serious limitation for studying river plumes, because it inhibits observations of response of river plumes to strong winds and short-term rain-induced flooding events. Finally, aerial observations of river plumes are inhibited during dusk and under overcast sky conditions.



RESULTS

The field survey was carried during the spring freshet at the Bzyb River. Freshwater discharge rate reconstructed from direct velocity and depth measurements in the river mouth was ∼200 m3/s. According to CTD measurements and satellite observations, the Bzyb plume occupied area ∼10 km2, while the depth of the plume was 2–3 m. At the bottom boundary of the plume salinity abruptly increased by 2–3 units at the vertical distance of <1 m. Large salinity gradient was formed at the distinct outer border of the Bzyb plume near the river mouth, salinity in the surface layer increased from 4.5 in the plume to 15 in the ambient sea at the horizontal distance of 6 m. These large vertical and horizontal salinity gradients are typical for small mountainous river plumes formed in the northeastern part of the Black Sea (Osadchiev, 2018; Osadchiev et al., 2020a,2021a).

Tidal circulation in the Black Sea is very low, tidal amplitudes in the study area are less than 6 cm (Medvedev et al., 2016; Medvedev, 2018). Ambient sea circulation in the study area also was low during the field survey. ADCP measurements performed 500 m seaward from the Bzyb mouth showed that current velocity below the plume, i.e., at the depths >4 m, did not exceed 20 cm/s. As a result, the dynamics of the Bzyb plume during the considered period was governed by variability of wind forcing. Wind forcing during the field survey was moderate, wind speed was <5 m/s during 90% of the study period, average wind speed was 2.5 m/s (Figure 2).

The main advantage of the performed continuous aerial observations of the Bzyb plume (as compared to in situ measurements and satellite observations) consists in its potential to reveal the response of the plume dynamics on variability of wind forcing on small temporal scales, i.e., minutes and hours. The main observed feature of the plume dynamics on the hourly temporal scale consists in change of its spreading direction. The Bzyb plume was spreading northward during the majority of the observation periods (marked by gray bands in Figure 2). However, northward spreading of the plume twice switched to southward spreading at ∼18:00 on 15 April and at ∼15:00 on 16 April (marked by black bands in Figure 2). In both cases this process, was in detail registered by aerial observations (Figure 3). Northward spreading of the plume was distinctly associated with negative zonal component of wind speed, which dominated on 14 April (−2 to −6 m/s), at the first half of 15 April (−2 to −6 m/s), and at the first half of 16 April (−2 to −1 m/s). Once the zonal component of wind speed changed to positive at ∼15:00 on 15 April and at ∼11:00 on 16 April, it took 3–4 h for the Bzyb plume to change its spreading direction from northward to southward. In both cases, the observed quick reversal was induced by moderate wind forcing (1–4 m/s). The observed dependence of northward-southward spreading of the plume on the zonal wind component is caused by large values of the angle between wind direction and Ekman transport (up to 60–80°) within small and stratified river plumes, which was described in Osadchiev and Sedakov (2019). In this case, the positive/negative cross-shore wind component (u) corresponds to upwelling/downwelling favorable conditions.
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FIGURE 3. Change of spreading direction of the Bzyb plume registered by aerial observations (A,B) and at the respective georeferenced images (C,D) on 15 April 2021 (A,C) and 16 April 2021 (B,D). Colored lines and numbers in panels (C,D) represent the subsequent locations of the Bzyb plume border at time periods shown in panels (A,B), respectively. The background image in panels (C,D) is the Sentinel-2 satellite image of the study area acquired on 15 April 2021 at 11:28.


In order to obtain quantitative assessments of the relation between wind forcing and plume spreading dynamics, we reprojected the aerial images (Figures 3A,B) to an earth-based Cartesian coordinate system (Figures 3C,D). At the georeferenced images we reconstructed the location of the distinct outer border of the plume, which can be located southward/northward from the river mouth in case of northward/southward spreading direction of the plume. Then we calculated motion direction and velocity of the plume outer border for all pairs of sequential images. The obtained velocities showed good agreement with synchronous ADCP measurements, which were performed near the plume border on 14 April (blue squares in Figure 1). Based on this data, we analyzed the response of the plume dynamics on variability of wind forcing on sub-hourly temporal scale (Figure 4).
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FIGURE 4. Dependence between zonal wind speed and movement velocity of the plume outer border during the field survey. The black line indicates the linear trend.


On 14 April, the plume was spreading northward, its outer border steadily moved northward toward the river mouth under moderate offshore wind forcing (4–6 m/s). Once the wind switched to light onshore (0–2 m/s), the movement direction of the outer plume border changed to southward. On 15 April, the increase of offshore wind from 1–2 to 4–6 m/s also induced northward motion of the plume border. The following relaxation of the offshore wind to 3–4 m/s and then its change to light onshore wind (0–2 m/s) induced southward motion of the plume border, which in several hours resulted in change of the plume spreading direction (Figures 3A,C). On 16 April, the plume border varied only slightly when wind forcing conditions changed between offshore and onshore (<2 m/s), then light onshore wind (2–4 m/s) caused southward motion and reversal of the plume (Figures 3B,D). During all 3 days, the observed response time of the motion of the outer plume border on changes in wind conditions were 10–20 min.

The reconstructed movement velocity of the Bzyb plume outer border during 3 days of the field survey provided the linear dependence s = u/20 between zonal wind speed u and advection velocity of the distinct southern border of the plume s (Figure 4). The Pearson correlation coefficient for this relation is equal to 0.85. The obtained relation demonstrates that even low wind forcing equal to 2–4 m/s results in relatively large movement velocity of the plume border equal to 0.1–0.2 m/s. Once the displacement of the plume border equal to ∼1 km results in reversal of northward/southward spreading direction of the plume, wind forcing of 2–4 m/s reverses the plume during 1.5–3 h. This temporal scale of the Bzyb plume reversal is consistent with aerial observations of this process. If the wind speed exceeds 5.5 m/s, the reversal occurs during less than an hour.



DISCUSSION AND CONCLUSION

This work is focused on evaluation of response of a small river plume on variable wind forcing. For this purpose, we studied the Bzyb river plume located in the eastern part of the Black Sea. The field survey was performed during weak external forcing conditions, i.e., freshwater discharge ∼200 m3/s, almost no tide, and light ambient coastal circulation. It provided opportunity to assess the effects of light and moderate wind forcing on river plume spreading using field observations.

We performed aerial remote sensing of the Bzyb river plume from the fixed point at the altitude of 500 m using quadcopters during the field survey on 14–16 April 2021. These observations provided almost continuous detection of position of the Bzyb plume during daytime of these 3 days with variable wind forcing conditions. The remote sensing of the plume was accompanied by wind measurements at the study area with temporal resolution of 1 min. Georeferencing of the obtained aerial imagery provides ability to qualitatively assess spreading patterns of the plume and evaluate movement velocity of its outer border. This methodology is relatively simple and straightforward, however, it provides very high spatial (∼10 m) and temporal (∼1 min) resolution of plume spreading variability, which was not available in previous studies based on in situ measurements and satellite observations of river plumes. Numerous previous studies used numerical modeling to quantify the response of a river plume on variable wind forcing; however, we are not aware of any study based on direct observations and measurements of this process at such small spatial and temporal scales. Nevertheless, precise description of this process is crucial for understanding and simulating spreading and mixing of river plumes worldwide.

During the study period, the zonal wind component determined position of the plume. The plume was spreading southward/northward along the shore under onshore/offshore wind. Changes in the wind direction resulted in reversal of spreading direction of the plume, which was observed several times during the field survey. The time differences between the observed reversals of motion direction of the plume border and the preceding changes in wind forcing were equal to 10–20 min. This very small time scale of response of the Bzyb plume spreading dynamics on wind forcing variability is the first main finding of this study.

The quick response of the Bzyb plume on wind forcing results in stable linear relation between advection velocity of the plume border and magnitude of zonal wind speed, which is the second main finding of this study. According to the obtained relation, velocity of the plume border is equal to zonal wind speed divided by 20; this relation is universal for both onshore and offshore winds. As a result, a shift between onshore and offshore wind even under low wind speed conditions (<5 m/s) results in total change of the plume spreading direction and, therefore, the plume position during less than several hours. Aerial imagery demonstrates that these plume reversals were limited to the relatively small near-field area of the plume and did not involve the majority of the far-field part of the plume. As a result, the wind-induced quick plume reversal induces formation of a new plume adjacent to the river mouth rather than changes position of the existing plume. In particular, the observed area of the Bzyb plume shortly after the northward-southward reversals reduced from ∼10 to ∼2.5 km2. As a result, variability of wind direction is an important mechanism of detachment of the far-field part of the plume from its freshwater source, which results in its downstream advection of the old plume and presumably intensifies its mixing (Yankovsky et al., 2001; Mazzini and Chant, 2016; Yuan et al., 2018), which is the third main finding of this study.

The spreading dynamics of the small Bzyb plume continuously observed during 3 days clearly demonstrated the absence of a recirculating bulge near the river mouth even under low wind forcing conditions. The anticyclonic circulation within a plume under low external forcing (also called as the mid-field plume) is a common feature of classical idealized numerical models (Yankovsky and Chapman, 1997; Fong and Geyer, 2002; Horner-Devine et al., 2006; Choi and Wilkin, 2007), however, it is very rarely registered by in situ measurements and satellite observations (Horner-Devine, 2009; Osadchiev and Sedakov, 2019). Also, quick freshwater accumulation in the near-field part of the plume under low external forcing (also called as the plume ballooning), which was predicted by numerical and laboratory modeling (Nof and Pichevin, 2001; Fong and Geyer, 2002; Horner-Devine et al., 2006), was not observed at the Bzyb plume. The offset between the trend line and the point (0; 0) is small, almost equal to zero (Figure 4). It shows that the river plume has stable or almost stable position in case of very low wind forcing. However, we want to highlight that the location of the trend line could change to a certain extent in case of longer measurements and accumulation of more “wind speed—plume border velocity” points. As a result, the offset of the trend line from point (0; 0) also could change in case of longer measurements. However, we presume that this offset will remain rather small, i.e., <0.1 m/s for plume border velocity for zero wind forcing.

The response of the small Bzyb plume to upwelling/downwelling winds was significantly different to that described in conceptual models for large plumes based on analytical equations and numerical simulations (Fong and Geyer, 2001; Lentz, 2004; Lentz and Largier, 2006; Lentz and Fewings, 2012; Moffat and Lentz, 2012). The near-field part of the Bzyb plume responses very quickly to the changes in upwelling/downwelling winds because of re-shaping the new near-field plume with completely different spreading direction. As a result, the outer part of the plume (old plume) becomes detached from the near-field plume (new plume) due to their significantly different movement velocities. Aerial observations demonstrated that shortly after the plume reversal the detached outer part of the plume covers much wider area than the newly formed plume attached to the river mouth (Figure 5A). CTD measurements performed at the study area showed dramatic difference in vertical stratification at these water masses that determines difference in response of the new and old plumes to wind forcing (Figure 5B). In particular, the new plume spreading above the old plume forms a three-layered stratification (green vertical profile in Figure 5B). Similar vertical structure of the old and new plumes was previously observed at the small Kodor plume, which is located nearby the study area and have similar properties to the Bzyb plume (see Figure 5 in Osadchiev et al., 2020a). The relatively slow changes of the outer plume thickness and its onshore/offshore advection in response to downwelling/upwelling winds is consistent with previous numerical studies of large plumes (Fong and Geyer, 2001; Lentz, 2004; Lentz and Largier, 2006; Moffat and Lentz, 2012), albeit the near-field plume processes are significantly different for the small and large plumes. The general scheme of response of the new and old plumes to wind forcing described above is summarized in Figure 6.
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FIGURE 5. Aerial panoramic image (A) and vertical salinity structure (B) of the near-field (new plume) and outer (old plume) parts of the Bzyb plume shortly after the plume reversal acquired on 16 April 2021 at 15:15. Colored dots in panel (A) indicate locations of vertical salinity measurements. White arrows indicate location of the border between the new plume and the old plume, black arrows indicate location of the border between the old plume and the ambient sea.
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FIGURE 6. The general scheme of the response of a small river plume to changes in upwelling/downwelling wind forcing.


Qu and Hetland (2019) reported that the accuracy of numerical simulation of an idealized river plume depends on temporal resolution of the applied wind forcing, namely, it is proportional to the fraction of energy missing in the high-frequency wind absent from the forcing. However, they analyzed variability of wind speed and did not consider variability of wind direction. In this study, we demonstrate the importance of resolving wind direction variability for simulation of a small river plume, which requires significantly smaller time step than that for resolving wind speed variability based on the energy spectrum. Once 10 min is the temporal scale of plume response to variability of wind forcing and 1 h is the temporal scale of plume reversal and reshaping, these time scales should be resolved in numerical modeling of a small river plume. Therefore, the time step of 3–4 h considered by Qu and Hetland (2019) as reasonable for simulation the effects of wind speed variability is not sufficient to resolve the effects of wind direction variability.

The linear dependence between wind speed and the Bzyb plume movement velocity was obtained only for low and moderate wind forcing conditions (<6 m/s). Moreover, we considered only the fast changing wind. We presume that this linear relation would be distorted in case of durable onshore/offshore wind forcing. In this case, the plume is pressed to the shore and its outer border is stable, i.e., its advection velocity decreases to zero. In addition, the linear relation would be distorted in case of very strong wind, which induces intense mixing and dilution of the small river plume in ambient waters. The obtained relation could be different for different river plumes and, presumably, it depends on the vertical plume—sea salinity gradient, which is governed by river discharge rate. As a result, it can vary among different seasons for the individual river plume in case of large synoptic or seasonal variability of river discharge. Second, the Bzyb River inflows to sea area with quasi-linear shoreline and steep sea bottom slope, which is close to the idealized shoreline morphology and seafloor bathymetry. However, regional features of morphology and bathymetry can strongly modify the relation between wind speed and plume movement velocity. These issues require additional studies at different river plumes during different river discharge conditions. Usage of quadcopter to perform continuous aerial remote sensing of river plumes supported by synchronous in situ measurements holds promise to improve our understanding of spreading dynamics of river plumes worldwide.
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