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Abstract

:

Extreme weather events, such as heavy rainfall causing floods and flash floods continue to present difficult challenges in forecasting. Using gridded daily precipitation datasets in conjunction with solar wind data it is shown that high-rate precipitation occurrence is modulated by solar wind high-speed streams. Superposed epoch analysis shows a statistical increase in the occurrence of high-rate precipitation following arrivals of high-speed streams from coronal holes, including their recurrence with the solar rotation period of 27 days. These results are consistent with the observed tendency of heavy rainfall leading to floods and flash floods in Japan, Australia, and continental United States to follow arrivals of high-speed streams. A possible role of the solar wind–magnetosphere–ionosphere–atmosphere coupling in weather as mediated by globally propagating aurorally excited atmospheric gravity waves triggering conditional moist instabilities leading to convection in the troposphere that has been proposed in previous publications is highlighted.
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1. Introduction


Climate change is affecting the stability of Earth’s atmosphere and increasing the occurrence of extreme weather events, such as heavy rainfall causing floods and landslides, which pose natural hazards with major socio-economic impacts [1,2,3]. In particular, floods can result in large death tolls and short- and long-term impacts on physical and mental health secondary to population displacement, damage to health infrastructure, and water safety and sanitation issues [4,5]. There is an ongoing need for improvements in all aspects of the emergency management cycle in the context of extreme weather events, including the need for improvements in public awareness of risks, advisories to evacuate [5], mitigation strategies and recovery management [6]. Complex atmospheric conditions and processes in mesoscale convective systems have been extensively studied, e.g., [7]. An ingredient-based methodology that has been developed for forecasting [8] was reviewed [9]. Despite advances made in forecasting and improved understanding of mesoscale processes [10], predictions of extreme precipitation events continue to present difficult challenges [11,12,13,14].Possible external factors influencing weather have been reported [15,16,17,18,19,20]. Wilcox et al. [15,16] discovered a relation between the solar magnetic sector structure and tropospheric vorticity using the upper-level tropospheric vorticity area index (VAI), which is a proxy for extratropical storminess. Prikryl et al. [21] observed the “Wilcox effect” in both the northern and southern hemisphere midlatitudes and examined severe weather in the context of solar wind coupling to the magnetosphere–ionosphere–atmosphere (MIA) system (see, Section 6). Prikryl et al. [21,22,23,24,25,26] showed a tendency of significant weather including explosive extratropical cyclones, rapid intensification of tropical cyclones, and heavy rainfall causing floods to follow arrivals of solar wind high-speed streams (HSSs) from coronal holes. In this paper, using rain gauge- and satellite-based precipitation datasets, we focus on heavy precipitation occurrence over three geographic areas and investigate the relationship between high-rate precipitation and solar wind HSSs. In Section 2, various data sources and datasets are listed, and the application of the superposed epoch (SPE) analysis method is described. In Section 3, cases of heavy precipitation events in Japan are discussed in the context of solar wind observations. This is not only to highlight the motivation of this research and the potentially global impact of MIA coupling on tropospheric weather as previously discussed [23,25], but also to emphasize the characteristics of solar wind structure relevant to the SPE analysis in the subsequent sections. SPE analysis is then applied to solar wind data in Section 4 (keyed to heavy rainfall events) and Section 5 (keyed to solar wind events). In Section 6, the SPE analysis results are discussed, considering also their similarity to the Wilcox effect, as well as a possible physical mechanism in the context of solar wind MIA coupling invoking aurorally excited atmospheric gravity waves (AGWs). The conclusions are presented in Section 7.




2. Data Sources and Methods


Several datasets and data sources are used to investigate the relationship between solar wind HSSs from solar coronal holes and heavy precipitation causing floods and flash floods. They are briefly described in this section and further details can be found in previous publications [25,26].



The solar wind data are provided by the National Space Science Data Center (NSSDC) OMNIWeb http://omniweb.gsfc.nasa.gov, accessed on 9 September 2021 [27]. The hourly averages of solar wind velocity, V, the interplanetary magnetic field (IMF) magnitude, B, the standard deviation of IMF Bz, σBz, and the proton density, np, are used to identify co-rotating interaction regions (CIRs), the interfaces between the fast and slow solar wind, at the leading edge of HSSs from coronal holes [28]. The observed velocity maximum, Vmax, is determined to characterize the HSS. Additionally, magnetic sector boundaries that have been identified as heliospheric current sheets (HCSs) [29,30] are obtained. The high-density HCS plasma sheet ahead of CIRs leads to magnetic field compression [31].



Measurements of the green coronal emission line (Fe XIV, 530.3 nm) by ground-based coronagraphs from 1939 to 2008 have been merged into a homogeneous coronal dataset [32,33,34] (https://www.suh.sk/online-data, accessed on 9 September 2021). The intensity of the emission line at 28.4 nm (Fe XV) observed by the Solar and Heliospheric Observatory (SOHO) extreme ultraviolet imaging telescope (EIT) instrument was found to be closely correlated with intensity of the green corona obtained [32], by ground-based coronagraphs [35]. The coronal intensities are expressed in absolute coronal units (ACU) representing the intensity of the continuous spectrum from the center of the solar disk with a width of 1 Ǻ at the same wavelength as the observational spectral line (1 ACU = 3.89 W m−2 sr−1 at 530.3 nm). The intensity depletions, called coronal holes, are sources of HSSs. The green corona intensity synoptic charts at the solar central meridian are produced by averaging the intensities measured at the east and west limbs 14 days apart.



The Japan Meteorological Agency (JMA) Automated Meteorological Data Acquisition System (AMeDAS) allows retrievals of meteorological variables including precipitation rates from stations in Japan (https://www.data.jma.go.jp/risk/obsdl/index.php, accessed on 9 September 2021). The JMA publishes annual nationwide summaries of severe/catastrophic weather events since 2009 (http://www.jma.go.jp/jma/kishou/books/kishougaikyo/index.html, accessed on 9 September 2021). The heavy rainfall events are supplemented with flash flood events in Japan from the FloodList archive (http://floodlist.com/, accessed on 9 September 2021).



The National Oceanic and Atmospheric Administration’s (NOAA) National Weather Service (NWS) storm database (https://www.ncdc.noaa.gov/stormevents/, accessed on 9 September 2021) contains records of significant weather episodes including “heavy rain” and “flash flood” event types. The Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) Rainfall Estimate (3B42 daily precipitation dataset version 7) using a 0.25° × 0.25° grid for latitudes between N50° and S50° is provided by the Goddard Earth Sciences Data and Information Services Center https://disc.gsfc.nasa.gov/datacollection/TRMM_3B42_Daily_7.html, accessed on 9 September 2021 [36].



NOAA National Centers for Environmental Information (NCEI) provide the Severe Weather Data Inventory (SWDI) integrated database of various severe weather records including data on the occurrence and geolocation of lightning strikes. The Vaisala National Lightning Detection Network (NLDN) dataset is available for the continental United States (CONUS) (https://www1.ncdc.noaa.gov/pub/data/swdi/database-csv/v2/, accessed on 9 September 2021). The number of cloud-to-ground lightning flashes are archived in SWDI summaries for each day in 0.10° tiles.



The HURDAT2 database (http://www.nhc.noaa.gov/data/, accessed on 9 September 2021) of “best tracks” of tropical and subtropical cyclones for the Atlantic and East Pacific basins is provided by the National Hurricane Center (NHC). The U.S. government website Joint Typhoon Warning Center (JTWC) is hosted by several agencies including NOAA’s NWS. The products and services include the Tropical Cyclone Best Track Data that cover the southern Indian and Pacific Oceans, and the northern Indian Ocean and the western North Pacific Ocean (http://www.metoc.navy.mil/jtwc/jtwc.html?best-tracks, accessed on 9 September 2021).



The superposed epoch (SPE) method [37] is applied on time series of green corona intensity and solar wind parameters keyed to either heavy rainfall events (Section 4) or major HSS/CIRs (Section 5). In each case, cumulative high-rate precipitation occurrence over selected geographical areas for each epoch day relative to key times is obtained. As shown in previous studies referenced above, when the SPE analysis is keyed to storm events the averaged solar wind time series superposed relative to key times show patterns of mean solar wind velocity increasing from a minimum before the key time to a maximum a few days later, while the other solar wind variables peak around the key time. Such patterns indicate a tendency of the studied storms to occur following the arrivals of HSS/CIRs. In contrast, if there is no relationship, either patterns with random phases, or, in the case of a large number of events, flat, averaged out patterns are expected. In Section 5, to investigate more direct evidence of the relationship, the approach is inverted. The SPE analysis is keyed to solar wind events, such as HCS crossings or HSS/CIR arrivals, which is often done in studies of solar-terrestrial relations, including the response of the geomagnetic activity [38], the Wilcox effect [16,39], and most recently heavy rainfall occurrence [26].




3. High-Rate Precipitation Events in Japan and Solar wind High-Speed Streams


The main causes of heavy precipitation in Japan other than typhoons are intensifications of extratropical cyclones, particularly during the winter season in the form of snow or rain, and activations of a stationary front during the rainy (“tsuyu”) season from early June to mid-July. The explosive development of extratropical cyclones tends to follow arrivals of solar wind HSSs from coronal holes [23]. For example, from December 2017 to January 2018, hourly solar wind data in Figure 1 show several HSS/CIRs (marked with red asterisks) that were followed by explosive development of extratropical cyclones over the North Pacific. One interplanetary coronal mass ejection (ICME) is marked with an orange triangle.



A tracking algorithm on the surface low pressure field from the JRA-55 meteorological re-analysis data [40] was applied and tracks of explosive extratropical cyclones in the North Pacific were obtained [24]. Those considered in Figure 1 reached minimum central pressure < 990 mb and maximum normalized deepening rate NDRr > 0.5. The value of NDRr = 1 represents the relative central pressure change of 24 mb in 24 h at a latitude of 60° (Lim and Simmonds [41]; their Equation (2)), adopted by Prikryl et al. [24]. The open circles shown in Figure 1 are scaled by the maximum normalized deepening rate NDRr of extratropical cyclones over the North Pacific. Most of these explosive developments followed arrivals of major HSS/CIRs and those that affected Japan resulted in precipitation. Maximum TRMM daily rates and the number of TRMM grid cells with daily precipitation rates exceeding 50 mm over Japan are shown at the top. Global satellite images of clouds at 3-hourly intervals are provided by the International Satellite Cloud Climatology Project Global ISCCP B1 Browse System (GIBBS) [42] (https://www.ncdc.noaa.gov/gibbs/html/HIM-8/IR/2017-12-15-00, accessed on 9 September 2021). Himawari-8 infrared images and TRMM precipitation maps can be viewed in Videos S1 and S2 in Supplementary Materials.



An extreme explosive cyclone that reached a minimum central pressure of ~944 mb caused a major snowstorm that affected northern Japan starting December 24. Another major snowstorm that affected Japan also coincided with the arrival of HSS/CIR on 8 January 2018. Precipitation rates also peaked on January 1 and 14 following HSS/CIRs, but they were moderate or low because the extratropical cyclones intensified just east of Japan. The head of the explosive cyclone on January 1 marginally affected precipitation over Hokkaido. Explosive cyclones on 17–18 December developed over the Pacific further north and east of Japan. There are other examples of snowstorms in Japan that can be linked to arrivals of HSS/CIRs, such as a severe snowstorm caused by an explosive cyclone in Hokkaido [43] that coincided with the arrival of a major HSS/CIR on 1 March 2013 (Figure S1 in Supplementary Materials).



Heavy rainfall events during the rainy season in Japan have become more frequent, which has been attributed to climate change. An unprecedented disastrous event occurred in early July 2018 [5,44,45,46]. Although the heavy rainfall occurred over an extensive area of Japan from 28 June to 8 July, with typhoon Prapiroon passing over the western Japan and Japan Sea on 2–4 July, the precipitation maximized during 5–8 July, causing the most damage in the western part of Japan. After the typhoon had passed, a stationary front formed over Japan and its activation resulted in the heaviest rainfall. Figure 2 shows solar wind plasma variables, the maximum daily precipitation (red crosses), the number of TRMM grid cells over Japan with daily precipitation rates exceeding given thresholds (histograms) and Kp-index of geomagnetic activity. The heaviest rainfall (largest number of grids with high precipitation rates) closely followed arrival of a major HSS/CIR, although the maximum daily rate due to Prapiroon passing was observed on July 3. A similar extreme event occurred again in western Japan in early July 2020 [47,48,49]. The highest precipitation rates that were recorded from 3 July to 6 July (e.g., 367 mm in Minamata on 4 July) coincided with the arrival of a major HSS/CIR on July 4. The most recent heavy rainfall events in 2021 (http://floodlist.com/, accessed on 9 September 2021), one in Shizuoka prefecture in 1–3 July, which caused a deadly landslide in Atami, and another in Kagoshima prefecture (e.g., 418 mm in Satsuma) on July 10 also closely followed arrivals of HSS/CIRs on 30 June and 10 July, respectively (https://www.swpc.noaa.gov/products/real-time-solar-wind, accessed on 9 September 2021).



Of course, this is not to suggest that all heavy rainfall events start with arrivals of HSS/CIRs, because there are many known meteorological factors that lead to heavy rainfall. Even the heavy rainfall events that we discussed above may have had already started earlier when all ingredients for heavy precipitation were present, and forecasts and warnings had indeed already been issued. For example, in the early July 2018 case discussed above, the presence of the stationary “Baiu” front and typhoon Prapiroon passing primed the atmospheric conditions, and heavy rainfall occurred prior to 5–6 July [46], but was significantly enhanced following the arrival of the HSS/CIR. It is the tendency of such events to occur following HSS/CIRs that we discuss in this paper. Furthermore, the physical mechanism that is proposed in Section 6 is not limited to HSS/CIRs.



In this section we focused on Japan, but because the subsequent analysis also includes high-rate precipitation events over continental Australia and United States, which have characteristics that may differ from those in Japan, further discussion is provided with Figures S2 and S3, and Videos S3–S7 in Supplementary Materials. While it is known that precipitation is highly variable across the globe and caused by various phenomena, as already discussed in this section, we focus on mid latitudes dominated by extratropical cyclones and convective storms.




4. Superposed Epoch Analysis Keyed to Heavy Rainfall Events Causing Floods or Flash Floods


Pursuing the approach taken in previous studies mentioned in the Introduction, we use the SPE analysis method to show a tendency of heavy rainfall occurrence to follow arrivals of solar wind disturbances, mainly HSS/CIRs but with possible contribution of ICMEs and their upstream sheaths [50,51] enhancing their geo-effectiveness [52].



Focusing on Slovakia, Prikryl et al. [26] showed that events of heavy rainfall causing floods or flash floods tend to follow arrivals of HSS/CIRs. Here we focus on events in Japan, south-eastern coast of Australia and the Mississippi River Basin (MRB) in the United States. Heavy rainfall events in Japan that are listed in the JMA summaries (2009–2019) of severe weather events are supplemented with flash floods in Japan from the FloodList archive (2013–2019). Heavy rainfall events caused by typhoons are excluded, because they result from typhoon landfalls, which are determined by tracks of typhoons that are shaped by atmospheric circulation. The actual intensification of typhoons typically occurs over warm ocean waters, although rapid intensification has been linked to HSS/CIRs [25]. The results of the SPE analysis of time series of the green corona intensity and solar wind variables keyed to start dates of heavy rainfall events in Japan are shown in Figure 3a and Figure 3b, respectively. Figure 3c shows the cumulative number of TRMM grid cells for each epoch day with above-threshold daily precipitation rates over Japan.



Figure 3d,e show the results of the SPE analysis keyed to start days of major coastal floods in south-eastern Australia for the period of 1963–2012 (Callaghan and Power [53]; their Table 1). For the period of 1998–2012 that is covered by the TRMM dataset, Figure 3f shows, for each epoch day, the cumulative number of grid cells with above-threshold daily precipitation rates over the geographic area of the coastal region studied by Callaghan and Power [53] (their Figure 1), including a swath of coastal ocean.



As will be shown in Section 5, if the SPE analysis is keyed to HSS/CIR arrivals, smoothed mean variations of solar wind parameters with sharp peaks at the key time in solar wind density, np, magnetic field magnitude, B, and standard deviation of the magnetic field north–south component, σBz, followed by high mean solar wind velocity, V, are obtained, e.g., (Prikryl et al. [26]; their Figure 5).



However, if the key days are defined by start dates of storms mostly distributed around, or following HSS/CIRs, with some of the storms possibly occurring even several days before or after HSS/CIRs, the SPE analysis will still obtain similar patterns, i.e., peaks in np, B, and σBz around the key day followed by an increase in V of smaller amplitude. This is the case for the SPE analysis results shown in Figure 3b,e. In both cases the SPE analysis results show the mean V rising from a minimum before the key day followed by a maximum after the key day, with peaks in np, B, and σBz around the key day. This is the result of superposition of HSS/CIRs most of which were near, or preceded the key events, i.e., not necessarily coinciding with the key events. Similarly, the SPE analysis of the green corona intensity (Figure 3a,d) shows depletions of the mean intensity at low heliographic latitudes, which is the result of superposition of misaligned coronal holes. These results indicate a tendency of heavy rain and major floods to follow arrivals of HSS/CIRs from coronal holes. If the key days were randomly distributed relative to HSS/CIRs the mean variations would be expected to have random phases or be completely smoothed out (flat) for large number of events, n. Neither is the case, and the similar above-described patterns are consistently obtained.



This is further demonstrated for flash floods in the United States (Figure 3g–i). From the NOAA/NWS storm database records of flash flood reports, we build time series of the daily sum of flash flood events for each MRB state (MN, WI, IA, IL, MO, KY, TN, MS, and LA) and use it to define “flash flood outbreak” dates to be used as key days for the SPE analysis of solar wind parameters. A threshold cutoff daily sum of at least five reports is used to define the start and end days of a “flash flood outbreak” period, with a daily sum peak of at least 10 events and the rest of the days within the period also remaining above the threshold cutoff. The start days of the “flash flood outbreak” periods for all MRB states combined are used in the SPE analysis of the green corona intensity and solar wind parameters shown in Figure 3g,h, respectively. For each epoch day, Figure 3i shows the cumulative number of grid cells with above-threshold TRMM daily precipitation rates over the MRB region, defined as a rectangle delimited by latitudes and longitudes containing all MRB states. In addition, using the SWDI data for the continental United States, the cumulative number of lightning strikes over the MRB region is shown. The SPE analysis results (Figure 3g,f) are similar to those for the cases of Japan and Australia, indicating a tendency of the flash floods to follow arrivals of HSS/CIRs that was already discussed in Section 3.



In Section 5, we provide more direct statistical evidence of high-rate precipitation increase following HSS/CIRs by inverting the SPE analysis approach by choosing HSS/CIR arrivals as key times, instead of the storm start dates. The times of CIRs are defined by fast/slow stream interfaces observed upstream from Earth as described in Section 2.




5. Modulation of High-Rate Precipitation Occurrence by High-Speed Streams


5.1. SPE Analysis Keyed to Arrivals of Major HSS/CIRs


To examine the statistical occurrence of high-rate precipitation in Japan relative to arrivals of HSS/CIRs, the SPE analysis is keyed to arrival times of major HSS/CIRs. The TRMM dataset of gridded daily precipitation rates over Japan, focusing on high daily precipitation rates exceeding four thresholds of 100, 120, 140, and 160 mm, is used. For major HSSs in the period of 1998–2019 reaching a maximum solar wind velocity Vmax > 700 km/s, Figure 4a,b shows the SPE analysis results for the green corona intensity and solar wind parameters, respectively. As expected, the superposition of HSS/CIRs relative to the well-defined interface between the fast and slow solar wind results in sharp peaks in the mean np, B, and σBz close to the key time, while the mean solar wind velocity V is rising from a minimum before to a maximum after the key time (Figure 4b), with the mean coronal hole preceding it by about 4 days.



Of main interest in this analysis are total cumulative numbers of grid cells where daily precipitation rates exceeded given thresholds, summed up for each epoch day relative to the key time. They show a large increase at epoch day 0, with the arrival of these very fast HSS/CIRs (Figure 4c). Precipitation during days when typhoons approached or impacted Japan obtained from the best-track database of West Pacific typhoons are excluded, because tropical cyclones evolve (intensify or weaken) over the ocean, and landfall events themselves, though causing heavy rainfall over land, are generally unrelated to HSS/CIR. Very similar results are obtained using the rain-gauge based APHRODITE dataset (1998–2015) [54] over Japan (Figure S4 in Supplementary Materials).



Figure 4d–f shows the SPE analysis results (omitting plots of the mean green corona intensity and solar wind parameters) for Vmax > 650 km/s, which almost doubles the number of key times, n. There are three main reasons why it is important to vary n and group the analysis by Vmax. First, larger n should yield higher statistical significance for the SPE results. Second, faster HSSs usually result in stronger MIA coupling, although other solar wind parameters, in particular IMF Bz, are often more important. Third, it allows consistency of the SPE results for different grouping or subperiods to be checked. The cumulative numbers of TRMM grid cells with high precipitation rates relative to arrival of HSS/CIRs are shown for all days including typhoon days (Figure 4d), for days with typhoons excluded (Figure 4e), and for typhoon days only (Figure 4f). With or without typhoon days (Figure 4d,e), the histogram peak on days adjacent to the key time (day −1 or 0), i.e., on either side of the HSS/CIR interface. With typhoon days removed, the peak shifts to day 0. It should be noted that key times are based on the hourly solar wind dataset, while daily precipitation rates are used from the TRMM dataset in this analysis, i.e., the daily TRMM rates are matched with hourly solar wind parameters at 0 UT. Figure 4g–i shows the SPE analyses for three intervals of Vmax, with typhoons excluded in all three cases. While there are high precipitation rates during the descending phase of HSSs that precede the arrivals of the key HSS/CIRs, particularly for the lower-velocity HSSs (Figure 4g), they decrease to a minimum at epoch days ≤ −1, which is then followed by an increase to the next maximum. For progressively faster/stronger HSS/CIRs, the occurrence of high precipitation rates peaks on days adjacent to the key time (Figure 4h,i).



In Figure 5, which is structured similarly to Figure 4, the statistical relationship between solar wind HSS/CIRs and TRMM precipitation rates over the continental Australia is examined. For HSSs with maximum solar wind velocity Vmax > 500 km/s (Figure 5c), the SPE analysis shows an increase in the occurrence of high-rate precipitation from the minimum before, to a maximum after, the arrival of HSS/CIRs with days of tropical cyclone impacts excluded from cumulative counts. In the middle column (Vmax > 550 km/s), this is shown for the case with tropical cyclone days included (Figure 5d) and excluded (Figure 5e), while the cumulative counts are limited to days of tropical cyclones in Figure 5f. Further grouping of the SPE analysis by Vmax (Figure 5g–i), with tropical cyclone days excluded, confirms a general increase in high precipitation occurrence following arrivals of HSS/CIRs.



The larger geographical area of the continental U.S. should provide even more statistically significant results (Figure 6), because of larger number of TRMM grid cells, larger geographical area targeted by potential solar wind MIA coupling process (see, Section 6), and a greater variety of climates and weather patterns. For HSSs with maximum solar wind velocity Vmax > 600 km/s (Figure 6b), the SPE analysis result shows the high-precipitation occurrence reaching a broad maximum during the declining phase of the preceding HSSs, dropping to a minimum on day 0, and then rising to a maximum 2 days later following arrivals of major HSS/CIRs. This pattern is correlated with the mean solar wind velocity with a lag of about 1 day. The case of Vmax > 400 km/s, which more than doubles the number of key times n as well as the cumulative numbers of days with above-threshold precipitation rates, gives similar results with hurricane days included (Figure 6d), or excluded (Figure 6e), i.e., a correlation between the mean V and the high-rate precipitation occurrence lagged by about 1 day. Further grouping of the SPE analysis by Vmax (Figure 6g–i), with hurricane days excluded, reproduces a general pattern of an increase in high-rate precipitation occurrence from a minimum to maximum following arrivals of HSS/CIRs, although the minima are shifted to day 0, or by about 1–2 days when compared with the results in Figure 4 and Figure 5.



As already discussed in Section 3, heavy precipitation in Japan closely follows intensifications of extratropical cyclones or activations of stationary fronts over Japan. In Australia, east coast lows and frontal systems of extratropical cyclone intensifying south-west of Australia are closely followed by heavy precipitation. In comparison, in the continental U.S. (Figure S2 in Supplementary Materials), heavy rainfall on the west coast is mainly caused by extratropical cyclones that form and intensify over Pacific before they impact the west coast. Intensifications of Colorado lows and nor’easters may also take a couple of days before they produce the heaviest precipitation in the east and north-east. This can explain the delayed response of heavy precipitation following the HSS/CIRs arrivals.



The results for the TRMM high-rate precipitation occurrence are further supported using the SWDI/NLDN data for the continental United States. Though not the focus of this analysis the cumulative numbers of lightning strikes over the CONUS region show patterns that are similar to those for high-rate precipitation, because heavy rainfall is sometimes accompanied with lightning activity (thunderstorms).



The conclusion is that, statistically, there is a tendency for the occurrence of high precipitation rates to increase following the arrivals of HSS/CIRs, which is consistent with the results discussed in Section 3 and Section 4.




5.2. The SPE Analysis Extended to ±36 Days from Arrivals of Major HSS/CIRs


HSSs emanating from polar coronal holes persist for years [31,55] and cause recurrent geomagnetic activity [52,56] and magnetic storms [57]. Coronal holes that extend to low latitudes because of the warped heliospheric current sheet (HCS) [29,30], and self-contained circular coronal holes that sometimes form at low latitudes, can persist for many solar rotations resulting in recurrent HSSs.



To examine the influence of recurrent HSS/CIRs, the SPE analysis is extended to a time interval of ±36 days from the arrival time of major HSSs/CIRs (Figure 7). Instead of σBz, which always results in a pattern that is very similar to B, we now include the Kp-index of geomagnetic activity. The vertical dotted lines are shown for the key time and the key time ±27.28 days (the synodic or Carrington rotation). The superposition of recurrent coronal holes, which include north and south coronal holes, results in depressions of the mean green corona intensity IGC (Figure 7a) that are, in this case, centered at about zero heliographic latitude and, on average, 2–3 epoch days before arrival times of recurrent HSSs. The mean IGC averaged over heliographic latitudes between −30° and +30°, with the mean value over the period of 72 days subtracted, is shown by a white dotted line. The standard error bar for one of the IGC minima, and the ordinate scale bar corresponding to the color scale on the right, are also shown. Figure 7b shows the superposition average of Kp-index and solar wind plasma variables, all showing the principal maxima following the key time and secondary maxima due to recurrent HSS/CIRs at ±27 epoch days. As expected, the mean Kp-index is well correlated with the mean solar wind velocity V, but steeply increases from a minimum before, to a maximum just after the key time, which is similar to the mean np, B, and σBz.



As in Figure 6i, but now for ±36 days from the key time, Figure 7c shows the cumulative number of TRMM grid cells over the continental U.S. with above-threshold daily precipitation rates, N100mm, N120mm, N140mm, and N160mm. The bold black line shows N100mm smoothed by a three-point running window. The histograms show not only the increase in precipitation from a minimum at day 0 to a maximum at day +2 (already shown in Figure 6i), but also similar patterns one solar rotation before and after the key time, i.e., increases in precipitation from minima around the mean arrival time of recurrent streams to maxima 2–3 days later. We now compare variations among six variables (V, IGC, np, B, Kp and N100mm). The cross-correlation functions (CCFs) that are computed for the mean solar wind velocity V paired with the rest of the variables (Figure 7d) are shown in colors corresponding to those in Figure 7b. The CCF (IGC, V) that is shown in the green line representing IGC has the largest inverse correlation showing the principal minimum at lag +4 days (CC = −0.83). The secondary minima at lags of −22.5 and +31 days, i.e., lags +4.5 and +4 day relative to vertical dotted lines represent recurrent streams. These lags represent mean propagation times of HSSs from coronal holes to the maxima in V observed upstream from the Earth. On the other hand, CCF (B, V) and (np, V) show principal and secondary maxima at lags relative to vertical dotted lines of ~2 and 3 days, respectively, which relate to arrivals of CIRs, i.e., the interfaces between the fast and slow solar wind.



Of main interest in this paper are the correlations with high-rate precipitation. The principal peak and one secondary peak of the CCF (V, N100mm) are at lags of +1 and −26 day (CC = 0.40). The CCF (Kp, N100mm) has a similar shape, but is shifted by 1 day, showing slightly higher maximum correlation coefficient (CC = 0.43 at lag +2). However, the main observation here is that there are minima in N100mm at −27, 0, and +27 epoch days followed by maxima in high precipitation occurrence a couple of days later. This is the main reason for the correlations of V and Kp with N100mm. Although there are other pronounced N100mm minima near −12 and +15 epoch days followed by maxima that are 27 days apart, in these cases the mean V goes through a very shallow insignificant minima accentuated by small peaks in np and B, and a very small increase in Kp. However, the averaged corona intensity IGC shows small intensity depletions between the main minima (Figure 7a). We will return to this point at the end of this section and in Section 6.



These quantitative results further support the observations discussed with Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 and confirm the tendency of an increase in precipitation rates following the arrivals of HSS/CIRs, including the recurrence with periodicity of 27 days. The latter is further demonstrated in Figure 8 that shows the SPE analysis (limited to ±6 days relative to newly defined key time) of the green corona intensity, solar wind variables, and cumulative number of grids with above-threshold daily precipitation rates. The time series are now keyed to times that are shifted by ±27 days relative to the actual arrival times of HSS/CIRs, which are used as key times in Figure 6i and Figure 7, thus doubling the number n of superposed epochs. Expectedly, Figure 8a,b shows smaller amplitudes and broader peaks, because of averaging “imperfectly” recurrent streams (coronal holes and streams evolve over one solar rotation, shifting in longitude and arrival times, respectively). However, the amplitude of the increase in N100mm almost doubles (factor 1.7) compared to Figure 6i, since the total cumulative sum of high-precipitation grids is now for two returns of the recurrent streams separated approximately by 54 days. If the SPE analysis is repeated with key times lagged by ±54 days from the actual HSS/CIRs arrivals, the results are very similar, but the amplitude is increased by a factor 1.4 (not shown) comparing to Figure 6i, even though the superposed recurrent streams are separated by approximately 108 days.



Of course, HSS/CIRs and their sources, coronal holes, are more often spaced by less than 27 days, typically by 9 or 13.5 days, depending on how many coronal holes cross the solar meridian in one solar rotation. Because the spacing varies over a period of many years (Figure 7), the SPE analysis averaging smears these intermediate variations due to shifts in the position of coronal holes and times of corresponding HSS/CIRs. However, N100mm, N120mm, N140mm, and N160mm, which are not averages, show intermediate variations, and secondary CCFs peaks at lags between −27 and +27 days. As already discussed above, some of these variations can be associated with small variations in the averaged variables (Figure 7a,b), particularly the corona intensity that shows traces of averaged intermediate coronal holes. However, their amplitudes are enhanced if the SPE analysis is limited to years that were dominated by several recurrent coronal holes and corresponding solar wind streams.



Recurrent coronal holes, which are quite regularly spaced in heliographic longitude, are often present during the descending phase of the solar cycle and around solar minima. de Toma [58] analyzed coronal holes during the extended minimum between Cycles 23 and 24 and examined the consequences for the solar wind speed near the Earth. Two or three low-latitude coronal holes per solar rotation were observed by SOHO/EIT in 2008 separated by about 110° to 120° in longitude [58] (their Figures 5 and 6; CHs located at longitudes ~140° and 260° in March–April 2008, ~200° and 310° in September–October 2008, ~120°, 230°, and 330° in December 2008 to January 2009, and 60° and 180° in June–July 2009). During the anomalous, prolonged solar minimum at the end of Cycle 23, these low-latitude coronal holes remained a significant source of solar wind, particularly in 2008, producing fast recurrent solar wind streams [59,60]. Spectral analysis of solar wind data and geomagnetic activity Kp index in 2008 showed strong peaks at 9 and 13.5 days [61].



Keyed to major HSS/CIRs with Vmax > 500 km/s, the SPE analysis of the green corona intensity averaged over the period 2008-2009 shows a series of predominantly southern coronal holes (Figure 9a), with the mean IGC (white dotted line) averaged over heliographic latitudes between −30° and +10° shown. The corresponding mean solar variables (Figure 9b) show recurrent HSS/CIRs spaced by ~9 days, on average. High-rate precipitation numbers N100mm, N120mm, N140mm, and N160mm, as well as the three-point running average of N100mm (Figure 9c) show variations that are very similar to those of mean solar corona intensity, solar wind variables and Kp index (Figure 9b). The CCFs computed for V paired with IGC, np, B, and the smoothed N100mm, as well as CCF (Kp, N100mm), all display principal and several secondary peaks spaced by 9 days (Figure 9d). In particular, the CCFs (B, V), which is almost identical with CCF (σBz, V) (not shown), is similar to CCF (V, N100mm) and CCF (Kp, N100mm), apart from the shift, with the maxima in correlation coefficients of 0.72, 0.47, and 0.45 at lags +1, +2, and +3 days, respectively. The CCF (np, V) also show moderate correlation peaks at lags that are similar to those of CCF (Kp, N100mm). The CCF (IGC, V) shows much more pronounced positive correlation peaks than those shown in Figure 7d, although again the highest inverse (negative) correlations are physically meaningful, with the lags determined by the mean propagation time of HSSs from coronal holes.



The HSSs from coronal holes are anchored in the large-scale solar magnetic field structure that is extended into the interplanetary space by solar wind [62]. The magnetic sector boundaries that have been identified as heliospheric current sheet (HCS) often precede the high-speed stream interfaces (HSS/CIRs) by about 1 day, unless the two coincide. At the bottom of Figure 7d and Figure 9d, cumulative numbers of HCS crossings for each epoch day show peaks preceding the key time (CIRs) by 1 day or less, and similar peaks for the recurrent HSS/CIRs at ±27 epoch days, as well as the intermediate HSS/CIRs in Figure 9b. If the key times in the SPE analysis are defined by the HCS crossings instead of CIRs, the results are similar to those in Figure 9, although the correlation coefficients at the principal and secondary lags of CCFs (V, N100mm) and (Kp, N100mm) are lower (Figure 10). Nevertheless, N100mm shows a minimum at about the epoch day +1, as well as minima near epoch days ±27, that are followed by maxima a few days later. Remarkably, the variations of the mean green corona intensity, solar wind variables, as well as high-rate precipitation occurrence all display a clear periodicity of about 9 days, as confirmed by CCFs. These results are similar to the Wilcox effect [21], which is further discussed in Section 6.





6. Discussion


We have examined high-rate precipitation leading to floods and flash floods in Japan, Australia, and the continental U.S. in the context of solar wind, linking the occurrence of such weather events to arrivals of solar wind HSS/CIRs. The geo-effectiveness of HSSs/CIRs is well known [56,57] and associated with high-intensity, long-duration continuous auroral electrojet activity (HILDCAA) depositing substantial energy to the auroral zone [63]. HILDCAAs are caused by trains of solar wind Alfvén waves [64] that couple to the magnetosphere–ionosphere system [65,66]. Solar wind MIA coupling generates medium- to large-scale AGWs globally propagating from sources in the lower thermosphere at high latitudes both upward and downward [67,68,69,70,71]. The coupling is most intense when the HSS/CIRs and/or interplanetary shocks at the leading edges of ICMEs arrive and generate large-amplitude AGWs originating in the lower thermosphere at high latitudes. Solar wind magneto-hydrodynamic waves, including Alfvén waves, modulate the high-latitude ionospheric currents that generate globally propagating AGWs, which can reach the troposphere with significantly attenuated amplitudes [72]. However, conditional moist instabilities, particularly moist symmetric instability (MSI) [9] only require very small displacements of moist air to initiate slantwise convection. Prikryl et al. [22] suggested that in the extratropical cyclone warm frontal zone, with warm air advection over the cool air mass ahead, the over-reflecting gravity-wave-induced vertical lift may trigger/release MSI at near-threshold conditions leading to precipitation bands. Prikryl et al. [22,24,26] presented several cases of series of rainbands or convective cells suggesting that they were triggered by incoming aurorally generated AGWs.



Theoretical analysis of AGW propagation in the lower atmosphere using an expansion in three-dimensional normal mode functions was performed by Hagiwara and Tanaka [73]. These authors showed that the waves can propagate downward to the troposphere as attenuating gravity waves and “the wave propagations and reflections at the surface create an anti-node of geopotential at the bottom of the atmosphere corresponding to the vertical width of the initial state of the impact.” On the other hand, “standing waves in temperature create a node at the ground surface.” They suggested that standing waves generated in the lower troposphere could affect atmospheric stability through the passage of gravity waves, in turn affecting the development of cyclones.



The SPE analysis of green corona intensity and solar wind parameters is performed using a twofold approach. In Section 4, the SPE analysis keyed to significant rainfall/flood events indicated a tendency of these flood events to follow arrivals of solar wind HSS/CIRs. In Section 5, the key times are defined by the solar wind events, which are either arrival times of major HSS/CIRs, or HCS crossings. The SPE analysis results show an increase in the occurrence of high-rate precipitation rates following the key time. In the case of the continental U.S., the SPE analysis extended to ±36 days about the key times reveals a similar response at epoch days ±27 due to recurrent streams.



The cross-correlation analysis of the superposed-epoch averages of the green (Fe XIV, 530.3 nm) corona intensity, solar wind variables, as well as Kp-index of geomagnetic activity with high-rate precipitation occurrence show the principal and two secondary correlation peaks at lags ±27 days relative to the principal peak that are attributed to recurrent high-speed streams. When the analysis is limited to the years 2008–2009 around the solar minimum, correlation peaks spaced by about 9 days are found, which is a result of the high-speed streams emanating from recurrent coronal holes spaced by ~120° in heliographic longitude.



As pointed out in Section 5, these results are comparable with the Wilcox effect obtained by superposed epoch analysis of vorticity area index (VAI), a measure of storminess, keyed to heliospheric current sheet (magnetic sector boundary) crossings, which usually closely precede or coincide with stream interfaces, thus supporting the conclusion that high-speed streams modulate the occurrence of high-rate precipitation at mid-latitudes. The SPE analysis results in Figure 10, i.e., that the minima in the occurrence of high-rate precipitation, N100mm, near +1 and ±27 epoch days, which are followed by maxima a few days later, are similar to the Wilcox effect [15,16,21,74] that showed the VAI minimum about one day after the HCS crossings, although no reference to the maxima in the VAI that followed a few days later was made. Additionally, the SPE analysis of VAI, extended to ±30 days by Prikryl et al. [21] (their Figures 2 and 3), showed VAI minima following the recurrent streams, as well as intermediate minima coinciding with intermediate coronal holes, confirming the results by Wilcox et al. [74] (their Figure 4). The main VAI minimum was linked to a calm solar wind period characterized by a weak magnetic field and absence of Alfvén waves [21] referred to as the “calm before the storm” in CIR/magnetosphere interactions [75]. The minimum in the occurrence of high-rate precipitation appears to correspond to the minimum in “storminess” characterized by the VAI, while the maximum in VAI represents a maximum in storminess. However, observations of the Wilcox effect were limited to winter months; therefore, the similarity with the present results ends there.




7. Conclusions


Consistently with previously published results, it is shown that heavy rainfall events leading to floods and flash floods in Japan, Australia, and the continental U.S. tend to follow arrivals of high-speed solar wind streams. The superposed epoch analyses keyed to major high-speed streams show increases in high-rate precipitation, based on rain-gauge- and satellite-based gridded precipitation data, following arrivals of high-speed streams, including recurrence with periodicity of 27 days. When the analysis is limited to years around the solar minimum (2008–2009), which was dominated by recurrent coronal holes separated by ~120° in heliographic longitude, the results for both the solar wind and high-rate precipitation reveal periodicity of 9 days. These results are similar to the Wilcox effect for vorticity area index. Further theoretical and computational studies of possible physical mechanisms to explain these observations, including the influence of aurorally generated gravity waves on tropospheric weather, are needed to complement the data-driven analysis of this phenomenon.
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	High-Speed Stream



	AGW
	Atmospheric Gravity Wave



	CIR
	Co-rotating Interaction Regions



	HCS
	Heliospheric Current Sheet



	ICME
	Interplanetary Coronal Mass Ejection
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	Absolute Coronal Unit
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	Transfer Function Model
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	Solar and Heliospheric Observatory



	JMA
	Japan Meteorological Agency
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	Automated Meteorological Data Acquisition System



	APHRODITE
	Asian Precipitation Highly Resolved Observational Data Integration towards Evaluation



	TRMM
	Tropical Rainfall Measuring Mission



	MWRA
	Monthly Weather Review—Australia



	MRB
	Mississippi River Basin



	NOAA
	National Oceanic and Atmospheric Administration



	NWS
	National Weather Service



	CONUS
	Continental U.S.



	NCEI
	National Centers for Environmental Information



	SWDI
	Severe Weather Data Inventory



	NLDN
	National Lightning Detection Network
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Figure 1. The OMNI solar wind V (solid black line), B (red), np (light blue line) and σBz (dotted purple line) with the y-axis scales shown on the left. Major HSS/CIRs are marked by red asterisks and ICMEs by orange triangles at the time axis. At the top, maximum TRMM daily rates (solid blue line) and the number of TRMM grid cells over Japan with precipitation rates exceeding 50 mm (dotted line). Open circles scaled by the maximum normalized deepening rate of explosive extratropical cyclones over the North Pacific (120° E–230° E) are shown. 
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Figure 2. (a) Solar wind plasma parameters, (b) the number of TRMM grids with daily rainfall exceeding given thresholds and the maximum daily precipitation (red crosses), and (c) geomagnetic activity Kp-index. Vertical lines mark CIR (solid), HCS (dashed) and ICME (dotted). HSS/CIRs and ICMEs are marked by red asterisks and orange triangles, respectively. 
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Figure 3. The SPE analysis of time series of (a,d,g) green corona intensity and (b,e,h) solar wind plasma variables keyed to start dates of heavy rainfall/floods/flash floods in Japan, south-eastern Australia and the Mississippi River Basin (MRB) in the U.S. Bottom panels (c,f,i) show the cumulative number of grid cells with above-threshold daily precipitation rates over Japan, south-eastern Australia and the MRB from the TRMM dataset. In the case of the MRB flash floods, the cumulative number of lightning strikes over the MRB region is also shown. 






Figure 3. The SPE analysis of time series of (a,d,g) green corona intensity and (b,e,h) solar wind plasma variables keyed to start dates of heavy rainfall/floods/flash floods in Japan, south-eastern Australia and the Mississippi River Basin (MRB) in the U.S. Bottom panels (c,f,i) show the cumulative number of grid cells with above-threshold daily precipitation rates over Japan, south-eastern Australia and the MRB from the TRMM dataset. In the case of the MRB flash floods, the cumulative number of lightning strikes over the MRB region is also shown.



[image: Atmosphere 12 01186 g003]







[image: Atmosphere 12 01186 g004 550] 





Figure 4. The SPE analysis of time series of (a) green corona intensity and (b) solar wind plasma variables keyed to arrivals of HSS/CIRs for solar wind streams that reached maximum velocity Vmax > 700 km/s. (c) The cumulative number of TRMM grid cells over Japan with above-threshold daily precipitation rates and days of typhoon impacts excluded. The SPE analysis repeated for Vmax > 650 km/s with typhoons (d) included, (e) excluded, and (f) limited to days of typhoons only, and (g–i) for three ranges of Vmax with typhoon days excluded. 
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Figure 5. The SPE analysis of time series of (a) green corona intensity and (b) solar wind plasma variables keyed to arrivals of HSS/CIRs for solar wind streams that reached maximum velocity Vmax > 500 km/s. (c) The cumulative number of TRMM grid cells over continental Australia with above-threshold daily precipitation rates and days of cyclone impacts excluded. The SPE analysis repeated for Vmax > 550 km/s with cyclones (d) included, (e) excluded, and (f) limited to days of cyclones only, and (g–i) for three ranges of Vmax with cyclone days excluded. 
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Figure 6. The SPE analysis of time series of (a) green corona intensity and (b) solar wind plasma variables keyed to arrivals of HSS/CIRs for solar wind streams that reached maximum velocity Vmax > 600 km/s. (c) The cumulative number of TRMM grid cells over continental U.S. with above-threshold daily precipitation rates and days of hurricane impacts excluded. The SPE analysis repeated for Vmax > 400 km/s with hurricanes (d) included, (e) excluded, and (f) limited to days of hurricanes only, and (g–i) for three ranges of Vmax with cyclone days excluded. The cumulative numbers of lightning strikes over the CONUS region are shown with dots and black solid line. 
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Figure 7. The SPE analysis for the period from 1998 to 2019 of (a) green corona intensity and (b) solar wind plasma variables keyed to the arrivals of major HSS/CIRs (Vmax > 650 km/s) for periods of ±36 days relative to the key time. (c) The cumulative number of TRMM grid cells over the continental U.S. with above-threshold daily precipitation rates and days of hurricane impacts excluded. (d) The cross-correlation function computed for the solar wind velocity V paired with the rest of the variables, (IGC, V) in green, (np, V) in light blue, (B, V) in red, (Kp, smoothed N100mm) in dotted purple, and (smoothed N100mm, V) in black. The cumulative number of HCS crossings for each epoch day is shown by black dots. 
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Figure 8. The same as Figure 6a–c except the SPE analysis keyed to times lagged by ±27 days relative to arrivals of HSS/CIRs of Vmax > 650 km/s. 
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Figure 9. The same as Figure 7 but for years 2008 and 2009. 
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Figure 10. The same as Figure 9 but for key times defined by the HCS crossings. 
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