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Abstract

We investigate the characteristics of interplanetary magnetic field (IMF) draping in the Venusian magnetosheath using both Venus Express (VEX) observations and magnetohydrodynamics simulations. The distributions of magnetosheath field clock angle illustrate the nearly symmetric morphology of draped magnetic field with respect to the solar wind electric field, and the departure of the IMF clock angle is larger at closer distances. Based on VEX data, the sheath field clock angle departures are found to be <45 degrees for 90% of the instances under steady IMF and this parameter can respond almost immediately to the unsteady IMF. We suggest the magnetosheath field just slips around the planet without significant pileup or bending. Our time-dependent simulations indicate that the response time of sheath field to IMF variation is not more than 1 min and it depends on the involved regions of magnetosheath: the timescale in the inner part of magnetosheath adjacent to the induced magnetosphere is longer than that in the outer part. We find this timescale is controlled by the convection velocity in the magnetosheath, emphasizing the magnetohydrodynamic characteristics of the behavior of the sheath field. The finite magnetosheath field clock angle departure and its quick response to IMF variation suggest that the magnetic field clock angle measured within the Venusian magnetosheath can be used as a reasonable proxy for the upstream IMF clock angle.
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1 Introduction
Venus has no intrinsic magnetic field, but the interplanetary magnetic field (IMF) piles up and drapes around the conductive ionosphere, forming an induced magnetosphere (Luhmann et al. 2004). The three-dimensional configuration of the draped magnetic field near Venus is guided by the IMF clock angle (Saunders & Russell 1986; Du et al. 2013), which is the IMF azimuthal angle in the plane perpendicular to the solar wind flow (Ramstad et al. 2020). This 3D configuration is important because it concerns the energy transfer from solar wind to planetary particles, including the pickup process on the dayside (Wei et al. 2017; Xu et al. 2023), the wave-particle interaction in the magnetosheath and bow shock (Jarvinen et al. 2020; Hadid et al. 2021; Dimmock et al. 2022), the occurrence of Kelvin-Helmholtz instability at the terminator region (Dang et al. 2022), the ion acceleration by magnetic tension force (Dubinin et al. 2013; Allen et al. 2021), and the magnetic reconnection in the magnetotail (Zhang et al. 2012; Volwerk et al. 2021).
Within the induced magnetosphere, the field strength is asymmetric with respect to the upstream solar wind electric field (E; Phillips et al. 1987; Zhang et al. 1991; Xiao & Zhang 2018): in the +E hemisphere where the solar wind convection electric field points away from the planet, the magnetic field is stronger than that in the opposite −E hemisphere. When the draped magnetic field lines are stretched and slip over the magnetic “pole” into the nightside to fill the magnetotail (Luhmann 1986; Phillips & McComas 1991; Ma et al. 2013), the field lines in the +E hemisphere of the magnetotail sink towards the −E direction (Rong et al. 2014; Zhang et al. 2022), the reversal of clock angle appears (Zhang et al. 2010; Xiao et al. 2016), and the cross-tail magnetic field exhibits a looping configuration (Chai et al. 2016; He et al. 2021).
However, most previous studies concentrated on the Venusian induced magnetosphere (Du et al. 2013; Jarvinen et al. 2013), and a thorough examination of the magnetic field morphology within the Venusian magnetosheath remains to be carried out. It seems that the cross-flow IMF component could maintain its direction to some extent as it traverses the bow shock into the Venusian magnetosheath (Phillips et al. 1986). Nevertheless, the asymmetry in the magnetic field configuration associated with ±E has not been extensively explored within the sheath region. In this work, we aim to analyze the magnetic field clock angle and its variability specifically within the Venusian magnetosheath, drawing insights from both observations and simulations.
	[image: thumbnail]	Fig. 1 Comparison of the IMF clock angles under the steady IMF and the normal solar wind. The magnetic field, the three components of the magnetic field, and the local magnetic field clock angle under the cases of (a) the steady IMF and (b) the normal solar wind. The vertical lines mark the BS and the induced magnetosphere boundary (IMB). The region of the induced magnetosphere is shaded in yellow.



2 Data and MHD model
We use the magnetic field data with 1 s resolution from the MAG (Zhang et al. 2006) of Venus Express (VEX; Svedhem et al. 2007). The IMF clock angle (0° < Φ < 360°) is defined as the counterclockwise angle from the +Y direction in YZ plane of the Venus-Solar-Orbital (VSO) coordinates, where the XVSO axis points from the center of Venus to the Sun, lyso points in the opposite direction to the planet’s direction of motion, and ZVSO completes the right-handed system. To study the 3D magnetic field morphology of Venusian magnetosheath, the magnetic field is organized in the Venus-Solar-Electrical (VSE) coordinate system, in which the XVSE is antiparallel to the solar wind velocity, the ívsE points along the cross-flow magnetic field component of the upstream IMF, and the Zvse is along the solar wind motional electric field. The direction of solar wind velocity VSW is assumed to be aligned with the Sun–Venus line (a 5° aberration due to the orbital motion of Venus is taken into account). To construct the 3D magnetic field configuration, we selected orbits under the condition of a steady IMF where the influence of IMF variability can be minimized. Figure 1 shows that the magnetic field clock angle is relatively steady in the magnetosheath when the upstream IMF shows little variation. For each orbit, we denoted the average IMF clock angle 10 min before (after) the inbound (outbound) bow shock (BS) crossing as Φ1 (Φ2) and chose the orbits with relatively steady IMF clock angles, where the differences of Φ1 and Φ2 do not exceed 30° (Rong et al. 2016; Delva et al. 2017). The YVSE direction of each orbit was defined as the angle bisector of Φ1 and Φ2, and about 200 orbits from May 2006 to November 2014 were picked out.
A 3D single-fluid multi-species global magnetohydrodynamics (MHD) model of Venus (Ma et al. 2013, 2020; Xu et al. 2022) within the BATS-R-US (Block Adaptive Tree Solar Wind Roe-Type Upwind Scheme) code (Tóth et al. 2012) is used in this study. The input parameters, including the solar wind number density of 6.9 cm−3 (Xu et al. 2021), the solar wind temperature of 2.1 × 10s K (Bader et al. 2019), the solar wind velocity of 384 km s−1 (Rojas Mata et al. 2022) anti-parallel to the +Xvse direction, and the IMF magnitude of 6.5 nT (Chang et al. 2018), represent the average solar minimum condition of Solar Cycle 24. We ran the model with a time-dependent scheme for a one-hour simulation to achieve a steady state.
3 The clock angle distributions in the magnetosheath
To ensure statistical significance, we ignore the bins that contain fewer than ten data points in Figs. 2a–c. The magnetotail radius is approximately [image: equation] (Zhang et al. 2010; Xu et al. 2021), within which the data points are ignored in Figs. 2b,c. We note that this straightforward separation of magnetosheath and magnetotail at ρ = 1.25RV might involve some data points that were actually measured in the region of magnetotail. ΔΦ is the sheath magnetic field clock angle departure, which is defined as counterclockwise rotation of local field clock angle from the IMF. The maps of ΔΦ show almost symmetric distributions with respect to the Zvse direction. The mean |ΔΦ| with standard deviation of the bins are 7 + 5° on the dayside (1 < Xvse <1.5RV), 12 ± 8° on the terminator (−0.5 < XVSE < 0.5RV), and 12 ± 9° on the nightside (−5 < XVSE < −l·RV)· The configurations of sheath magnetic field in YZVSE planes are also presented in Figs. 2d–f, which display corresponding maps of the ΔΦ obtained from the simulation with Bjmf = [0.0, 6.5, 0.0] nT. The sheath field clock angle on the dayside is almost identical to that of the IMF (Fig. 2d), and both exhibit maximum values of approximately 30° on the terminator and nightside (Figs. 2e,f). Additionally, the maps also reveal that the |ΔΦ| tends to be higher for smaller ρ values. One likely explanation could be the more significant draping and bending of magnetic field lines in the inner part of magnetosheath adjacent to the induced magnetosphere, as shown in Fig. 3. Another contributing factor is that our definition of the magnetosheath region, separated at ρ = 1.25RV, might encompass a portion of the magnetotail region. Even though, the |∆Φ| is, overall, not significant.
An IMF clock angle proxy can be used to organize data in VSE coordinates when the spacecraft is located downstream of the bow shock (Hurley et al. 2018; Ruhunusiri et al. 2018; Dong et al. 2019). Considering the small IMF clock angle departure as discussed above, we expect any measurement taken within the magnetosheath can be a proxy for the IMF clock angle. The magnitude of the deviation |∆Φ| can be regarded as the uncertainty associated with this proxy. To assess its effectiveness, all data points above the empirical induced magnetosphere boundary (Xu et al. 2021) and downstream of the bow shock are examined. The median value and 90th percentile of |∆Φ| for these data points are determined to be 16° and 43°, respectively.
	[image: thumbnail]	Fig. 2 Spatial distributions of the Venusian magnetosheath magnetic field clock angle departures (∆Φ) on the dayside, terminator, and nightside. (a)–(c) Average ∆Φ and average magnetic field directions labeled by arrows in the YZVSE planes ([image: equation] for (b) and (c)). A bin size is 0.5 × 0.5 RV, and the black circle in each panel corresponds to the position of Venus. (d)–(f) The same values from the simulation run on the slices of XVSE = 1.25 Rv, 0 Rv and −3 Rv.



4 Response time of the sheath field to IMF rotation
Although the magnetosheath field clock angle departure is not substantial under steady IMF conditions, the instances during the unsteady IMF need to be further investigated. However, inferring the unsteady IMF becomes challenging when the VEX is located downstream of the bow shock. Fortunately, during smoothly rotating interplanetary coronal mass ejections (ICMEs), if the response of the sheath field to IMF rotation is fast, the upstream IMF clock angle can be inferred based on the rotation speed of sheath field clock angle (the slope of clock angle variation). As shown in Fig. 4, Venus encountered a strong ICME on 10 Sep. 2006 (Zhang et al. 2008). Three distinct time intervals from 10 Sep. 2006 20:30:00 to 11 Sep. 2006 02:30:00, 11 Sep. 2006 04:00:00 to 06:00:00 and 09:00:00 to 13:00:00 were chosen, and the periods during which the spacecraft was located in the solar wind and magnetosheath region are marked at the top of Fig. 4a. In each time interval, the rotation of IMF clock angle is fitted by a dashed cyan line based on the data collected in the solar wind. Simultaneously, the slope of sheath field variation is fitted based on the downstream measurements, enabling us to estimate the upstream IMF when the spacecraft located in the magnetosheath. The cyan and magenta dashed lines exhibit remarkable alignment in the three time intervals. This alignment suggests that the inferred IMF clock angle closely corresponds to the measured IMF, highlighting the swift reaction of magnetosheath field to changes in the IMF orientation. The time delay in the magnetosheath should be related to how far the magnetic field has propagated downstream of the bow shock, where in this case the distance is relatively short due to the bow shock flapping back and forth across the spacecraft.
In order to determine the exact response time of the magnetic field within the magnetosheath, a time-dependent MHD simulation is conducted. The simulation with an initial BIMF = [0.0, 6.5, 0.0] nT proceeds for 1 h to reach a stationary state, and subsequently the IMF is altered gradually to [−3.6, 0.0, 5.4] nT over about 40 s. Figure 5a provides examples of clock angle variations in several regions, including the solar wind represented by red dashed lines, and the inner and outer magnetosheath depicted by blue and green lines, respectively. Each region is further categorized into the dayside, terminator, and nightside, which are marked by circle, triangle and square symbols. The blue and green lines are the simnulation results at six specific locations, as depicted in Fig. 5b. The rotated IMF arrives at Venus at approximately 1:01:30–1:01:40, and by around 1:02:10, the IMF clock angle has shifted by 90°. Although the dayside sheath field direction cannot synchronize with the IMF rotation, there is only a slight time delay of a few seconds (indicated by the distances between the lines). On the terminator and night-side, the time delay ranges from 0 to 20 s. This time delay can also be estimated from Fig. 5b, which shows the flow velocity near Venus. The solar wind undergoes deceleration from 384 to 100 km s−1 upon encountering the subsolar bow shock, and it shows higher velocity with increasing solar zenith angle. The flow speeds exceed 300 km s−1 on the terminator and nightside, and the white lines mark the flow directions. It is worth noting that the magnitude and direction of the bulk velocity from our model results align well with the observations by Bader et al. (2019), Rojas Mata et al. (2022), and Xu et al. (2023). We use two yellow points to label a time period of approximately 16 s. For instance, the solar wind takes 79 s to propagate from XVSO = 2RV to XVSO = −3 RV, while there are 5.4 time intervals (85 s) for the green point and 5.9 time intervals (93 s) for the blue point at XVSO = −3 RV. These time delays are consistent with the distances between the lines in Fig. 5b, indicating that the flow velocities determine the time delays in the magnetosheath. Moreover, the outer region of magnetosheath adjacent to the bow shock reacts more quickly compared to the inner region closer to the induced magnetosphere, showing agreement with Romanelli et al. (2018, 2019).
Figure 6 shows the magnetic field configurations projected on the YZVSO plane at different moments. The nightside magnetosheath achieves a balance at 1:03:50 (Fig. 6i), just 20–30 s after the outside IMF turns to 90° (Fig. 6h). Figures 6f,i show the asymmetry of the magnetic field clock angle departure between the sectors downstream of the quasi-parallel and quasi-perpendicular bow shocks (Fang et al. 2018; Dong et al. 2019; Li et al. 2023).
	[image: thumbnail]	Fig. 3 Example of the draping of magnetic field lines. The field lines are color-coded according to the clock angle departure (∆Φ), and the XZVSE plane is color-coded according to the magnetic field strength (|B|). The black line denotes the empirical induced magnetosphere boundary (IMB; Xu et al. 2021), which separates the magnetosheath and the induced magnetosphere.



	[image: thumbnail]	Fig. 4 Rotation of the magnetic field clock angle during an ICME. (a) Magnetic field strength. (b) Three components of the magnetic field. (c) Local magnetic field clock angle in the solar wind and the Venusian magnetosheath. Three time intervals from 10 Sep. 2006 20:30:00 to 11 Sep. 2006 02:30:00, 11 Sep. 2006 04:00:00 to 06:00:00 and 09:00:00 to 13:00:00 are focused on. For each time interval, the clock angle variations are fitted with cyan and magenta dashed lines based on the data gathered in solar wind and magnetosheath, respectively. The rotation speeds are indicated by the slopes of the dashed lines.



	[image: thumbnail]	Fig. 5 Temporal evolution of the Venusian magnetosheath magnetic field clock angle under an IMF variation from [0.0, 6.5, 0] nT to [−3.6, 0.0, 5.4] nT. (a) IMF (red dashed lines) probed on the dayside [X, Y, Z]vso = [1.25, 0, 5] Rv (circle symbol), terminator region [X, Y, Z]VSO = [0, 0, 5] Rv (triangle), and nightside [X, Y, Z]VSO = [−3, 0, 5] Rv (square). The magnetic field in the inner and outer parts of magnetosheath (blue and green and lines) are probed at [X, Y, Z]VSO = [1.25, 0, 0] Rv, [0, 0, 1.5] Rv, [−3, 0, 2] Rv, and [X, Y, Z]VSO = [1.25, 0, 0.5] Rv, [0, 0, 2] Rv, [−3, 0, 3] Rv. The six positions are labeled by blue and green points in (b). The white lines mark the flow directions, and an interval between two yellow points corresponds to a time period of about 16 s.



	[image: thumbnail]	Fig. 6 Spatial distributions of Venusian magnetosheath magnetic field clock angle Φ under an IMF variation from [0.0, 6.5, 0] nT to [−3.6, 0.0, 5.4] nT on the (a–c) dayside XVSO = 1.25 RV, (d–f) terminator XVSO = 0RV and (g–i) nightside XVSO = −3 RV.



5 Discussion and conclusions
In this work, we conducted observations of the IMF clock angle departures within the magnetosheath of Venus. The magnetosheath field clock angle exhibits a symmetrical distribution with respect to the direction of solar wind electric field. This feature was further confirmed by MHD simulations. Additionally, the simulations depicted the magnetic field line draping in the vicinity of Venus (Fig. 3). To a great extent, the sheath field just passes the planet without significant pileup, resulting in the symmetric sheath field morphology, in contrast with the magnetotail (Zhang et al. 2010) where the magnetic field is greatly anchored by planetary ions. Furthermore, our simulation produces an asymmetry of the magnetic field clock angle departure between the sectors downstream of the quasi-parallel and quasi-perpendicular bow shocks, which is attributed to the different magnetosheath field and flow geometries associated with the two sectors (Fang et al. 2018). The median value and 90th percentile of IMF clock angle departure |∆Φ| of all data points are 16° and 43°. The insignificant |∆Φ| in the Venusian magnetosheath is also validated by MHD model.
A case study illustrates a continuous and uniform rotation of the IMF clock angle during an ICME, as shown in Fig. 4. The rotation of the sheath field aligns with the rotation of the IMF, which suggests that the response time of the sheath field to changes in the IMF should be relatively short. In order to characterize the precise response time of the sheath field, we conducted a time-dependent MHD simulation lasting 1 hour to reach a stationary state. Subsequently, we deliberately rotated the IMF clock angle by 90°. The sheath field clock angle closely followed the changes in the IMF clock angle, particularly on the dayside. As compared with the response time of the Venusian induced magnetosphere and magnetotail associated with IMF rotation (~ 10 min; Benna et al. 2009; Slavin et al. 2009; Xu et al. 2022), the sheath field’s reaction to changes in the IMF takes no longer than 1 min, which is similar to the time delay determined within the Martian magnetosheath (Romanelli et al. 2018, 2019). Moreover, the response time varies depending on the specific regions within the magnetosheath. In particular, the timescale for changes in the inner part of the magnetosheath, which is adjacent to the induced magnetosphere, is longer compared to the outer part. Our suggestion is that the primary factor governing the response timescale in the Venusian magnetosheath is the local bulk velocity. If the downstream magnetic field direction remains relatively stable for a duration of at least 1 minute, it can serve as a proxy for the upstream IMF clock angle. Conversely, if the magnetic field within the sheath region were found to exhibit rotation, this would suggest that the direction of the upstream IMF is changing. Furthermore, observations of the plasma distributions in the magnetosheath, based on this proxy (Xu et al. 2023), also support the effectiveness of using measurements taken within the magnetosheath as a proxy.
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All Figures
	[image: thumbnail]	Fig. 1 Comparison of the IMF clock angles under the steady IMF and the normal solar wind. The magnetic field, the three components of the magnetic field, and the local magnetic field clock angle under the cases of (a) the steady IMF and (b) the normal solar wind. The vertical lines mark the BS and the induced magnetosphere boundary (IMB). The region of the induced magnetosphere is shaded in yellow.
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	[image: thumbnail]	Fig. 2 Spatial distributions of the Venusian magnetosheath magnetic field clock angle departures (∆Φ) on the dayside, terminator, and nightside. (a)–(c) Average ∆Φ and average magnetic field directions labeled by arrows in the YZVSE planes ([image: equation] for (b) and (c)). A bin size is 0.5 × 0.5 RV, and the black circle in each panel corresponds to the position of Venus. (d)–(f) The same values from the simulation run on the slices of XVSE = 1.25 Rv, 0 Rv and −3 Rv.
In the text



	[image: thumbnail]	Fig. 3 Example of the draping of magnetic field lines. The field lines are color-coded according to the clock angle departure (∆Φ), and the XZVSE plane is color-coded according to the magnetic field strength (|B|). The black line denotes the empirical induced magnetosphere boundary (IMB; Xu et al. 2021), which separates the magnetosheath and the induced magnetosphere.
In the text



	[image: thumbnail]	Fig. 4 Rotation of the magnetic field clock angle during an ICME. (a) Magnetic field strength. (b) Three components of the magnetic field. (c) Local magnetic field clock angle in the solar wind and the Venusian magnetosheath. Three time intervals from 10 Sep. 2006 20:30:00 to 11 Sep. 2006 02:30:00, 11 Sep. 2006 04:00:00 to 06:00:00 and 09:00:00 to 13:00:00 are focused on. For each time interval, the clock angle variations are fitted with cyan and magenta dashed lines based on the data gathered in solar wind and magnetosheath, respectively. The rotation speeds are indicated by the slopes of the dashed lines.
In the text



	[image: thumbnail]	Fig. 5 Temporal evolution of the Venusian magnetosheath magnetic field clock angle under an IMF variation from [0.0, 6.5, 0] nT to [−3.6, 0.0, 5.4] nT. (a) IMF (red dashed lines) probed on the dayside [X, Y, Z]vso = [1.25, 0, 5] Rv (circle symbol), terminator region [X, Y, Z]VSO = [0, 0, 5] Rv (triangle), and nightside [X, Y, Z]VSO = [−3, 0, 5] Rv (square). The magnetic field in the inner and outer parts of magnetosheath (blue and green and lines) are probed at [X, Y, Z]VSO = [1.25, 0, 0] Rv, [0, 0, 1.5] Rv, [−3, 0, 2] Rv, and [X, Y, Z]VSO = [1.25, 0, 0.5] Rv, [0, 0, 2] Rv, [−3, 0, 3] Rv. The six positions are labeled by blue and green points in (b). The white lines mark the flow directions, and an interval between two yellow points corresponds to a time period of about 16 s.
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      Fig. 1 
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        Comparison of the IMF clock angles under the steady IMF and the normal solar wind. The magnetic field, the three components of the magnetic field, and the local magnetic field clock angle under the cases of (a) the steady IMF and (b) the normal solar wind. The vertical lines mark the BS and the induced magnetosphere boundary (IMB). The region of the induced magnetosphere is shaded in yellow.

      

    

  
    
      Fig. 2 
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        Spatial distributions of the Venusian magnetosheath magnetic field clock angle departures (∆Φ) on the dayside, terminator, and nightside. (a)–(c) Average ∆Φ and average magnetic field directions labeled by arrows in the YZVSE planes ([image: equation] for (b) and (c)). A bin size is 0.5 × 0.5 RV, and the black circle in each panel corresponds to the position of Venus. (d)–(f) The same values from the simulation run on the slices of XVSE = 1.25 Rv, 0 Rv and −3 Rv.

      

    

  
    
      Fig. 3 
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        Example of the draping of magnetic field lines. The field lines are color-coded according to the clock angle departure (∆Φ), and the XZVSE plane is color-coded according to the magnetic field strength (|B|). The black line denotes the empirical induced magnetosphere boundary (IMB; Xu et al. 2021), which separates the magnetosheath and the induced magnetosphere.

      

    

  
    
      Fig. 4 
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        Rotation of the magnetic field clock angle during an ICME. (a) Magnetic field strength. (b) Three components of the magnetic field. (c) Local magnetic field clock angle in the solar wind and the Venusian magnetosheath. Three time intervals from 10 Sep. 2006 20:30:00 to 11 Sep. 2006 02:30:00, 11 Sep. 2006 04:00:00 to 06:00:00 and 09:00:00 to 13:00:00 are focused on. For each time interval, the clock angle variations are fitted with cyan and magenta dashed lines based on the data gathered in solar wind and magnetosheath, respectively. The rotation speeds are indicated by the slopes of the dashed lines.

      

    

  
    
      Fig. 5 
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        Temporal evolution of the Venusian magnetosheath magnetic field clock angle under an IMF variation from [0.0, 6.5, 0] nT to [−3.6, 0.0, 5.4] nT. (a) IMF (red dashed lines) probed on the dayside [X, Y, Z]vso = [1.25, 0, 5] Rv (circle symbol), terminator region [X, Y, Z]VSO = [0, 0, 5] Rv (triangle), and nightside [X, Y, Z]VSO = [−3, 0, 5] Rv (square). The magnetic field in the inner and outer parts of magnetosheath (blue and green and lines) are probed at [X, Y, Z]VSO = [1.25, 0, 0] Rv, [0, 0, 1.5] Rv, [−3, 0, 2] Rv, and [X, Y, Z]VSO = [1.25, 0, 0.5] Rv, [0, 0, 2] Rv, [−3, 0, 3] Rv. The six positions are labeled by blue and green points in (b). The white lines mark the flow directions, and an interval between two yellow points corresponds to a time period of about 16 s.

      

    

  
    
      Fig. 6 
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        Spatial distributions of Venusian magnetosheath magnetic field clock angle Φ under an IMF variation from [0.0, 6.5, 0] nT to [−3.6, 0.0, 5.4] nT on the (a–c) dayside XVSO = 1.25 RV, (d–f) terminator XVSO = 0RV and (g–i) nightside XVSO = −3 RV.
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