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Using the high-rate phase and amplitude scintillation data from FORMOSA7/COSMIC two mission and back-propagation method, we geolocate plasma irregularities that cause scintillations. The results of geolocation are compared with the NASA GOLD UV image data of plasma bubbles. The root mean square of the zonal difference between estimated locations of plasma irregularities and plasma bubbles are about 1.5° and for single intersection cases 0.5° in the magnetic longitude. The geolocation data provide more accurate scintillation location around the globe compared to assigning to the tangent point and is valuable space weather product, which will be routinely available for public use.
Keywords: scintillation, COSMIC, plasma bubble, geolocation, gold

INTRODUCTION
Using the FORMOSA7/COSMIC 2 (F7/C2) mission (Anthes and Schreiner, 2019; Yue et al., 2014) GNSS high-rate phase and amplitude data and back-propagation method (Sokolovskiy et al., 2002), we geolocate plasma irregularities that cause scintillations (below we call this geolocation of scintillation for brevity). In the equatorial region, the scintillations are often associated with the plasma bubbles. Plasma bubbles are caused by the Rayleigh-Tayler (R-T) instability on the bottom side of the ionosphere [e.g., Sultan, 1996; Wu, 2015; 2017]. As bubble occurs, the ionosphere develops elongated depletions along the magnetic field lines during the post-sunset hours. The pre-reversal enhancement of the vertical ion drift can lead to positive growth rate of the R-T instability [e.g., Sultan 1996; Wu, 2015]. Inside the bubbles, which have scales hundreds of kilometers, the smaller-scale irregularities develop. These irregularities with scales of order of 1 km or less are responsible for the scintillation localizable by back propagation. Thus, the geolocation method detects the small-scale plasma irregularities in the bubble, not the bubble itself. This space weather application has a great value as the ionospheric scintillation which affects GNSS signals can greatly disrupt the GNSS and other radio communication systems potentially causing great economical losses.
The US-Taiwan joint mission F2/C2 has six equatorial orbiting satellites and was launched into space on 25 June 2019. All six satellites carry GNSS receivers called Tri-GNSS Radio Occulation System (TGRS) (Tien et al., 2012). The TGRS instruments have an on-board trigger mechanism to transmit high-rate (100 Hz for GLONASS and 50 Hz for GPS) phase and amplitude data (later stored in the scnPhs files) to the ground. The trigger is activated by the on-board GNSS signal S4 value greater than 0.1. By applying the back propagation method to the data from scnPhs files, the F7/C2 team has been producing geolocation of scintillations on a routine basis. In the past, when the S4 value from GNSS RO missions were analyzed, the scintillation was often assigned to the tangent point, which is not true most of the time. The back-propagation method derived geolocation of the scintillation are more accurate compared to using the tangent point. Moreover, the F7/C2 can provide geolocation around the globe.
Because of the strong connection between the scintillation and plasma bubbles, we can assume that bubbles and scintillations are co-located in most of the cases. Detecting and locating bubbles is not easy. Ground based all sky cameras can capture bubbles [e.g., Okoh et al., 2017] as depletions in the O 630 nm redline emission. But they have very limited coverage and are affected by weather conditions. Satellite UV imagers can also detect bubbles in the O 135.6 nm emission, which is proportional to the ion density squared. In the past, most of satellite UV imaging detectors were on high inclination orbits such as TIMED GUVI and DMSP SSUSI instrument (Comberiate and Paxton, 2010). The NASA mission GOLD UV imager (Eastes et al., 2017; Eastes et al., 2020) on board a geosynchronous orbit is the first to provide continuous coverage over the American sector and has frequently observed bubbles in the night time data.
Because the F7/C2 back propagation geolocation data will be used for operational purposes, a validation is needed. That can be accomplished by using bubble detection to locate the source of the scintillation and compare with the geolocation results. The GOLD UV bubble images become a logical choice to for this purpose in the American sector. The first step is to develop an algorithm to the determine the bubble locations based on the GOLD UV images.
In this paper, we describe a GOLD UV image bubble location algorithm and comparison with the geolocation. We will discuss the results of validation of the F7/C2 geolocation product and summarize our findings.
GOLD BUBBLE ANALYSIS METHOD
GOLD is a NASA mission of UV imager on a geo-synchronous satellite over the American sector (47.5W) [e.g., Eastes et al., 2017; 2020]. The GOLD images cover the American sector, we used the nighttime mode data, which is taken after dusk. We use intensity of the O 135.6 nm emission line in the GOLD UV spectra. Bubbles are often seen in the images.
The GOLD instrument has two identical channels A and B, when the solar terminator just across Africa, channel B is used to do both northern and southern hemisphere for the night mode observation. The northern and southern scan each lasts about 15 min. Hence the combined north and south scan lasts about 30 min. As the solar terminator reaches the American continent, both Channel A and B are used for the night mode observation. Channel A for the northern and B for the southern hemisphere. Because of using two channels, the combined north and south scan lasts only 15 min.
To determine the bubble locations in the magnetic longitude, we bin the GOLD image pixels in 1-degree magnetic longitudinal grids from 25° magnetic north to the magnetic equator. We bin the pixels from the magnetic equator to 25° south for the southern hemisphere with the same magnetic longitudinal grid. Figure 1 shows an example of the binning pattern for the northern (lime) and southern (magenta) hemispheres and GOLD image of plasma bubbles identified. In this way, we have a northern and southern track of binned magnetic longitudinal variation of the UV 135.6 nm emission. To locate bubbles, we search all minimum values in both the northern and southern tracks of the binned GOLD UV 135.6 nm emission (see Figure 2). We should expect the bubbles coincide with the minima in the UV emission. To reduce false positive bubble identifications, we compare the minimum locations in both the northern and southern tracks, if we cannot find minimum within 2 degrees of magnetic longitude in both tracks, we will not flag the minimum as a bubble location. Another reason for comparing the northern and southern track is to ensure the depletion remain roughly in the same magnetic longitude. Because GOLD image is a 2D projection of a 3D ionosphere with plasma bubbles, the depletion from the bubble in the GOLD image may deviate from the same magnetic longitude. If that is case, our selection criterion will not select the bubble for comparison with geolocation. If we find both northern and southern bubbles, then we pick the northern location for the bubble. Figure 2 shows the nine minima in northern and all nine have companion minima in the southern hemisphere and they are selected as shown in the figure. The locations are plotted on GOLD image in Figure 1.
[image: Global map showing satellite data over the Americas with colorful bands depicting various atmospheric readings. Different colored dots and lines indicate data points and paths. A vertical color bar on the right represents the scale, ranging from blue to red.]FIGURE 1 | Example of GOLD Image of Bubbles with the F7/C2 Geolocations of the Scintillations. The equatorial ionosphere anomalies are also plotted (EIA N, S, orange and yellow circles). Bubbles are plotted at the magnetic equator (magenta cycles). F7/C2 locations (UCAR Sat L1C, cyan circles) and scintillation geolocation (UCAR BP L1C, green circles) are shown. The GOLD image binning pattern for the northern (lime squares) and southern (magenta squares) hemisphere within a 1-degree grid are displayed.
[image: Line graph showing Northern and Southern Hemispheric bin averaged brightness against MLON degrees. Blue and orange lines represent different average values, while pink dots indicate bubble locations.]FIGURE 2 | The GOLD UV brightness averaged within 1° magnetic longitude grid between 0 and 25 MLAT (north, blue color) and 0 to −25 MLAT (south, orange color). Selected bubble locations at northern UV brightness minima (with southern companions with in 2 degree of MLON). The nine bubbles are also plotted in Figure 1.
We also estimate the depth and width of the bubbles. The key to estimate these depth and width is to calculate the baseline for a non-disturbed condition. We used a polynomial fit of the binned UV longitudinal variation of the northern and southern tracks. Because the existing bubbles, the fitted curves will be lower than an ideal baseline. To address this issue with a simple algorithm, we remove the binned UV data below the fitted curve, then use the remaining UV data points above the first fitting curve to do another polynomial fit along the magnetic longitude. The second fit will be much closer to the ideal baseline. We then use that as the baseline in our analysis. The same procedure is used for both northern and southern tracks. To estimate the width of the bubble, we pick the separation of the half way points between the bottom of bubble and the baseline. We will use the larger of the northern and southern bubble width for the bubble width. The deeper depth of the two will be used to represent bubble depth.
While this method can automatically determine bubble locations when the UV emission is strong and bubble depletion contrast is clear, we still have cases, where the bubbles are not apparent in the GOLD images. To ensure no falsely identified bubbles are used in analysis, we used visual inspection of the GOLD images to confirm the automatic search results. The visual inspection is performed by a group of people to reduce bias.
BACK PROPAGATION METHOD
Back propagation (BP) method has been used to geolocate the scintillation based on the GNSS high-rate phase and amplitude data (Sokolovskiy et al., 2002). The method is based on several assumptions. First, plasma irregularities must occupy limited volume so that wave propagation is considered in the phase screen approximation. In other words, radio waves undergo only phase fluctuations inside the volume. Amplitude fluctuations (observed along receiver trajectory which crosses the direction of wave propagation) develop after propagation through the volume and increase with the distance from the volume due to focusing/defocusing effects caused by the phase fluctuations induced by plasma irregularities. The phase and amplitude measured by the receiver in orbit can be used as the boundary condition for solving wave equation in a vacuum and reconstruction of the phase and amplitude fluctuations back from transmitter to receiver. Amplitude fluctuations decrease from receiver to the region with irregularities and then increase again due to imaginary focusing/defocusing. Thus, the region of minimum amplitude fluctuations traces the region with irregularities. Second, irregularities must be anisotropic (elongated) to reduce wave propagation problem from three to two dimensions. This is needed because the phase and amplitude are measured on 1-dimensional receiver trajectory which is insufficient for solving 3-dimensional wave propagation problem. Third, direction of irregularities must be known for orientation of the BP plane. In the equatorial F region plasma irregularities are aligned with the magnetic field lines which allows to use the magnetic field model (IGRF-13) for orientation of the BP plane. Compared to (Sokolovskiy et al., 2002), the BP method was fully automated and further enhancements improving geolocation accuracy were included (this will be discussed in a separate publication).
In this study, we applied BP in 10-s intervals. This is the trade-off between two conditions: (i) the scanned volume must be large enough to include multiple irregularities which cause scintillation (to reduce the boundary effects in BP) and (ii) must be small enough so that statistical structure of the irregularities must not be substantially different inside the volume. Both (i) and (ii) are required for a more reliable estimation of the distance to minimum of amplitude scintillation by BP.
COMPARISON OF THE BUBBLE LOCATION AND SCINTILLATION GEOLOCATION
We selected the time period from Day 044–106 in 2020 for the GOLD bubble and F7/C2 scnPhs file geolocation comparison. The selection of the time is associated with F7/C2 calibration/validation of other instruments and mostly coincides with the bubble active period in the American sector.
Figure 1 not only shows the GOLD UV image with bubbles, but also F7/C2 geolocated scintillations. In the figure we also located north and south equatorial ionosphere anomaly (EIA). Since the GOLD bubble has time cadence of 30 min or 15 min, the F2/C2 geolocation (based on 10-s data intervals) can have multiple overlaps with the same GOLD images. We will associate the geolocation with the GOLD bubble that is closest in magnetic longitude to the geolocation. If the geolocation is within the width of the GOLD bubble, then we label that as zero difference. If it is outside the GOLD bubble width, then the distance from edge of the bubble to the geolocation will be assigned as the longitudinal difference. In the case shown in Figure 1, we have three geolocations from one scnPhs file (green circles). The F7/C2 satellite locations are on the west (cyan circles). The scnPhs file data are from the forward POD antenna facing east. Two geolocations on the east, will be associated with bubble # 6, whereas the one on the west will be linked to bubble # 5. UCAR geolocation has the tendency to pick the scintillation near the EIAs as shown in this case. Because both northern and southern hemisphere GOLD data are used, if only one hemisphere data is available, no bubbles will be picked at that magnetic longitude. In Figure 1, there could be a bubble beyond bubble # nine on the east, which was not picked because of missing the southern hemisphere data as shown in Figure 2 the southern hemisphere brightness data end earlier compared to the northern track.
Before the comparison, we inspected all GOLD images with geolocations overplotted on top. The geolocations that are on the edge of GOLD UV image data or do not intersect with the bubbles were removed. A total of 8 GLONASS and 10 GPS scnPhs files were removed for these reasons. A total of 84 GLONASS and 63 GPS scnPhs files are used for our comparison. Out of these scnPhs files we have 479 GLONASS and 366 GPS geolocations based on 10-s intervals.
Figure 3 shows the GOLD bubble magnetic longitudes vs. the F7/C2 geolocation scintillation longitudes. There is a general good agreement between the bubble locations vs. geolocation of scintillations for both GLONASS and GPS. To be more quantitative of the zonal difference, the distribution is plotted in Figure 4. The numerical distributions of zonal difference are listed in Table 1. The RMS of the distribution is 1.57 deg and mean is 0.13 of the distribution.
[image: Scatter plot showing the relationship between Valid GOLD Bubble Magnetic Longitude and UCAR Geolocation Magnetic Longitude. Data points for GLONASS are in blue and GPS in orange, forming a strong positive linear correlation.]FIGURE 3 | The GOLD bubble magnetic longitudes vs. that of the geolocations from GLONASS (blue) and GPS (orange) L1 signals.
[image: Histogram showing zonal differences in degrees for GLONASS and GPS from day 46 to 106. The x-axis represents zonal difference from -20 to 20 degrees, and the y-axis represents histogram density. GLONASS data is in pink, peaking around zero with a density over 600, and GPS data is in green, also peaking around zero.]FIGURE 4 | Zonal difference distribution between the GOLD bubble and F7/C2 geolocation scintillation. GLONASS and GPS are in different colors.
TABLE 1 | GOLD bubble and F7/C2 geolocation zonal difference distribution.
[image: Table showing error in degrees, number of samples, and percentage. All: 845 samples, 100%. Less than 5 degrees: 830 samples, 98%. Less than 2 degrees: 772 samples, 91%. Less than 1 degree: 711 samples, 84%. Zero degrees: 581 samples, 69%.]There are 15 geolocations from seven scnPhs files with zonal differences larger than 5° in magnetic longitude. After a close examination of GOLD images, we determined that in those cases, the GOLD image either show weak structures which were not selected by visual inspection or the GOLD images have poor contrast. In other words, the GOLD data in those cases did not provide good references for comparison. The images may be selected because there are other selected GOLD bubbles. Compared to the total number of the geolocations, the number of outliers is small.
We have many multiple bubble cases as shown in Figure 1. We would like to see how the geolocation performs in single bubble intersection cases. A total of eight scnPhs files with 54 geolocations were selected for this zonal difference analysis. The distribution is shown in Figure 5 and the same statistical values are listed in Table 2. The RMS for the differences is 0.45 deg in magnetic longitude and mean value difference is 0.00. That shows in the case of single intersection the geolocation can be accurate up to half degree in longitude (∼50 km). There are no outliers for the single intersection case.
[image: Histogram showing the distribution of zonal differences in degrees. The data is titled "Single Intersect Day 46-106 (v2940)" and shows a significant peak centered at zero, indicating most differences are negligible.]FIGURE 5 | Zonal difference distribution between GOLD bubble and F7/C2 geolocation scintillation for single intersection cases.
TABLE 2 | Zonal difference statistics between GOLD bubble and F7/C2 scintillation for single intersection cases.
[image: A table with three columns: "Error (deg)", "Samples", and "%". Rows: 1) All, 54, 100%. 2) Less than 5, 54, 100%. 3) Less than 2, 54, 100%. 4) Less than 1, 50, 92%. 5) 0, 45, 83%.]The zonal difference dependences on the scintillation altitude, local time, geolocation distance, and GNSS signal SNR are plotted in Figure 6. We do not see a clear trend of the zonal difference vs. these parameters. That implies that the geolocation method should work well over these parameter ranges. Finally, the scintillation altitude and local time distribution are plotted in Figure 7. As the ionospheric density gradually decreases moving into the night, we see fewer scintillations at high altitude. We have a cutoff at 600 km for geolocations. Also the GOLD observations do not extend deep into the night due to low UV emissions. Most of the bubbles occur near dusk after sunset, which is why we see more geolocations before 22 LT.
[image: Four scatter plots comparing GLONASS and GPS data. Top-left: BP altitude distribution with differences in log scale. Top-right: Local time distribution, with data clustered around 21-22 hours. Bottom-left: BP distance distribution, showing spread from 0 to 6000 kilometers. Bottom-right: Signal-to-noise ratio (SNR) distribution, displaying spread across range of 0 to 700. Blue dots represent GLONASS; orange dots represent GPS.]FIGURE 6 | Zonal difference vs. altitude (upper left), local time (upper right), geolocation distance (lower left), and SNR (Signal to Noise Ratio) of the GNSS signals (lower right).
[image: Scatter plot titled "BP Alt vs LT Distribution (v2940)" shows blue dots for GLONASS and orange dots for GPS. BP altitude (km) is on the y-axis and BP LT (hr) on the x-axis, ranging from 200 to 600 km and 20 to 24 hours, respectively.]FIGURE 7 | F7/C2 geolocation of the scintillation altitude and local time distribution.
DISCUSSION
The scnPhs files (including high rate phase and amplitude data and orbits) along with the scnGeo files including geolocation results (coordinates of the localized irregularities for those 10-s intervals with successful BP) are new products from F7/C2. In this analysis, we only used results obtained with GLONASS and GPS L1 signals. Taking advantage of the availability of the GOLD UV image data, we were able to show a good agreement between the F7/C geolocation and the GOLD bubble locations. This suggests that the scintillations selected in the local time interval in the GNSS signals are mostly caused by the plasma bubbles. In the cases with multiple bubbles, the overall statistics show the zonal difference RMS of about 1.5°, whereas the single intersection cases have about 0.5° RMS (∼55 km) zonal difference. Since we used 10 s intervals (maximum ∼70 km of the ray cross track) for the BP method, the 70 km may be considered the spatial resolution of geolocation. The RMS of the zonal difference is consistent with the spatial resolution of the BP method. Note that the minimum separation from GOLD image neighboring bubble is 2° in case we have multiple bubbles. That is not to say we have multi-bubbles all the time and the GOLD bubble location and COSMIC geolocation separation can be larger than 2° as shown in the statistical results.
The results also show the robustness of the geolocation method, as we did not see many outliers in our comparison. Geolocation will greatly improve our statistics of bubble occurrence compared to past COSMIC GNSS S4 based analysis [e.g., Wu et al., 2021]. That will help to track down possible trigger mechanism by pin-pointing the scintillation locations. Another useful information from the geolocation files is altitude of the scintillation. While we did not analyze the altitude in this study, the altitude information may help characterizing the bubble evolution.
The GOLD bubble location algorithm also works well. When the GOLD quality is good, the method can determine the bubbles in GOLD images very accurately. The north and south track comparison helps to reduce false positive for bubble location. Overall, the F7/C2 scnPhs file based geolocation will be an important space weather product. It will pin point the scintillations at regions, where the observational coverage has been lacking.
SUMMARY

	1. F7/C2 high rate scnPhs files enable the back-propagation method to geolocate the scintillations at all longitudes for accurate scintillation locations.
	2. Comparison with GOLD bubble locations show a good agreement between the geolocation of scintillation and the bubble locations. The zonal difference is about 1.5 deg in magnetic longitude for all cases and 0.5 deg for single intersection cases.
	3. The GOLD bubble location determine method provides accurate bubble information.
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The mesosphere and lower thermosphere (MLT) are transitional regions between the lower and upper atmosphere. The MLT dynamics can be investigated using wind measurements conducted with meteor radars. Predicting MLT winds could help forecast ionospheric parameters, which has many implications for global communications and geo-location applications. Several literature sources have developed and compared predictive models for wind speed estimation. However, in recent years, hybrid models have been developed that significantly improve the accuracy of the estimates. These integrate time series decomposition and machine learning techniques to achieve more accurate short-term predictions. This research evaluates a hybrid model that is capable of making a short-term prediction of the horizontal winds between 80 and 95 km altitudes on the coast of Peru at two locations: Lima (12°S, 77°W) and Piura (5°S, 80°W). The model takes a window of 56 data points as input (corresponding to 7 days) and predicts 16 data points as output (corresponding to 2 days). First, the missing data problem was analyzed using the Expectation Maximization algorithm (EM). Then, variational mode decomposition (VMD) separates the components that dominate the winds. Each resulting component is processed separately in a Long short-term memory (LSTM) neural network whose hyperparameters were optimized using the Optuna tool. Then, the final prediction is the sum of the predicted components. The efficiency of the hybrid model is evaluated at different altitudes using the root mean square error (RMSE) and Spearman’s correlation (r). The hybrid model performed better compared to two other models: the persistence model and the dominant harmonics model. The RMSE ranged from 10.79 to 27.04 [image: Text showing "meters per second" with the unit symbol "ms" followed by a superscript negative one, indicating inverse seconds or per second.], and the correlation ranged from 0.55 to 0.94. In addition, it is observed that the prediction quality decreases as the prediction time increases. The RMSE at the first step reached 6.04 [image: The text "meters per second" is shown with the units symbol "m s" followed by a superscripted negative one.] with a correlation of 0.99, while at the sixteenth step, the RMSE increased up to 30.84 [image: Text showing the unit of velocity, meters per second, represented as "m s to the power of negative one".] with a correlation of 0.5.
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1 INTRODUCTION
The mesosphere and lower thermosphere (MLT) is the region of coupling between the lower and upper atmosphere. It is a region of complex chemical processes and dynamics (Liu et al., 2021). Understanding of this region is still in progress and it is of interest in atmospheric science and space traffic management.
The MLT dynamics is characterized by waves of different scales generated by other sources. For instance, on planetary scales, it is characterized by solar tides and planetary waves. The solar tides present periods of subharmonics of solar days and are generated mainly by the solar radiation absorption of tropospheric water vapor and stratospheric ozone (Forbes, 1995). On the other hand, the planetary waves have periods of days, e.g., the quasi-two-day waves with periods of 2 days generated in situ by baroclinic instabilities (McCormack et al., 2014). Moreover, the mesoscale gravity waves have periods of minutes to hours and can be generated by orographic sources and deep convection (Piani et al., 2000).
The MLT dynamics has usually been investigated using global circulation models (e.g., Liu et al., 2018), rockets (e.g., Staszak et al., 2021), satellites (e.g., Gasperini et al., 2023), lidars (e.g., Emmert et al., 2021), and radars (e.g., Chau et al., 2021). On the central and northern coast of Peru, two multi-static meteor radar networks, SIMONe Jicamarca (12°S, 77°W) in Lima and SIMONe Piura (5°S, 80°W) in Piura, allow us to measure winds between 75 and 105 km altitude since 2019 and 2021, respectively (Chau et al., 2021). Recently, diverse investigations have been conducted in the low-latitude Peruvian sector. For example, Suclupe et al. (2023) studied the climatology of large-scale dynamics, and Conte et al. (2024) studied the mesoscale dynamics.
The MLT region at low latitudes is significant for studying the effect of the lower atmospheric forces on the ionosphere (Immel et al., 2006; Vincent, 2015), a region with important implications for global communications and geo-location applications.
From another point of view, Yang et al. (2023) mention that near space (between 20 and 100 km altitude) is frequented by various aerospace vehicles. Like other research, they describe that there are complex dynamic processes, but emphasize that neutral atmospheric wind is a critical atmospheric parameter that influences the design and construction of aerospace vehicles. They argue that accurate wind prediction at these altitudes is essential for aerospace research. Similarly, Dhadly et al. (2023) mention that the upper atmosphere (between 85 and 500 km altitude) has complex dynamics and that the behavior of the climate in this region directly impacts communication and navigation technologies that are important to humanity. They add that, due to our increasing dependence on these space technologies, predicting the dynamics in the upper atmosphere will become increasingly important.
In wind predictive models, several investigations have been carried out mainly at the tropospheric level (e.g., Hussin et al., 2021; Hanifi et al., 2022). These investigations usually use two types of models: statistical and machine learning models. Hussin et al. (2021) mention that there are statistical models such as autoregressive (AR), moving average (MA), autoregressive moving average (ARMA), autoregressive Integrated Moving Average (ARIMA), generalized autoregressive conditional heteroskedasticity (GARCH), and ARIMA-GARCH. However, statistical models require the assumption of constant variance, and the original wind speed data do not meet this assumption. Hanifi et al. (2022) highlight that machine learning models are more appropriate methods for this data and that their success depends on an adequate selection of hyperparameters. They argue that the integrated use of Long Short-Term Memory (LSTM) neural networks and the hyperparameter optimizer Optuna accelerates the optimal choice of hyperparameters and gives more accurate estimates.
Recently, a time series decomposition technique called variational mode decomposition (VMD) has been introduced. This technique is applied before statistical modeling or modeling with machine learning and helps to deal with the problem of high variability. Ali et al. (2018) evaluate the application of this technique with two models for 1-step, 5-step, and 10-step forecasting horizons. In the first method, they use VMD with the ARIMA model. The second method uses VMD with artificial neural networks (ANN). These prediction methods are compared with other hybrid models such as empirical mode decomposition (EMD) with ARIMA, EMD with ANN, ensemble empirical mode decomposition (EEMD) with ARIMA, EEMD with ANN, complete ensemble empirical mode decomposition with Adaptive Noise (CEEMDAN) with ARIMA, and CEEMDAN with ANN. They conclude that the integration of VMD with ARIMA and VMD with ANN significantly outperforms existing hybrid models, for all prediction horizons.
In the prediction of wind speeds in the MLT region, Yang et al. (2023) also propose to use VMD before inputting the data into the prediction model. They used the hybrid VMD- PSO-LSTM model, which can decompose the wind time series for more accurate predictions. To do this, they used the VMD technique, which decomposes the original time series into principal components that dominate the signal. Then, each component is fed into the LSTM neural network, which finds the best hyperparameter values with the help of the particle swarm optimization (PSO) algorithm. This methodology is compared with the seasonal auto-regressive integrated moving average (SARIMA) statistical model and the hybrid models EMD-PSO-LSTM, EEMD-PSO-LSTM, CEEMDAN-PSO-LSTM and VMD-PSO-LSTM. Time horizons of 1 step, 3 steps, and 5 steps are predicted. They conclude that the proposed method has better efficiency and stability in wind speed prediction in all their comparisons.
This research studies the predictability of the mesospheric and lower thermospheric winds. In Peru, this prediction analysis has already been developed by Mauricio et al. (2023), whose model is based on the methodology used by Yang et al. (2023). The techniques used are missing data imputation, time series decomposition, and deep learning. These can identify the main components of the winds and then perform better predictions. Mauricio et al. (2023) modified the methodology of Yang et al. (2023). They added a missing data imputation analysis and used the Optuna hyperparameter optimizer in the modeling because it offers a better way to analyze the model quality.
The present research is a continuation of the work carried out by Mauricio et al. (2023). A new decomposition of the time series and a new hyperparameter search with Optuna have been performed. The main objective is to compare the efficiency of the hybrid model with a model of dominant harmonics based on the MLT climatology over Peru. The intention is to demonstrate that the hybrid model gives more accurate predictions. This will be evaluated with the root mean square error (RMSE) and nonparametric Spearman correlation (r).
2 MATERIALS AND METHODS
2.1 Original data set
The zonal and meridional winds were estimated using the homogeneous method (e.g., Chau et al., 2021) recorded by SIMONe (Spread-spectrum Interferometric Multistatic meteor radar Observing Network) radars in Lima (12°S, 77°W) and Piura (5°S, 80°W). These systems have a horizontal coverage of approximately 400 km in diameter (Chau et al., 2021). The horizontal winds have a resolution of 1-h, and 2-km and were estimated every 30-min and 1-km (sampling) at heights of 80.5 km, 85.5 km, 90.5 km, and 95.5 km.
The available data for the Lima and Piura stations is described on Table 1. The period is different because the stations started operating in different years. The data sets are divided into two parts. The first part is used for model development, covering the training, validation and testing stages. In the case of Lima, the period runs from September 2020 to November 2021. In the case of Piura, the period runs from October 2021 to December 2022. In both cases, those periods were chosen since they have the same amount of records so that the modeling would be similar, although they differ on the amount of missing data (Figure 1).
TABLE 1 | Original data set.
[image: Table comparing wind speed data for Lima and Piura. Description: Wind speeds in zonal and meridional components. Heights: 80.5, 85.5, 90.5, and 95.5 km. Development: Lima from September 2020 to November 2021 with 21,888 rows; Piura from October 2021 to December 2022 with 21,888 rows. Analysis 2023: Lima has 17,519 rows.][image: Two horizontal bar charts compare the percentage of data missing for wind variables. Chart A, for Lima (September 2020 - November 2021), shows minimal missing data across seven wind variables. Chart B, for Piura (October 2021 - December 2022), similarly displays a low percentage of missing data for the same variables. Each variable's missing data is less than 10 percent.]FIGURE 1 | Missing data at the model development stage. (A) shows the percentage of missing data in Lima. (B) shows the percentage of missing data in Piura.
In the second part, the performance of the proposed model is evaluated in both stations using data from the year 2023. In this section, the number of records and the period coincide, but they differ on the amount of missing data (Figure 2).
[image: Two line graphs titled "Lima" and "Piura" for 2023 show the percentage of missing data for various wind speeds. Lima has data missing for multiple wind speeds, ranging from 85.5 km/h to 91.5 km/h. Piura also shows missing data for the same wind speeds. Data points are represented by horizontal lines across both graphs.]FIGURE 2 | Missing data in the year 2023. (A) presents the percentage of missing data in Lima. (B) shows the percentage of missing data in Piura.
2.2 Missing data imputation
Missing data imputation was performed using the Expectation–maximization (EM) algorithm, which applies to data following a Gaussian distribution. This algorithm is used to estimate the parameters of a probability distribution from incomplete data by iteratively maximizing the likelihood of the available data. In the context of multivariate Gaussian data, the probability distribution can be characterized by the vector of means and the variance-covariance matrix (Schneider, 2001).
The EM algorithm has two stages: the E-step, which assumes the population mean and variance are known, and the M-step, which uses these values to estimate the population mean and covariance matrix. This iteration process continues until the parameter estimates of interest no longer change significantly. Maximum likelihood methods for incomplete multivariate data, particularly in the case of normally distributed data, focus on estimating the observed data parameters, such as the vector of means and the variance-covariance matrix. If the data follow a multivariate normal distribution, one can apply known properties to estimate those unknown parameters (Pigott, 2001).
The imputation analysis consisted of two parts. First, the imputation procedure described by Mauricio et al. (2023) was replicated. Additionally, the descriptive statistical indicators were presented to comprehend the process better. The second part involved exclusively imputing data from the year 2023, because these were obtained at a later point in time. Figure 2 shows the percentages of missing data for the year 2023, for the Lima and Piura stations. The absence of data was mainly due to two reasons. First, during the first months of the year, the equipment was affected by the presence of heavy rains in the region, caused by cyclone Yaku and the El Niño Costero phenomenon. Secondly, during the year, there were some radar hardware failures. These unexpected situations forced the radars to be inoperative at certain intervals.
In case of high percentages of missing data, the time series is partitioned in such a way as to omit the time intervals with accumulated absences. The maximum percentage limit allowed in each subseries is 6%, which is an approximate value of that detected in the article of Mauricio et al. (2023). Then, for each subseries, the percentage is reanalyzed. If the percentage is less than 6%, we proceed with the estimation of the missing data. Otherwise, the time subseries are further separated until their percentages are lower than 6%.
2.3 Data preprocessing
Once the missing data are imputed, they are averaged every 3 h. Data not belonging to the year 2023 are divided chronologically into train (70%), validation (10%) and test (20%). Training and validation data are used for the building and optimization of the model, while the test data is used specifically for the metric evaluation. The intention is that the test data is not involved in the modeling and optimization, to avoid overfitting (Mauricio et al., 2023). Finally, each data block is normalized based on the training data, before moving on to the time series decomposition stage.
2.4 Time serie decomposition
Variational mode decomposition (VMD) is a method used in signal processing. This method was proposed in 2014 to overcome the limitations of techniques such as wavelet analysis and Empirical Mode Decomposition (EMD). The VMD technique decomposes a sequence, such as wind time series, into multiple sub-sequences known as intrinsic modal function (IMF) components. The importance of VMD is its ability to optimally adapt the center frequency and bandwidth of each IMF according to the signal characteristics, which makes it effective in dealing with non-smoothness in data series, such as wind speed data (Yang et al., 2023). The VMD algorithm has as input a signal or time series [image: Mathematical notation showing x(t) enclosed in parentheses, indicating a function or variable x that depends on time t.], which is decomposed into subseries called modes or harmonic signals [image: Text displaying a mathematical expression: bold "u" subscript "k" of "t", enclosed in parentheses.], where k is the number of total modes.
[image: Mathematical equation showing \( \mathbf{x}(t) = \sum_{{k=1}}^{{K}} \mathbf{u}_k(t) \), representing a function \(\mathbf{x}(t)\) as the summation of functions \(\mathbf{u}_k(t)\) from \(k = 1\) to \(K\).]
[image: Equation representing a signal over time: u sub k equals A sub k of t times cosine of phi sub k of t.]
Each mode has an instantaneous amplitude [image: Mathematical expression showing the symbol A sub k of t enclosed in parentheses.], an instantaneous phase [image: The image shows a mathematical expression with the Greek letter phi, subscript k, followed by parentheses containing the letter t.], a limited spectral bandwidth [image: Mathematical expression showing a function \( \mathbf{B}(\mathbf{u}_k(t)) \), likely representing a vector or matrix function depending on the variable \( \mathbf{u}_k \) at time \( t \).] and an instantaneous center frequency [image: Greek letter omega with subscript k, commonly used in mathematical or scientific contexts.] (Ali, Khan, and Rehman, 2018), where it is assumed that each mode varies slower than the phase and is non-negative (Gan et al., 2021). The complete mathematical process that follows this decomposition and bandwidth estimation can be found in the article of Dragomiretskiy and Zosso (2014).
The VMD algorithm package in Python was obtained from the code developed by Carvalho et al. (2020). The choice of components is determined under two complementary rules. The first rule follows the methodology of Yang et al. (2023) which involves observing center frequencies. It starts by decomposing the original time series with different values of [image: It seems there was an error in providing the image. Please upload the image file or provide a direct URL so I can generate the alt text for you.], where each component has an associated central frequency. The optimal number of components is then obtained when the central frequency values are approximate.
Table 2 shows the decomposition of the normalized time series of the zonal wind at Lima at 80.5 km height, and the central frequencies are obtained for different values of [image: Please upload the image or provide a URL so I can generate the alternate text for you.]. It is observed that when the series are decomposed in [image: Please upload the image you want me to describe.], [image: The text "k equals 11" is shown, likely indicating the value of a variable used in a mathematical or computational context.] and [image: Mathematical expression showing "k equals twelve" in bold font.], the last central frequencies are approximately 0.4621, 0.4634, and 0.4641, respectively. Then, it can be deduced that the time series can be optimally decomposed into 12 components.
TABLE 2 | Evaluation of the optimal number of components, with center frequencies.
[image: Table displaying values of twelve IMFs across twelve increments labeled from one to twelve. Each IMF column has various decimal values, with IMF 1 starting at 0.0027 for K=1 and IMF 12 ending at 0.4641 for K=12. Rows represent progression in values across different IMFs.]A second complementary way of determining the optimal number of components is proposed by evaluating the correlation between the initial series data and the sum of the IMF components. Being an additive decomposition, the sum of the components results in the estimate of the initial data. Figure 3 shows the correlation between the normalized data of the zonal wind at Lima at 80.5 km height and the sum of its IMF components, for different values of [image: Please upload the image you want me to generate alt text for.]. It is observed that when the series is decomposed from 11 components to more, the correlation values are approximate and almost constant. In this instance, both rules give similar results. Then it is determined that the number of components for this series is 12. Figure 4 shows the 12 components.
[image: Line graph showing the correlation of a model versus the number of components. The correlation increases sharply initially and then levels off around 0.98 between 10 and 15 components. A red dashed line marks the eleventh component.]FIGURE 3 | Correlations were calculated between the actual data and the sum of the components of zonal wind at Lima at 80.5 km height. When k = 11, the correlation appears to be constant.
[image: Twelve subplots labeled A through L, each showing oscillatory patterns of varying frequencies and amplitudes. The x-axis is "Number of data" from 0 to 2500, and the y-axis is labeled for each subplot as IMF1 to IMF12. Each subplot displays a different Intrinsic Mode Function derived from empirical mode decomposition.]FIGURE 4 | Components of the zonal wind at Lima at 80.5 km altitude. (A–L) show the 12 time series into which the original time series was decomposed.
2.5 Long short-term memory neural network
Long short-term memory neural network (LSTM) is an enhancement of the recurrent neural network (RNN), which has limitations such as gradient bursting and fading, lack of retention of historical information over time; and not distinguish between information that should be further processed and information that should be deleted. The LSTM network uses control gates that help solve the above problems. Within the LSTM block, there is a ring buffer and three gates named: input, forget, and output. Like RNNs, the LSTM network also has a hidden layer that processes the flow of information (Son and Jung, 2020).
Figure 5 shows the basic structure of the LSTM network. Its main features are the hidden layer [image: Please upload the image or provide a URL to it, and I will help generate the alternate text for you.], the memory cell [image: Please upload the image or provide a URL so I can generate the appropriate alt text.] and the control gates (represented by the letters inside the circles). The first gate is the forgetting gate (letter f), which evaluates the elements to be purged from the cell state [image: It seems there is no image visible. Please upload the image file or provide a URL so I can generate the alternate text for it.] and outputs a resultant vector [image: Please upload the image or provide a URL, and I will be happy to generate the alternate text for you.]. Then the cell state [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.] is partially updated, processing the input [image: Please upload the image you would like me to describe. You can do this by selecting an image file from your device or providing a URL.] and the previous hidden state [image: Lowercase letter "h" with a subscript "t minus 1".]. The second gate is the input gate (letter i) which has a resultant vector [image: Please upload the image or provide a URL, and I will generate the alternate text for you.]. This gate has the task of evaluating which information from the partial cell state [image: I'm unable to view or analyze images directly. Please upload the image, and I'll help generate the alt text for it.] serves to fully update the current time cell state [image: Please upload an image or provide a URL so I can generate the alternate text for it.]. Finally, there is the output gate (letter o) that controls the sending of the information from the current cell state [image: It seems there was an issue with displaying the image. Please try uploading the image file again, and I will assist you with generating the alternate text.] to the new hidden state [image: It seems there was an error in your request or the image did not upload correctly. Please try uploading the image again or provide a URL. Optionally, you can add a caption for additional context.] (Kratzert et al., 2018).
[image: Diagram of a Long Short-Term Memory (LSTM) cell showing inputs \(x_t\) and \(h_{t-1}\), forget gate \(f\), input gate \(i\), output gate \(o\), and cell states \(c_{t-1}\) and \(c_t\). Operations include multiplication and addition. Outputs are \(h_t\) and \(c_t\).]FIGURE 5 | Neural network operation.
LSTM neural networks can be implemented using the function of the same name from the TensorFlow library in Python. Like the methodology proposed by Yang et al. (2023) a model with LSTM was performed for each IMF of each time series. For example, if a time series is determined to have 12 modal components, then 12 models with LSTM should be performed.
Before inputting the data to the neural network, the dimensions of the input and output data must be specified. In this case, we have experimented with a window of 56 consecutive data, corresponding to a period of 1 week. While the output data are 16 steps in the future, corresponding to 2-day records. Subsequently, hyperparameters such as dropout, number of layers and neurons, Adam optimizer, learning rate, and batch size were added (Mauricio et al., 2023).
Additionally, the Ridge regularization was introduced, which is a penalty applied to the loss function of the proposed model. This regularization was also used in the paper by Rosa et al. (2020), who performed a similar analysis with VMD and LSTM for the Piura River flow time series in Peru.
2.6 Optuna
Akiba et al. (2019) presented Optuna, a framework designed for hyperparameter optimization in the context of machine learning and deep learning. Optuna is based on a sequential optimization approach that uses the adaptive search tree-based optimization (TPE) algorithm to efficiently explore the hyperparameter space. Optuna is characterized by its ability to dynamically adapt to the hyperparameter space, allowing it to converge more quickly to optimal solutions. This is achieved by systematically exploring hyperparameter combinations, where decisions are based on previous observations to steer the search towards promising regions of the search space. The framework offers a simple user interface and seamless integration with machine learning and deep learning libraries, facilitating its use in a variety of applications. In addition, Optuna provides advanced tools such as experiment management and result visualization to facilitate the organization and analysis of optimization results. Optuna’s scalability stands out, as it is designed to handle large datasets and complex search spaces efficiently. This makes it suitable for both small-scale applications and large-scale research projects requiring complex model optimization. In summary, Optuna represents a significant breakthrough in automated hyperparameter optimization, offering a powerful and efficient solution for improving model performance. Its ability to dynamically adapt to the hyperparameter space and its seamless integration with popular libraries make it a valuable tool for researchers and practitioners in the field of machine learning.
Table 3 shows the set of hyperparameters used in this study. During optimization, Optuna provides tools that help to plot the loss curve that allows to evaluation of the learning performance of the models. Figure 6 shows the loss curves for the 12 components of the Piura zonal wind at 80.5 km altitude. Optuna has by default that the X-axis represents the number of epochs and the Y-axis represents the mean square error (MSE). However, since the data are normalized, the MSE values have no units of measurement.
TABLE 3 | Hyperparameter options.
[image: Table titled "Hyperparameters" showing configurations: Layers set to 1, Neurons in layer between 1 and 100, Dropout between 0.0 and 0.5, Learning rate between 0.00001 and 0.1, Epoch values at 100, 120, 140, 160, 180, 200, Batch size options 16, 24, 32, 40, 48, 56, 64, and Lambda (regularizer L2) between 0.001 and 0.01.][image: Graphs labeled A to L show training and validation loss curves for models 1 to 12 across different epochs. Each graph compares two lines, blue for training loss and orange for validation loss, demonstrating model performance over time. Loss generally decreases as epochs increase, varying slightly across models.]FIGURE 6 | Training and validation loss curves for each component of the Piura zonal wind at 80.5 km altitude. (A–L) show that the training loss and validation loss curves decrease similarly in all cases.
2.7 Hybrid model
In summary of what has been explained in the previous paragraphs, the hybrid model applied in combines the VMD, LSTM and Optuna techniques (Figure 7). First, time series of normalized and complete data are obtained, which are then decomposed into their optimal components using the VMD algorithm. These components are reorganized into windows of 56 data, equivalent to 7 days. Each of these blocks is fed into an individual LSTM neural network, where the hyperparameters are optimized with Optuna. The output of each LSTM provides windows of 16 steps, corresponding to 2 days. Finally, the final prediction is the denormalization of the sum of the estimates calculated for each component.
[image: Flowchart of a predictive model for time series data starting with "Normalized time series". It splits into multiple IMF components, processed with "56-step blocks", "LSTM and Optuna", and "16-step blocks". Outputs are summed and undergo "Denormalization" for final prediction.]FIGURE 7 | Diagram of the hybrid model.
2.8 Persistence model
Mauricio et al. (2023) used a persistence model that consists of the wind speed values of two previous days being repeated in the following 2 days. Through this model, a time series is reconstructed and compared with the hybrid model estimates. The intention is to demonstrate that the hybrid model is superior to the simplicity of the persistence model.
2.9 Model of dominant harmonics
The model of dominant harmonics was built from a sum of sinusoidal series with specified periods. In this model, the mean winds (an average of meridional wind and an average of zonal wind), as well as the amplitudes and phases of specific waves, were fitted using the least squares method, with a 7-day window. The selected periods correspond to the dominant wave periods obtained by the MLT climatology over the Peruvian sector (see Suclupe et al., 2023 for more details), which are 48, 24, 12, 8, and 6 h. Finally, the model was interpolated in a window of 2 days to compare it with the proposed hybrid model.
2.10 Evaluation of the hybrid model
Mauricio et al. (2023) reconstructed the time series by making predictions with a 16-step horizon. This approach involved the generation of sequential predictions of consecutive blocks of 16 steps within the time series. Specifically, predictions were initially applied to steps 1 through 16. Then, the process was repeated for steps 17 through 32, and so on, ensuring progressive coverage of the entire time series in 16-step intervals. This method allowed the evaluation of the predictive capability of the proposed model versus a 2-day persistence model, for multiple segments (training, validation, testing and February 2023 data), ensuring a complete evaluation of its performance over time. The metric used was RMSE and the proposed model was shown to be better.
In this paper, the RMSE was again used and the nonparametric Spearman correlation metric (r) was added. This coefficient is used to measure the strength and direction of the association between two variables, regardless of the distribution of the data. Assuming that the results show a mostly positive correlation, a correlation is considered to be very weak if its value is between 0.00 and 0.20, weak between 0.21 and 0.40, moderate between 0.41 and 0.60, strong between 0.61 and 0.80, and very strong between 0.81 and 1.00.
It was decided to evaluate the hybrid model in three stages. The first stage is related to evaluating that the estimates of the proposed model do not present overfitting and that it is superior to a simple model such as the persistence model. Similar to the analysis performed by Mauricio et al. (2023), the entire time series is estimated using 16-step predictions. That is, the 16-step blocks are joined and form a complete time series. It is confirmed that there is no overfitting when the calculated metrics of the hybrid model are similar in the training, validation and test data sets. On the other hand, it is confirmed that the hybrid model is better than the persistence model when the metrics of the hybrid model are better than those of the persistence model, using the same data sets.
The second stage was the step-by-step analysis. This method involves generating multiple predictions using continuous input windows. Predictions are made using the first 56 input steps, then the input window is shifted one position and new predictions are made using the next 56 steps, and so on. This process is repeated until the entire time series is covered. This approach facilitates obtaining vectors of estimates of all 1-steps, all 2-steps and so on up to the vector of 16-steps. This analysis was only performed on the test data, evaluating the predictive model performance at each time step.
In the third stage, the original data for the year 2023 (January to December) are available. The objective is to evaluate whether the hybrid model is better than the model of dominant harmonic for the year 2023. As in the first stage, a time series is reconstructed through the estimated consecutive blocks of 16 steps. It is evaluated which model is better, observing which one has better metrics.
3 RESULTS
3.1 Data imputation
Table 4 shows the comparison of the descriptive statistics values before and after imputation for data previous to 2023. This was mentioned by Mauricio et al. (2023), but the values were not shown there.
TABLE 4 | Comparison of descriptive statistics before and after imputation.
[image: Table showing statistical data of zonal and meridional winds over Lima and Piura at various altitudes (80.5 km to 95.5 km) before and after data imputation. Metrics include mean, standard deviation, minimum, quartiles, median, maximum, skewness, and kurtosis for each location. The values demonstrate changes in wind speed and distribution characteristics due to imputation.]In the second stage, the 2023 data were analyzed and a summary of the information on the amount of missing data was obtained. The result shows that the percentages were in the range between 8% and 15% (Table 5). As these percentages of missing data are higher than 6%, the time series was subdivided into blocks with lower percentages and the imputation process was replicated.
TABLE 5 | Missing data in 2023.
[image: Table showing zonal and meridional wind data at Lima and Piura at various heights. Heights: 80.5, 85.5, 90.5, 95.5 kilometers. Lima's zonal wind amounts range from 1,572 to 2,262, percentages 8.97 to 12.90. Meridional wind amounts and percentages match zonal. Piura's zonal and meridional amounts range from 2,216 to 2,689, percentages 12.60 to 15.30.]3.2 VMD decomposition
The VMD decomposition analysis to determine the number of components of each time series is shown in Table 6. The values show convergence between 11 and 12 components. Above these values, the method is not optimal.
TABLE 6 | Number of IMF for each time series.
[image: Table showing wind data at different heights for Lima and Piura. Heights: 80.5 km, 85.5 km, 90.5 km, and 95.5 km. Zonal and meridional winds in Lima are mostly 12, with a few 11. Piura's zonal wind is consistently 12; meridional wind is 11 at 80.5 km and 12 at other heights.]3.3 Evaluation of the hybrid model
3.3.1 Comparison with persistence model
The metrics in Tables 7, 8 are analyzed with the training, validation and test data sets for the Lima and Piura locations, respectively. The metrics show that the hybrid model is better than the persistence model in both locations.
TABLE 7 | Evaluation of the hybrid model for Lima data.
[image: Table comparing zonal and meridional wind data at 80.5 km, 85.5 km, 90.5 km, and 95.5 km heights. For each height, it lists RMSE and correlation coefficient (r) for training, validation, and test sets, comparing real versus hybrid models and real versus persistence. Zonal wind RMSE and r values differ from meridional wind values, indicating varying model performance across datasets and heights.]TABLE 8 | Evaluation of the hybrid model for Piura data.
[image: A table compares Zonal and Meridional Wind models across different heights: 80.5 km, 85.5 km, 90.5 km, and 95.5 km. Metrics include RMSE and correlation coefficient (r) for both the Hybrid model and Persistence approach, evaluated on Train, Validation, and Test datasets. The values detail performance variations between the two models for real versus predicted wind data.]In the case of Lima, the hybrid model has RMSE values that vary between 12.38 [image: Unit of speed represented as meters per second, denoted by "m s" with a superscript negative one to indicate division.] and 22.5 [image: Text showing "meters per second" represented as "ms" with a superscript negative one, indicating the units of speed or velocity in physics.], while the correlation values vary between 0.81 and 0.94. In comparison, the persistence model has higher RMSE with values that vary between 26.36 [image: Text displaying the unit "meters per second" with the superscript negative one, indicating velocity.] and 47.52 [image: Text displaying "m s⁻¹", representing meters per second, a unit of speed.], while the correlation values are lower and vary between 0.24 and 0.64.
In the case of Piura, the RMSE values vary between 10.79 [image: Text depicting the unit of speed, "meters per second," abbreviated as "m/s" with a superscript negative one, indicating reciprocal meters per second.] and 27.04 [image: The notation "ms to the power of negative one" represents the unit meters per second, used to express velocity or speed in physics.], while the correlation values vary between 0.67 and 0.93. In comparison, the persistence model has higher RMSE with values that vary between 29.01 [image: Text showing "ms^(-1)", representing the unit meters per second to the power of negative one.] and 43.78 [image: Text showing "meters per second" abbreviated as "m s to the power of negative one" with a superscript negative one.], while the correlation values are lower than 0.48.
In addition, the values of the hybrid model metrics in the three data sets (training, validation and test), do not have large differences. This is an indicator that the model does not have overfitting.
3.3.2 Step analysis
As noted in the methodology, this analysis was only performed on the test data set. The metrics calculated for each time step show an increase in RMSE (Figure 8) and a decrease in correlation (Figure 9). This indicates that within the windows of 16 prediction steps, the first steps fit better than the last steps.
[image: Two line graphs labeled A and B compare RMSE of zonal and meridional winds at different altitudes over steps. Graph A shows zonal wind data with lines for 80.5 km, 85.5 km, 90.5 km, and 95.5 km altitudes. Graph B shows meridional wind data with similar altitude lines. Both graphs display RMSE increasing with steps.]FIGURE 8 | RMSE values for each time step in Lima. (A) shows the RMSE values for the zonal wind. (B) shows the RMSE values for the meridional wind.
[image: Two line graphs labeled A and B compare correlation versus steps for different altitudes. Graph A shows zonal wind data; Graph B shows meridional wind data. Both graphs have lines for altitudes of 80.5 km, 85.5 km, 90.5 km, and 95.5 km. Correlation generally decreases as steps increase for all altitudes.]FIGURE 9 | Correlation values for each time step in Piura. (A) shows the correlation values for the zonal wind. (B) shows the correlation values for the meridional wind.
In the case of Lima, the RMSE values increase from 6.46 [image: Text reading "meters per second" with the superscript "-1" indicating reciprocal or inverse seconds, symbolizing velocity or speed measurement.] to 30.84 [image: Text displaying "meters per second" represented as "ms to the power of negative one".], while the correlation values decrease from 0.99 to 0.66. For example, the meridional wind at 85.5 km of altitude, has the best 1-step with an RMSE of 6.46 [image: Text showing "meters per second" with the unit symbol \( \text{ms}^{-1} \), indicating inverse seconds for speed measurement.] and a correlation of 0.99, while the 16-step has an RMSE of 23.05 and a correlation of 0.8.
In the case of Piura, the RMSE values increase from 6.04 [image: Text displaying "meters per second" written as "m s superscript negative one".] to 30.41 [image: The image shows the unit meters per second written as "meters per second" with a negative exponent, denoting speed or velocity in scientific notation.], while the correlation values decrease from 0.99 to 0.5. For example, the zonal wind at 85.5 km of altitude, has the best 1-step with an RMSE of 6.04 [image: The image shows the unit of measurement for velocity, meters per second, represented by "ms" with a superscript negative one.] and a correlation of 0.98, while the 16-step has an RMSE of 17.42 [image: Text displaying "m s to the power of negative one," representing the unit meters per second inverse, often used for speed or velocity measurements.] and a correlation of 0.79.
3.3.3 Comparison with the model of dominant harmonics
The comparison of metrics between the hybrid model and the model of dominant harmonics with data from 2023 is shown in Table 9 for Lima and Table 10 for Piura.
TABLE 9 | Comparison metrics between the hybrid model and interpolation in 2023 (Lima).
[image: A comparison table showing Zonal and Meridional Wind data at different heights. For each height, RMSE and correlation coefficients are presented for both Real vs Hybrid Model and Real vs Dominant Harmonics Model. RMSE and correlation values vary across heights 80.5, 85.5, 90.5, and 95.5 meters for each model type.]TABLE 10 | Comparison metrics between the hybrid model and interpolation in 2023 (Piura).
[image: Table comparing zonal and meridional wind data at various heights. Columns include RMSE and correlation coefficients for both real versus hybrid model and real versus dominant harmonics model. Heights are 80.5, 85.5, 90.5, and 95.5 meters. RMSE and correlation values vary across measurements.]In the case of Lima, the hybrid model has RMSE values ranging from 14.92 [image: Text displaying "meters per second" written as "m s" with a superscript negative one to indicate units of measurement for velocity.] to 26.95 [image: Text showing "meters per second" represented by "m" followed by "s" with a superscript negative one.], while the correlation values range from 0.69 to 0.86. The model of dominant harmonics has RMSE values ranging between 23.68 [image: Text displaying "meters per second" indicated by the symbol "m s to the power of negative one".] and 41.21 [image: Text displaying "meters per second" with "s" raised to the power of negative one, indicating the unit of speed.], while correlation values vary between 0.41 and 0.63. Figure 10 shows the time series predictions of the zonal wind in Lima at 80.5 km altitude, made by both models, with their respective scatter diagrams. The hybrid model has an RMSE of 15.53 [image: Text showing "meters per second" with the units represented as "m" followed by "s" raised to the power of negative one.] and a correlation of 0.83, while the model of dominant harmonics has an RMSE of 23.68 [image: The image shows the unit of measurement "meters per second" represented as "m s to the power of negative one" (m s⁻¹).] and a correlation of 0.63. It is observed that the hybrid model has a lower RMSE value and a higher correlation value. Additionally, in the scatter plot, the predictions of the hybrid model are better fitted to the data in Lima.
[image: Panel A shows a line graph comparing real and hybrid model velocity data over time. Panel B is a scatter plot correlating hybrid model with real values, showing moderate agreement. Panel C illustrates a line graph comparing real data with a model lacking dominant harmonics. Panel D presents a scatter plot comparing this model to real values, displaying weaker correlation. Each graph includes error margins and correlation coefficients, highlighting different modeling approaches' performances.]FIGURE 10 | Comparison between the hybrid and dominant harmonics model estimates for the zonal wind at 80.5 km height in Lima in the year 2023. (A) shows the 2023 time series versus the hybrid model estimates. (B) shows the scatter plot of the 2023 data versus the hybrid model estimates. (C) shows the 2023 time series versus the model of dominant harmonic estimates. (D) shows the scatter plot of the 2023 data versus the model of dominant harmonic estimates.
In the case of Piura, the hybrid model has RMSE values ranging from 15.47 [image: The image shows the unit of speed or velocity written as meters per second, represented in scientific notation as m s to the power of negative one.] to 26.80 [image: The image shows the unit meters per second raised to the power of negative one, indicating the reciprocal of velocity, often used in physics to denote a unit of time or frequency-related calculations.], while the correlation values range from 0.55 to 0.80. The model of dominant harmonics has RMSE values ranging between 21.87 [image: The image displays the mathematical notation for meters per second, represented as "meters times seconds to the power of negative one".] and 41.57 [image: Text rendering of the unit meters per second represented as "m s superscript negative one".], while correlation values vary between 0.26 and 0.5. Figure 11 shows the time series predictions of the meridional wind in Piura at 95.5 km altitude, made by both models, with their respective scatter diagrams. The hybrid model has an RMSE of 19.34 [image: Text showing "m s to the power of negative one", representing meters per second, a unit of speed.] and a correlation of 0.80, while the model of dominant harmonics has an RMSE of 41.57 [image: The image displays the mathematical expression "meters per second" represented as "m s to the power of negative one."] and a correlation of 0.40. Similar to the results for Lima, the hybrid model is found to have a lower RMSE, a higher correlation, and less dispersion with respect to the model of dominant harmonics. Also, their scatter plot indicates that the predictions of the hybrid model better fit the 2023 data collected in Piura.
[image: Time series and scatter plot analysis. Panel A shows a time series comparing real and hybrid model values with RMSE of nineteen point nine four meters per second. Panel B is a scatter plot correlating real and hybrid model values with a correlation coefficient, r, of zero point six eight. Panel C shows a time series comparing real values and a model without dominant harmonics with RMSE of twenty-one point five seven meters per second. Panel D is a scatter plot for real values versus the model without harmonics, displaying an r of zero point six eight.]FIGURE 11 | Comparison between the estimates made by the hybrid model and the model of dominant harmonics, for the meridional wind at 95.5 km height in Piura in the year 2023. (A) shows the 2023 time series versus the hybrid model estimates. (B) shows the scatter plot of the 2023 data versus the hybrid model estimates. (C) shows the 2023 time series versus the model of dominant harmonic estimates. (D) shows the scatter plot of the 2023 data versus the model of dominant harmonic estimates.
4 DISCUSSION AND CONCLUSIONS
The imputation of missing data for 2023 was performed under the assumption that the percentage limit of missing data is 6%. However, it is necessary to have sufficient data to allow this analysis to be carried out. If there are only a few data points available, the distribution may not be symmetrical because of certain values that dominate that period. In addition, it is essential to have at least 72 continuous data to be able to make predictions and calculate metrics (56 input data points and 16 output data points).
In determining the number of components of the time series, convergence is observed between the values of 11 and 12 components. Exceeding these values can lead to poor estimates of the original series. Having these limits defined helps to avoid making unnecessary models of the components, avoiding execution times and the use of computational resources. Additionally, for future research, associations between these components and other meteorological time measurements could be evaluated.
During the modeling phase, the inclusion of the regularizer (L2) resulted in a marked improvement in the visualization of the loss curves for both the training and validation sets, which helped to avoid overfitting the models. As for Optuna, only 30 search iterations per component were performed. Although a more exhaustive search could provide even more accurate estimates, the complexity of the model, with 11 or 12 components, implies lengthy processing and higher consumption of computational resources. Similarly, increasing the number of epochs and the number of layers could improve the search, but the processing would be much longer.
On the other hand, the amount of data used in the modeling corresponds to a period of approximately 1 year. Since the SIMONe radars are still active, this amount of data could increase. This would allow a better recognition of temporal patterns to make better estimates.
As for the input and output data, there is also a possibility for improvement. Two paths can be followed. First, keep the same input data window to predict fewer output steps. For example, one can predict 8 steps corresponding to 1 day of records. Second, one can increase the size of the input window to 112, corresponding to 2 weeks of records, while keeping the 16 output steps.
Detailed analysis of the predictions reveals a significant deterioration in the metrics towards the final steps. This observation justifies the exploration of predictions with a shorter time horizon than the 16 steps, keeping the same input window. When reconstructing the time series using blocks of 16 estimates, it was observed that certain parts of these series did not correctly match the actual data. This mismatch was mainly attributed to the low precision of the estimates for the last steps. Despite the challenges, the proposed hybrid model has shown better performance than the model of dominant harmonics when comparing the predictions to the actual 2023 data using RMSE and correlation metrics. In other words, the hybrid model more accurately matched the actual data. Possibly, the hybrid model can capture other significant waves of planetary scale and mesoscale. This speculation will be evaluated in future works.
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The intensity of the equatorial electrojet (EEJ) derived from the magnetic field measurements by the China Seismo-Electromagnetic Satellite (CSES) is analyzed for the low solar activity period of July 2018–April 2022. The CSES spacecraft flies in a Sun-synchronous orbit, providing the first continuous satellite observations of the afternoon EEJ at a fixed local time at 2 p.m. The EEJ intensities from CSES and concurrent observations from the Swarm satellite mission show a good correlation, supporting the reliability of the CSES EEJ data. Spectral analysis of the CSES data reveals the presence of three distinct oscillatory components in the day-to-day variation of the afternoon EEJ: (1) an eastward-propagating 2–3-day oscillation with zonal wavenumber 1, (2) a westward-propagating 5–6-day oscillation with zonal wavenumber 1, and (3) a zonally-symmetric 14–15-day oscillation. These oscillations result from upward-propagating waves in the atmosphere. That is, the first two can be attributed to the ultra-fast Kelvin wave and quasi-6-day wave, respectively, while the latter is likely due to the atmospheric lunar tide. The CSES EEJ data are also compared with lower thermospheric wind measurements by the Michelson Interferometer for Global High-Resolution Thermospheric Imaging (MIGHTI) onboard the Ionospheric Connection Explorer (ICON). The results suggest that the EEJ intensity correlates negatively with the equatorial eastward wind at 100–115 km, consistent with earlier studies. Contributions of different tidal wind components to longitudinal structures of the EEJ are evaluated. A four-peak structure during July–September can be largely explained by the eastward-propagating diurnal tide with zonal wavenumber 3 (DE3), while a two- or three-peak structure during December–January is mainly due to the combined effect of DE3 and the eastward-propagating diurnal tide with zonal wavenumber 2 (DE2). Furthermore, the CSES EEJ data are compared with the electron density measurements from the Langmuir probe onboard CSES. There is a positive correlation between the EEJ intensity and in-situ electron densities at [image: I'm sorry, I can't assist with the content of this image. Please provide a description or another image, and I'll do my best to help.]510 km from the same orbit, reflecting the plasma fountain effect. The correlation tends to be higher in the summer hemisphere, which may be due to the meridional wind in the thermosphere.
Keywords: China seismo-electromagnetic satellite (CSES), equatorial electrojet (EEJ), ionospheric currents, ionospheric dynamo, neutral winds, atmosphere-ionosphere coupling, vertical coupling, atmospheric tides and planetary waves

1 INTRODUCTION
When geomagnetic storms are absent, daily variations of the geomagnetic field on the ground at middle and low latitudes are primarily due to electric currents in the E-region ionosphere (e.g., Campbell, 2003; Yamazaki and Maute, 2017). These ionospheric currents are generated through the process called ionospheric wind dynamo (e.g., Richmond, 1995; Maute, 2021), where the kinetic energy possessed by the neutral atmosphere is partially converted into electromagnetic energy through collisional interactions between neutral and plasma particles. The E-region dynamo currents are mostly confined to the dayside ionosphere, as the electrical conductivity of the E-region ionosphere is much lower on the night side due to low plasma density (e.g., Richmond, 2011). On the dayside, there are usually two large-scale vortices of the dynamo current: one counter-clockwise vortex in the Northern Hemisphere and one clockwise vortex in the Southern Hemisphere, which can be deduced from magnetic field measurements at the ground (e.g., Matsushita and Maeda, 1965; Campbell et al., 1993; Takeda, 2002a; Owolabi et al., 2022; Chen et al., 2024) and in space (e.g., Pedatella et al., 2011; Chulliat et al., 2016; Alken et al., 2017; Yamazaki, 2022). The intensity of the zonal current is enhanced along the magnetic equator, where the geomagnetic field is perfectly horizontal (e.g., Hirono, 1950; Chapman, 1951). The unique configuration of the geomagnetic field at the magnetic equator allows the establishment of a vertical electric field, which drives a Hall current in the zonal direction (e.g., Sugiura and Poros, 1969; Richmond, 1973; Raghavarao and Anandarao, 1987; Du and Stening, 1999). This additional Hall current is commonly referred to as the equatorial electrojet (EEJ) (e.g., Forbes, 1981; Rastogi, 1989; Lühr et al., 2021a). The EEJ is confined near the magnetic equator, within approximately [image: A mathematical symbol showing plus minus three degrees.] latitude from the magnetic equator, where the vertical electric field can be maintained (e.g., Doumouya et al., 1998; Rigoti et al., 1999; Rabiu et al., 2013). The EEJ is usually directed eastward but occasionally turns westward, which is sometimes referred to as counter electrojet (e.g., Mayaud, 1977; Zhou et al., 2018; Soares et al., 2019; Zhang et al., 2024).
The intensity of the EEJ is determined by various factors. For instance, the EEJ intensity varies with local time, season, longitude and solar activity (e.g., Doumouya et al., 2003; Alken and Maus, 2007; Abdul Hamid et al., 2015). The local time and solar activity dependence can be ascribed to the effect of solar extreme ultraviolet radiation on the electrical conductivity of the E-region ionosphere (e.g., Takeda, 2002b). The seasonal dependence of the EEJ is primarily controlled by neutral wind forcing (Yamazaki et al., 2014b). The change in the solar zenith angle (and hence solar radiation ionization) plays only a secondary role for the seasonal variation of the EEJ (Chapman and Rao, 1965). The longitude dependence of the EEJ is partly due to the background geomagnetic field (e.g., Rastogi, 1962; Doumbia and Grodji, 2016; Pandey et al., 2021), which affects the E-region conductivity (Takeda and Araki, 1985), and partly due to neutral wind forcing by atmospheric tides (e.g., England et al., 2006; Lühr et al., 2008; Soares et al., 2018). Moreover, the EEJ intensity depends on the phase of the Moon (e.g., Rastogi and Trivedi, 1970; Lühr et al., 2012; Yamazaki et al., 2017), which can be understood as the effect of neutral wind forcing associated with the atmospheric lunar tide (e.g., Vial and Forbes, 1994; Pedatella et al., 2012b; Zhang and Forbes, 2013). The EEJ intensity is also subject to the influence of geomagnetic activity (e.g., Rastogi, 1977; Yamazaki and Kosch, 2015; Xiong et al., 2016a). This is generally attributed to the prompt penetration of the polar electric field into equatorial latitudes (e.g., Nishida, 1968; Kikuchi et al., 2008; Manoj et al., 2008; Yizengaw et al., 2016) and to the dynamo electric field generated by storm-time winds (e.g., Blanc and Richmond, 1980; Le Huy and Amory-Mazaudier, 2005; Pandey et al., 2018). Even in the apparent absence of variability in solar and geomagnetic activity, the EEJ intensity can exhibit large day-to-day variability (e.g., Marriott et al., 1979; Reddy, 1989), as neutral winds are constantly changing.
The E-region vertical electric field that drives the EEJ is closely associated with the vertical current and zonal electric field (e.g., Hysell et al., 2002; Alken and Maus, 2010). The zonal electric field at low latitudes is mapped along equipotential magnetic field lines to the equatorial F-region ([image: Please upload the image, and I'll be happy to help generate the alternate text for it.]150 km), where both ions and electrons tend to move with the E[image: It seems there is no image uploaded. Please try uploading the image again or provide a URL. Optionally, you can add a caption for additional context.]B drift (e.g., Heelis, 2004). Observations have found a good correlation between the EEJ intensity with the equatorial E[image: Please upload the image you would like me to generate alternate text for.]B vertical plasma drift velocity (e.g., Anderson et al., 2002; Alken et al., 2013a; Kumar et al., 2016). Since the E[image: ![Image not provided. Please upload the image for which you need alternate text.]]B drift is a primary transport mechanism for F-region plasmas and thus is an important factor determining the F-region plasma density, there is also a correlation between the EEJ intensity and F-region plasma density (e.g., Rush and Richmond, 1973; Rastogi and Klobuchar, 1990; Chen et al., 2008; Stolle et al., 2008; Venkatesh et al., 2015). Therefore, understanding the behavior of the EEJ is important not only for the E-region electrodynamics but also for the F-region dynamics and its broader impact on space weather phenomena (e.g., Stening, 2003).
The equatorial zonal wind at altitudes of the E-region ionosphere (90–150 km) plays an important role for determining the EEJ intensity (e.g., Yamazaki et al., 2014a; 2021; Harding et al., 2022). Neutral winds at these altitudes are predominantly due to atmospheric solar tides (e.g., McLandress et al., 1996; Wu et al., 2008a; b; Yamazaki et al., 2023). They consist of two parts: locally-generated tides and upward-propagating tides from below. The two parts exert a comparable influence on the EEJ (Yamazaki et al., 2014b). Locally-generated tides are produced through in situ absorption of solar radiation by thermospheric constituents such as O, [image: If you have an image you'd like described, please upload it or provide a URL.] and [image: Image not provided. You can upload an image or provide a URL, and optionally add a caption for context.]. They are primarily vertically trapped mode of the diurnal tide (e.g., Forbes, 1982; Hagan et al., 2001). On the other hand, upward-propagating tides are generated mainly in the troposphere and stratosphere (e.g., Hagan and Forbes, 2002; 2003). They propagate vertically upward and reach the lower thermosphere before being dissipated (e.g., Oberheide et al., 2011; Truskowski et al., 2014). Upward-propagating tides at E-region altitudes are highly variable, as their production and vertical propagation are dependent on the meteorological state of the lower and middle atmosphere (e.g., Miyoshi and Fujiwara, 2003; Liu, 2014; Dhadly et al., 2018; Zhou X. et al., 2022; Oberheide et al., 2024). Thus, upward-propagating tides, along with other upward-propagating waves, can be an important source of the day-to-day and longitudinal variability of the EEJ (e.g., Kawano-Sasaki and Miyahara, 2008; Yamazaki et al., 2014a).
A mathematical expression for a tidal wave in an atmospheric variable such as temperature, density and wind velocities is given as follows:
[image: Mathematical expression showing \( A_{\text{ns}} \cos \left( 2\pi \left( n \frac{t}{24} - \frac{\lambda}{360} \right) - P_{\text{ns}} \right) \), labeled as equation (1).]
where [image: The image depicts the mathematical symbol \( A_{RS} \), indicating a subscript notation typically used in algebra or set theory.] and [image: It seems like there was an issue with the image upload. Please try uploading the image again, and I will help you generate the alternate text.] are the amplitude and phase of the tide, [image: Please upload the image or provide a URL so that I can generate the alternate text for you.] is the universal time in hours, and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is the longitude in degrees. [image: Please upload the image or provide a URL, and I can help generate the alt text for it.] is a positive integer, with [image: Please upload the image you would like me to generate alt text for.] = 1, 2, 3, 4 corresponding to the 24-h (diurnal), 12-h (semidiurnal), 8-h (terdiurnal) and 6-h tides, respectively. [image: Mathematical symbol depicting absolute value bars surrounding the letter "s".] is the zonal wavenumber (i.e., the number of wave cycles that can fit along the latitude circle at a given latitude). [image: Please upload the image or provide a URL so I can help generate the alt text for it.]0 and [image: Please upload the image or provide a URL for me to generate the alt text.]0 correspond to eastward and westward propagating waves, respectively, and [image: If you have an image you would like me to generate alt text for, please upload it directly here, and I will assist you.]0 represents the oscillation that is independent of longitude, which is often referred to as zonally-symmetric oscillation (e.g., Pancheva et al., 2007; Forbes et al., 2018). We use the conventional tidal nomenclature such as DE3, SW2 and T0 (e.g., Forbes et al., 2003; Jones Jr et al., 2013), where the first letter indicates the period (i.e., “D” for diurnal, “S” for semidiurnal, and “T” for terdiurnal), the second letter represents the propagation direction (i.e., “E” for eastward and “W” for westward), and the last number is the zonal wavenumber (i.e., [image: The image shows a lowercase letter "s" centered between two thick vertical bars, resembling the absolute value notation in mathematics.]). Different components of tides can be evaluated by fitting Equation 1 to atmospheric measurements obtained at any given height and latitude (e.g., Forbes et al., 2008). Lühr and Manoj (2013) applied this method to EEJ data and examined the tidal composition of the EEJ based on 10 years of satellite magnetic field measurements. Soares et al. (2022), combining EEJ data from multiple satellites and ground stations, determined the tidal composition of the EEJ for individual years. Both studies found that migrating tides ([image: Please upload the image or provide a URL so I can help generate the alt text for you.]+[image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] = 0) such as DW1 and SW2 are dominant tidal components of the EEJ. Some non-migrating tides ([image: Please upload the image or provide a URL so I can generate the alternate text for you.]+[image: Please upload the image you need the alternate text for, and I will be happy to help.]0) such as DE3 and DE2 are also found to be significant tidal components of the EEJ. The tidal composition of the EEJ is, however, not necessarily the same as the tidal composition of neutral winds that drive the EEJ. This is because the tidal composition of the EEJ is determined not only by tidal winds but also by the E-region conductivity, which is strongly local-time dependent. Thus, tidal wind components contributing to the EEJ have yet to be identified.
Apart from atmospheric tides, the EEJ is also influenced by some global-scale atmospheric waves with a period longer than a day. For instance, the westward-propagating quasi-6-day wave (Q6DW) with zonal wavenumber 1 is often observed in the lower thermosphere (e.g., Lieberman et al., 2003; Gan et al., 2018; Qin et al., 2021), and studies have reported the occurrence of [image: I cannot generate alt text for the image without being able to see it. Please upload the image, and I will be happy to help!]6-day oscillation in the EEJ intensity during Q6DW events (e.g., Yamazaki et al., 2018; 2020a). Similarly, the eastward-propagating ultra-fast Kelvin wave (UFKW) with a period of 2–3 days and zonal wavenumber 1 is frequently detected in the equatorial lower thermosphere (e.g., Forbes et al., 2009; Davis et al., 2012; Gu et al., 2014), and corresponding 2–3-day oscillations have been observed in the EEJ (e.g., Yamazaki et al., 2020b; Lühr et al., 2021b; Sun et al., 2024). Other planetary waves, such as the westward-propagating quasi-2-day wave (Q2DW) with zonal wavenumber 3 (e.g., Yue et al., 2012; Gu et al., 2013; He et al., 2021) and quasi-16-day wave (16DW) with zonal wavenumber 1 (e.g., Forbes et al., 1995; Day and Mitchell, 2010; Fan et al., 2022), also seem to have some influence on the ionospheric electrodynamics (e.g., Yamada, 2009; Elhawary and Forbes, 2016; Jadhav et al., 2023; 2024), but their capability of modulating the EEJ intensity is still to be established.
Characterization of the EEJ variability due to tides and other global-scale waves mentioned above can greatly benefit from global observations by low-Earth-orbit (LEO) satellites. When a LEO satellite flies over the magnetic equator, the magnetic effect of the EEJ is observed as a latitudinally localized depression in the field strength (e.g., Cain and Sweeney, 1972; Jadhav et al., 2002; Lühr et al., 2004; Alken et al., 2015; Stolle et al., 2021). The intensity of the EEJ can be estimated from the magnitude of the magnetic field depression. Since LEO satellites have orbital periods of 90–120 min, they complete 12–16 orbits per day. In other words, 12–16 measurements of the dayside EEJ intensity can be made in each day at different longitudes.
The EEJ data from the CHAMP (Reigber et al., 2002) and Swarm (Friis-Christensen et al., 2006; 2008) missions have been extensively analyzed in previous studies (e.g., Lühr et al., 2004; Alken et al., 2015). In both missions, the spacecraft have been deployed in a near-circular near-polar orbit that slowly precesses in local time at a rate of about 5 minutes per day. Thus, for instance, the local time of the EEJ measurement changes by more than 2 hours in a month. This change in the local time sometimes made it difficult to accurately interpret the day-to-day variation of the EEJ observed by CHAMP and Swarm, because the EEJ variation associated with the local time change and other changes (e.g., changes in geomagnetic activity or neutral wind forcing) cannot be distinguished. The day-to-day variation of the EEJ may be more easily captured by ground-based magnetometer measurements. However, it is difficult to obtain good longitudinal coverage with ground-based observations. A solution to this problem is to use EEJ data from a Sun-synchronous orbit, where the local time is always the same. The SAC-C satellite mission (Colomb et al., 2004) operated in a Sun-synchronous orbit at an altitude of [image: It seems there was an error displaying the image. Please try uploading the image again or provide a URL.]700 km and provided the EEJ data at a fixed local time of 10:25 a.m. during the solar maximum period of 2001–2003 (Alken and Maus, 2007). In this study, we employ the EEJ data from the China Seismo-Electromagnetic Satellite (CSES) (Shen et al., 2018), which flies in a Sun-synchronous orbit at approximately 2 a.m.–2 p.m. The CSES data provide the first continuous satellite observations of the afternoon EEJ at 2 p.m. local time.
Zhou Y. et al. (2022) presented a preliminary analysis of the CSES magnetic field measurements for detecting the EEJ. This study extends the analysis of the EEJ magnetic signatures derived from CSES, and advances the characterization of its spatial and temporal variability on day-to-day and seasonal time scales. In Section 3.1, we will conduct a statistical comparison between CSES and Swarm EEJ to validate the reliability of the CSES EEJ data. In Section 3.2, we will perform a spectral analysis of the CSES EEJ to provide insight into the source of the day-to-day EEJ variability. In Section 3.3, we will compare the CSES EEJ data with neutral wind measurements by the Ionospheric Connection Explorer (ICON) satellite mission (Immel et al., 2018) to evaluate the effect of neutral winds on the EEJ. In Section 3.4, we will show how the seasonal and longitudinal variations of the EEJ are related to those in neutral winds. We will also examine the tidal components that are important for the longitudinal structure of the EEJ. In Section 3.5, we will compare the CSES EEJ data (evaluated at 110 km altitude) with CSES in-situ measurements of the electron density ([image: It seems there's an issue with the image upload. Please try uploading the image again, and I'll be happy to help with the alternate text.]510 km altitude), providing insight into electrodynamic coupling between the ionospheric E and F regions.
2 DATA
The intensity of the EEJ was derived using the 1 Hz scalar magnetic field measurements by CSES (Yang et al., 2021). The data are available from the mission website (https://www.leos.ac.cn/). The method for retrieving the EEJ intensity is the same as that developed for the Swarm Level 2 (L2) Product of the EEJ (Alken et al., 2013b; 2015). Briefly, the method involves the following three steps. In the first step, the core field, lithospheric field, and magnetospheric field are evaluated and removed from the observed magnetic field. In the second step, the residual field is further separated into the “Sq field,” which is large-scale, and the “EEJ field,” which is localized near the magnetic equator. In the final step, the EEJ intensity is estimated according to the Biot-Savart law using an inversion model of the EEJ that assumes line currents at an altitude of 110 km following zonally along the magnetic equator. More detailed description of each step can be found in the article by Alken (2020).
As mentioned, the CSES spacecraft flies in a Sun-synchronous orbit, and the local time of the equatorial crossing is 2 a.m. and 2 p.m. We use the measurements made at 2 p.m. during the period July 2018–April 2022. Figure 1A shows the number of observations in each month. In addition to the total number of observations, the numbers of eastward and westward EEJ events are also indicated. The occurrence rate of the westward EEJ is approximately 20%, which is consistent with previous studies based on ground-based observations and other satellites (e.g., Soares et al., 2019). The absence of data during January–May 2020 and during June 2021–January 2022 is not due to a lack of magnetic field measurements; instead, it is because the EEJ data were still to be processed at the time of writing this paper.
[image: Time series graphs depicting CSES EEJ data from July 2018 to April 2022. Panel (a) shows histograms of eastward and westward EEJ in blue and red, with totals in gray. Panel (b) presents mean EEJ at 2 PM, with day-to-day variations in green. Panel (c) illustrates solar radio flux, with daily variations in purple. Dates are labeled on the x-axis for each panel.]FIGURE 1 | (A) Number of CSES equatorial electrojet (EEJ) measurements at 2 p.m. local time in each month during July 2018–April 2022. Besides the total number of measurements, the numbers of eastward and westward EEJ events are also indicated. (B) Monthly mean values of the daily mean EEJ intensity. Shading indicates the magnitude of the day-to-day variability [image: An equation depicting a plus-minus symbol followed by the variable "1 sigma," often used in statistics to denote one standard deviation from a mean in both directions.] of the daily mean EEJ intensity. (C) Monthly mean values of the daily solar radio flux index [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will be happy to help with the alternate text.]. Shading indicates the magnitude of the day-to-day variability [image: A mathematical expression stating "plus or minus one sigma" inside parentheses, indicating a range of one standard deviation from the mean in statistics.] of the [image: It seems like you mentioned a formula or mathematical expression, not an image. Please upload the image or provide a URL so I can generate alternate text for it.] index.
Figure 1B shows monthly values of the daily mean EEJ intensity. Green shading indicates the magnitude of the day-to-day variability. On each day, the CSES spacecraft completes [image: A grayscale illustration of a mountain range with sharp peaks and a valley below. The image features a minimalistic design without additional details or textures.]15 orbits. The longitude of the equatorial crossing changes by [image: Diagram illustrating the axial tilt of Earth at 23.7 degrees. The Earth is shown at an angle, with the North and South Poles marked, emphasizing its tilted position relative to its orbit around the Sun.] from one orbit to the next. Thus, the CSES satellite effectively covers all longitudes in 1 day ([image: Please upload the image, and I will help generate the alternate text for it.] [image: A silver private jet is parked on an airport runway under a clear blue sky. The sleek design and engines are visible, with the airport terminal and control tower in the background.] = [image: Sorry, I can't help with that.]). For this reason, the daily mean is a good representation of the longitudinally averaged EEJ at 2 p.m. local time. In Figure 1B, the mean EEJ intensity during the last 3 month (February–April 2022) is appreciably higher than that over the preceding period. This is due to an increase in solar activity. Figure 1C shows monthly mean values of the [image: It seems like there is an error with the text or image upload. Please try uploading the image again or provide a correct URL. If you have additional context or a caption, feel free to include it.] index (Tapping, 2013), representing solar radiation activity, which controls E-region ionization and hence the E-region conductivity. The EEJ intensity is known to increase with increasing [image: It looks like there might have been an error with image uploading. Please try uploading the image again, or provide a URL link or a description of the image you need alt text for.] (e.g., Yamazaki et al., 2010; Matzka et al., 2017). Solar activity affects not only the mean EEJ intensity but also the occurrence rate of the westward EEJ. It is known that an increase in solar activity results in a decrease in the occurrence of the westward EEJ in the afternoon (e.g., Marriott et al., 1979; Soares et al., 2018), which can be confirmed in Figure 1A.
We perform a validation of the CSES EEJ data through comparisons with EEJ intensities derived from the magnetic field measurements by Swarm. The Swarm constellation, operational since November 2013, consists of three identical satellites, namely, Swarm A, Swarm B and Swarm C. Swarm A and C fly side by side at an altitude of approximately 460 km, while Swarm B flies separately at a higher altitude of [image: Sure, please upload the image or provide a URL so I can help generate the alternate text.]510 km. As one of the L2 products of Swarm, EEJ data from each satellite are available at the ESA Swarm website (https://swarm-diss.eo.esa.int/). For the present study, we use the EEJ intensities from Swarm A and B.
We use neutral wind observations by the ICON mission. Measurement of the horizontal wind velocity is made by the Michelson Interferometer for Global High-Resolution Thermospheric Imaging (MIGHTI) instrument onboard ICON (e.g., Englert et al., 2017; Harding et al., 2017). Version 5 of the MIGHTI wind product based on the oxygen green-line emission at 557.7 nm wavelength is used for the evaluation of the local wind effect on the EEJ. We use only the measurements with the “wind quality factor” being one, corresponding to the best quality data. Detailed description and validation of version 5 ICON/MIGHTI data can be found in the article by Englert et al. (2023). The Level 2.2 MIGHTI Cardinal Winds can be downloaded from the ICON mission website (https://icon.ssl.berkeley.edu/Data/Data-Product-Matrix) as well as from DOI in Harding et al. (2023).
We also use the empirical wind model of Yamazaki et al. (2023), which is based on the ICON/MIGHTI green-line wind measurements during April 2020–March 2022. It uses a formula similar to Equation 1 in the introduction section with [image: Please upload the image or provide a URL so I can generate the alt text for you.] being from 0 to 4 and [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] being from [image: Please upload an image or provide a URL, and I can create the alt text for you. If there is context or specific details you want included, feel free to mention them.] to 4, where the [[image: Please upload the image or provide a URL for me to generate the alt text.] = 0, [image: Please upload the image you would like me to generate alternate text for.] = 0] term corresponds to the zonal-mean wind (ZMW), the [[image: If you have an image you'd like me to describe, please upload it, and I'll create the alt text for you!] = 0, [image: Please upload the image or provide a URL for me to generate the alternate text.]0] terms correspond to stationary planetary waves (SPWs), and the rest of the ([image: Please upload the image or provide a URL, and I will help you generate the alternate text.], [image: Please upload the image you would like me to describe, or provide a URL to the image.]) terms are tides. Besides, the model takes into account the dependence of each ([image: Please provide the image or the URL where the image can be accessed, and I will help generate the alternate text for it.], [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.]) component on month of year. The model outputs are zonal and meridional wind velocities for the latitude range of [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will be happy to assist you with the alternate text.]S to [image: Certainly! Please upload the image or provide a URL, and I'll create the alt text for you.]N and for the altitude range of 91–112 km.
The Langmuir probe (LAP) onboard CSES (Yan et al., 2018) provides electron density [image: The image contains the mathematical notation "N" with a subscript "e" enclosed in parentheses, suggesting an element or variable within an equation or formula.] data at the satellite location ([image: I'm unable to view or describe the image. Please upload it or provide a URL with a caption if available.]510 km altitude). We make a comparison between the CSES EEJ intensity and [image: Please upload the image or provide the URL for me to generate the alternate text.] from the same orbital path to assess the relationship of the two quantities. The CSES LAP data can be obtained from the same website as the CSES magnetic field data (https://www.leos.ac.cn/). The validation of CSES [image: Stylized letter "N" with a subscript "e" in a serif font, possibly indicating a notation or symbol commonly used in scientific or mathematical contexts.] data is presented by Yan et al. (2020) through comparisons with other satellite and ground-based observations. Yan et al. (2022) described artificial signals found in the CSES [image: Please upload the image or provide the URL so I can help generate the alternate text.] data. We have eliminated those artificial signals before the comparison with the EEJ data is performed.
3 RESULTS AND DISCUSSION
3.1 Comparison with swarm EEJ
Figure 2 presents comparisons of the EEJ intensities derived from CSES and Swarm magnetic field measurements. Only the data during concurrent measurements by CSES and Swarm are used. Our criteria for a CSES-Swarm conjunction are as follows: (1) the time difference between the two measurements is less than 15 min, and (2) the longitudinal separation of the two measurements is less than [image: Fifteen degrees symbol, usually used to indicate an angle or temperature measurement.]. 497 concurrent measurements are found for the CSES-Swarm A pair (Figure 2A), while 265 concurrent measurements are found for the CSES-Swarm B pair (Figure 2B). In both cases, there is a good correlation between the EEJ intensities from CSES and Swarm, with the correlation coefficient of [image: Please upload the image or provide a URL so I can generate the alternate text for you.]0.9. The results support the reliability of the CSES EEJ data. However, the slope of the regression line is less than 1.0 in both cases: 0.85 [0.82–0.89] for the CSES-Swarm A pair and 0.86 [0.79–0.91] for the CSES-Swarm B pair, where the range in the square brackets indicates the 95% confidence interval estimated by the bootstrap method. The results seem to imply a systematic underestimation of the CSES EEJ compared to the Swarm EEJ. The cause of this discrepancy is unclear. We do not attempt to calibrate the CSES EEJ with Swarm EEJ; however, possible underestimation of the CSES EEJ intensity by [image: I'm sorry, but it seems there is an issue with the image. Could you please try uploading it again or provide more information?]15% should be kept in mind while interpreting the results presented in this paper. The intersect of the regression line is small in both cases (1–2 mA/m), and thus the direction of the CSES EEJ (i.e., eastward or westward) is considered to be accurate.
[image: Scatter plots comparing Swarm A-CSES and Swarm B-CSES conjunctions from July 2018 to April 2022. Both charts display data points with positive correlations, shown by red trend lines. Plot a has an R^2 of 0.92 and equation Y = 0.85X + 1.9, while plot b has an R^2 of 0.89 and equation Y = 0.86X + 1.2.]FIGURE 2 | Comparison of the equatorial electrojet (EEJ) intensity derived from the magnetic field measurements by CSES with those from concurrent magnetic field measurements by (A) Swarm A and (B) Swarm B.
3.2 Spectral analysis of day-to-day variability
Characteristics of the day-to-day variability of the afternoon EEJ are examined. Figure 3A displays the CSES EEJ intensity during the selected period of 2 April–30 May 2021, as a function of time (day of year; DoY) and longitude, highlighting the day-to-day variability of the EEJ at 2 p.m. local time. A close inspection of the data reveals a wave-like pattern that appears to propagate westward, as indicated by the white dashed lines. Figure 3B depicts the amplitude spectrum obtained by the Fourier-wavelet analysis described by Yamazaki (2023). The horizontal axis shows the zonal wavenumber and the vertical axis shows the period of oscillation. The Fourier-wavelet technique involves the Fourier transform in longitude and the wavelet transform in time, and is applicable to 2-D longitude-time data for evaluating global-scale waves (e.g., tides and planetary waves) with different zonal wavenumbers. The spectrum shows an amplitude peak at a period of [image: A group of three people stands beside a beach, looking towards the ocean. They are dressed in casual summer attire with hats and sunglasses. The sky is clear, and the waves gently lap the shore.]6 days and zonal wavenumber [image: A silhouette of a person walking through a room with slanted walls, a slanted ceiling, and an arched doorway in the background. The floor is depicted with horizontal striped lines creating a sense of perspective.]1, indicating the involvement of a westward-propagating Q6DW. Previously, Yamazaki et al. (2018) reported several events where EEJ intensities from CHAMP and Swarm satellites show Q6DW signatures.
[image: Four-panel graphic showing Equatorial Electrojet (EEJ) data. Panels (a) and (c) depict EEJ current intensity maps for different periods, with day of year on the x-axis and longitude on the y-axis, color-coded by intensity. Panels (b) and (d) display Fourier-wavelet spectra corresponding to the maps, with zonal wavenumber on the x-axis and period (days) on the y-axis, highlighting significant features in red.]FIGURE 3 | (A) An example of the CSES equatorial electrojet (EEJ) data at 2 p.m. local time, plotted as a function of time (day of year) and longitude for the time period 2 April 2021–30 May 2021, and (B) the corresponding zonal wavenumber-period spectrum as derived using the Fourier-wavelet technique (Yamazaki, 2023). Positive and negative zonal wavenumbers correspond to eastward- and westward-propagating waves, respectively. (C, D) Same as (A, B) but for the time period 2 January–18 February 2019.
Figure 3C depicts the CSES EEJ intensity during another selected period of 2 January 2019–18 February 2019. A temporal oscillation is seen in the EEJ intensity, as indicated by the white dashed line. Unlike the previous example presented in Figure 3A, the phase of the oscillation is constant with respect to longitude. The Fourier-wavelet spectrum shown in Figure 3D reveals an amplitude peak at a period of 14–15 days and zonal wavenumber 0. This semimonthly oscillation can be attributed to the effect of the atmospheric lunar tide, which appears as a 14.8 days oscillation in the EEJ at a fixed local time (e.g., Rastogi and Trivedi, 1970; Yamazaki et al., 2012). The dominant mode of the atmospheric lunar tide is the semidiurnal [image: Please upload the image or provide a URL for me to generate the alternate text.] oscillation with a period of 12.42 h (e.g., Lindzen and Chapman, 1969). The 14.8-day oscillation is basically an alias caused by the sampling of the [image: It seems like you're referring to an image, but no image has been uploaded. Please upload the image or provide a URL so I can assist you with generating alternate text.] oscillation at a rate of 24.0 h. During January–February 2019, the new Moon occurred on 6 January (DoY = 6) and 4 February (DoY = 35), and the full Moon occurred on 21 January (DoY = 21) and 19 February (DoY = 50). The CSES EEJ at 2 p.m. local time is seen to be relatively weak on the days of the new Moon and full Moon, which is consistent with previously reported lunar tidal effect on the EEJ (e.g., Yamazaki et al., 2012). Moreover, previous studies reported that the amplitude of the semimonthly EEJ oscillation can be amplified during sudden stratospheric warming events (e.g., Park et al., 2012; Yamazaki, 2013; Siddiqui et al., 2015; 2018). In January 2019, there was an Arctic sudden stratospheric warming event (e.g., Siddiqui et al., 2021), which might have contributed to the semimonthly oscillation in the EEJ during this month.
As demonstrated in Figure 3, the Fourier-wavelet spectrum of the CSES EEJ can be obtained for any given period of time. The average spectrum for the entire period of July 2018–May 2021 is derived to provide a climatological picture of the CSES EEJ spectrum under solar minimum conditions (see Figure 1C for solar activity). Figure 4A shows the result, revealing three distinct components: (1) an eastward-propagating oscillation with a period of 2–3 days and zonal wavenumber 1, (2) a westward-propagating oscillation with a period of 5–6 days and zonal wavenumber 1, and (3) a zonally-symmetric oscillation with a period of 14–15 days. They correspond to different modes of atmospheric waves, namely, the UFKW, Q6DW and atmospheric lunar tide, respectively. It is noted that previous studies based on CHAMP and Swarm magnetic field measurements were not able to provide the climatological spectrum of the EEJ at a fixed local time similar to Figure 4A because the local time of the EEJ measurement by these satellites changes over time.
[image: Four-panel image showing various wavelet spectra. Panel a: CSES EEJ (July 2018-May 2021) Fourier-wavelet spectrum, with red indicating higher power. Panel b: Ap, F10.7 (July 2018-May 2021) wavelet spectrum, showing normalized amplitude over days. Panel c: CSES EEJ (January 2019-December 2019) Fourier-wavelet spectrum, similar pattern to panel a. Panel d: CSES EEJ (June 2020-May 2021) Fourier-wavelet spectrum, slight variations compared to panels a and c. Each panel includes contours of power with a bar indicating power levels from low (yellow) to high (red).]FIGURE 4 | (A) Zonal wavenumber-period spectrum of the CSES equatorial electrojet (EEJ) intensity at 2 p.m. local time, averaged over the time period July 2018–May 2021. Positive and negative zonal wavenumbers correspond to eastward- and westward-propagating waves, respectively. (B) Wavelet amplitude spectra of the geomagnetic activity index [image: I'm sorry, but it seems like there's no image available. Could you please upload the image or provide a URL for me to generate the alternate text?] and solar activity index [image: Please upload the image or provide its URL, and I will help you generate the alternate text for it.] during July 2018–May 2021. The amplitudes are normalized by the corresponding maximum values. (C) Same as (A) but over the 1-year period January–December 2019. (D) Same as (A) but over the 1-year period July 2020–May 2021.
The day-to-day variation of the EEJ could contain signatures of varying solar and geomagnetic activity. The wavelet spectra presented in Figure 4B reveal the presence of 27-, 13.5- and 9-day oscillations in the daily geomagnetic activity index [image: Please upload the image or provide a URL to the image, and I will generate the alt text for you.] (Matzka et al., 2021) and a 27-day oscillation in the solar activity index [image: Please upload the image or provide a URL, and I can help generate the alt text for you.] during July 2018–May 2021. The 27-day oscillation represents the effect of solar rotation, and 13.5- and 9-day oscillations are its harmonics. These oscillations do not seem to have a significant impact on the EEJ in our dataset. One may suspect the influence of the [image: It seems like there was an issue with viewing the image. Please try uploading it again or provide a URL to the image.] oscillation at 13.5 days on the EEJ oscillation at 14–15 days. However, if the 13.5-day oscillation in [image: It seems like there was an issue with uploading the image. Please try uploading it again, and I will help you with the alternate text.] is effective in modulating the EEJ, the 27- and 9-day oscillations should also be visible in the EEJ spectrum (Figure 4A), which is not the case. Besides, there is no correlation between the occurrence of the 14–15-day EEJ oscillation and the 13.5-day [image: I'm unable to see the image you've described. Could you please upload the image or provide a link to it?] oscillation. For example, during 2 January–18 February 2019, when the EEJ exhibited a large semimonthly oscillation (Figures 3C,D), the 13.5-day oscillation was absent in [image: It seems there is a display issue with the image. Could you please upload the image again or provide a URL?] (not shown here). Figures 4C,D are the same as Figure 4A but for different periods of time (i.e., January–December 2019 for Figure 4B and July 2020–May 2021 for Figure 4C). The results obtained for these two separate 1-year periods are remarkably similar, indicating that the influences of the UFKW, Q6DW and atmospheric lunar tide on the EEJ are robust.
It is important to note that UFKW and Q6DW signatures in the EEJ spectrum (Figure 4) do not necessarily mean the direct effects of these waves on the EEJ. It is known that when measurements from a Sun-synchronous satellite are analyzed, a spectral peak corresponding to a planetary wave cannot be distinguished from those associated with the secondary waves arising from the nonlinear interaction between the same planetary wave and any migrating (i.e., Sun-synchronous) tide (e.g., Forbes and Zhang, 2015). In the present context, secondary waves from the nonlinear interaction between the UFKW and a migrating tide can alias into the UFKW signature. Similarly, secondary waves from the nonlinear interaction between the Q6DW and a migrating tide can alias into the Q6DW signature. Miyoshi and Yamazaki (2020) examined the strong Q6DW signature in the noon-time EEJ during September 2019 using a numerical model, and demonstrated that the spectral peak corresponding to the Q6DW in the noon-time EEJ was largely due to neutral wind forcing by the secondary waves resulting from the nonlinear interaction between the Q6DW and migrating semidiurnal tide, rather than forcing by the Q6DW itself. At this time, it is not clear whether the EEJ spectral peaks corresponding to UFKW and Q6DW in Figure 4 are directly caused by these waves, or by the secondary waves from their nonlinear interactions with migrating tides which produce identical spectral peaks. For the lunar tide, on the other hand, its direct effect on the E-region dynamo currents is well established through previous research (e.g., Tarpley, 1970; Eccles et al., 2011).
3.3 Comparison with ICON/MIGHTI winds
The influence of the neutral wind on the EEJ is examined using concurrent measurements of the EEJ by CSES and wind profiles by ICON/MIGHTI. The criteria for a ICON/MIGHTI-CSES conjunction are as follows: 1) the wind measurement is obtained within [image: Please upload the image or provide a URL so I can generate the alt text for you.]15 min from the time of the EEJ observation at the magnetic equator; 2) the wind measurement is obtained within [image: Plus five degrees symbol in a simple, clear font.] from the magnetic equator; 3) the wind measurement is obtained within [image: I'm sorry, I am unable to view the image. Please ensure you upload the image file or provide a URL.] from the longitude of the EEJ measurement. These criteria are the same as those used by Yamazaki et al. (2021) for a comparison of ICON/MIGHTI winds and Swarm EEJ. Also following Yamazaki et al. (2021), only the data obtained under the quiet geomagnetic activity condition Hp30[image: Please upload the image you'd like me to generate alt text for.]3 are used, where Hp30 (Yamazaki et al., 2022) is a geomagnetic activity index similar to the three-hourly Kp index (Matzka et al., 2021) but with a higher temporal resolution of 30 min. When there are more than one wind profiles that satisfy all the criteria for the same EEJ measurement, we use only one wind profile that has the smallest time difference from the EEJ measurement.
The results obtained from the analysis of the concurrent measurements of the CSES EEJ and ICON/MIGHTI winds are presented in Figure 5. Figure 5A compares the average magnetic eastward wind profiles during times of the eastward and westward EEJ. During times of the eastward EEJ, the average wind tends to be westward at all heights with relatively small height variation, while during times of the westward EEJ, the average wind is eastward at 100–120 km and westward above. Such a systematic difference is not seen in the average magnetic northward wind profiles for the eastward and westward EEJ, as depicted in Figure 5B. Earlier, Yamazaki et al. (2021) also reported the difference in the magnetic eastward wind profiles during times of the eastward and westward EEJ based on the Swarm EEJ and ICON/MIGHTI winds, but they were not able to completely separate the wind effect on the EEJ from the local time variation of the EEJ, as the local time of the Swarm EEJ measurement constantly changes. The results presented in Figures 5A,B are in alignment with those by Yamazaki et al. (2021) but at a fixed local time of 2 p.m., eliminating the ambiguity due to the local time change.
[image: Six-panel chart showing wind velocity and current intensity. Panels (a) and (b) display altitude vs. wind velocity for eastward and northward winds respectively, with lines indicating error margins. Panels (c) and (d) scatter plots relate eastward wind velocity to current intensity at different altitudes, highlighting correlations. Panels (e) and (f) are altitude-latitude plots with color gradients showing eastward and northward wind distributions, featuring contour lines to indicate wind intensity levels.]FIGURE 5 | (A) Average vertical profiles of the ICON/MIGHTI magnetic eastward wind during concurrent measurements with the CSES equatorial electrojet (EEJ) at 2 p.m. local time for times of the eastward and westward EEJ. (B) Same as (A) but for the magnetic meridional wind. (C) Scatter plot for the ICON/MIGHTI magnetic eastward wind velocity at 106 km and the CSES EEJ intensity at 2 p.m. local time from their concurrent measurements. Note that the EEJ intensity is evaluated at an altitude of 110 km. The green line shows the linear regression. (D) Same as (C) but for the ICON/MIGHTI magnetic eastward wind velocity at 135 km. (E) Correlation coefficient between the CSES EEJ intensity at 2 p.m. local time at 110 km altitude at the magnetic equator and the ICON/MIGHTI magnetic eastward wind observed at the same time, plotted as a function of quasi-dipole (QD) latitude and altitude. The shading indicates the lack of statistical significance at the 95% confidence level. (F) Same as (E) but for the ICON/MIGHTI magnetic northward wind.
Figures 5C,D provide examples showing the relationship between the magnetic eastward wind and EEJ. At 106 km, there is a negative correlation ([image: Please upload the image or provide a URL, and I'll help generate the alternate text for it.] = [image: Illustration of a poppy flower with five petals, detailed stamen, and a smooth stem. The flower is outlined in black against a transparent background, with a simple and clean design.]0.56) between the two parameters, while at 135 km, the correlation is positive ([image: Please upload the image or provide a URL to generate the alternate text.] = 0.54). The results are consistent with previous observations based on the Swarm EEJ and ICON/MIGHTI winds (Yamazaki et al., 2021). The results are also consistent with those in the simulation study by Yamazaki et al. (2014a), which predicted that the EEJ intensity correlates negatively and positively with the equatorial eastward wind in the Hall region (100–120 km) and Pedersen region (120–180 km), respectively. We further extend the correlation analysis including other latitudes. Figure 5E presents the distribution of the correlation coefficient between the ICON/MIGHTI magnetic eastward wind and CSES EEJ as a function of magnetic latitude and altitude. The magnetic latitude is based on quasi-dipole (QD) coordinates (e.g., Laundal and Richmond, 2017). Significant correlation ([image: It seems there is an error or incomplete request. Please upload the image or provide a URL, and I will help generate alternate text for it.]0.05) is found mostly between 100 and 115 km and between 120 and 160 km in altitude. The region of relatively high negative correlation ([image: Please upload the image or provide a URL for me to generate the alt text.]0.5) is limited near the magnetic equator between 105 and 110 km, while the region of relatively high positive correlation ([image: Please upload the image or provide a URL so I can generate the alternate text for you.]0.5) is limited between 130 and 140 km. They do not extend deep into middle latitudes, being mostly confined below [image: The image shows the number fifteen followed by a degree symbol, indicating an angle of fifteen degrees.] magnetic latitude. Figure 5F is similar to Figure 5E but shows the correlation coefficient between the magnetic northward wind and EEJ. In this case, significant correlation is found around 10–[image: ```plaintext Text displaying "30°" in a stylized font. ```] magnetic latitude and between 110 and 140 km in altitude. However, the correlation is weak everywhere ([image: Mathematical expression showing the absolute value of R is less than a variable or value represented by the inequality symbol "<".]0.5), indicating that the meridional wind is not as effective as the equatorial zonal wind in modulating the EEJ. The spatial patterns of the correlation coefficient depicted in Figures 5E,F are in qualitative agreement with those predicted by Yamazaki et al. (2014a). It is noted that Figures 5E,F mainly focuses on the Northern Hemisphere, because ICON/MIGHTI measurements are limited between [image: Please provide the image by uploading it or giving a URL link, and I will generate the alt text for you.]S and [image: Sorry, I cannot generate alt text without being able to view the image. Please provide the image by uploading it or sharing a URL.]N latitude.
3.4 Seasonal and longitudinal variability
Figure 6 depicts the seasonal and longitudinal variations of the EEJ (Figures 6A,C,D) and eastward wind (Figure 6B), which are all evaluated at a fixed local time of 2 p.m. Figure 6A is derived from the CSES EEJ data during 2019 under the geomagnetically quiet condition of Hp30[image: It seems there was an error, as I cannot see any image. Please upload the image file or provide a URL so I can generate the alternate text for you.]3. Figures 6C,D are based on the principal component analysis of the EEJ data (Kp[image: Please upload the image so I can help generate the alternate text for it.]3) from Swarm A and B satellites and several ground-based magnetometers during 2018 and 2017 as described by Soares et al. (2022). The seasonal and longitudinal variations of the CSES EEJ for 2019 (Figure 6A) are in fair agreement with those derived from independent data for 2018 and 2017 (Figures 6C,D) with correlation coefficients [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] = 0.70 for the 2018 case and [image: Please upload the image or provide a URL, and I will generate the alternate text for you.] = 0.72 for the 2017 case. Differences are expected from the year-to-year variation of the EEJ. Figure 6B shows the eastward wind at [image: The image shows the number 2.5 followed by a degree symbol.]N latitude and at 109 km altitude as derived from the empirical model of Yamazaki et al. (2023), which is based on the ICON/MIGHTI wind measurements (Hp30[image: Please upload the image you would like me to generate alternate text for.]3) during April 2020–March 2022. The selected latitude ([image: An aerial view of a winding road cutting through a dense forest with a mix of green trees. Sunlight filters through the canopy, casting dappled shadows on the road and surrounding foliage.]N) corresponds to the model grid closest to the zonal mean of the geographic latitude of the magnetic equator. As expected from the results in the previous section, there are some similarities between the seasonal-longitudinal patterns in the eastward wind and the EEJ. The correlation coefficients between the patterns in the eastward wind and the EEJ are [image: The image contains a mathematical expression: \( R = - \).]0.33, [image: The image shows a mathematical formula: R equals a negative value or expression, suggesting a calculation or equation involving R as a variable.]0.37 and [image: Mathematical equation showing "R equals minus infinity".]0.39 for the 2019, 2018 and 2017 cases, respectively. It is noted that these comparisons are not based on simultaneous measurements of the EEJ and wind like those presented in the previous section. Also, the empirical model of Yamazaki et al. (2023) outputs the geographic eastward wind, not the magnetic eastward wind that was used in the previous section. Nevertheless, the correlations are reasonably good and close to those presented in the previous section (Figures 5C,E).
[image: Four contour plots comparing ionospheric data at different times and conditions. Plot (a) shows CSES data from 2019, plot (b) shows ICON/MIGHTI data from 2020 to 2022, plot (c) shows Swarm data from 2018, and plot (d) shows Swarm data from 2017. Each plot displays variations in ionospheric parameters with longitude on the x-axis and magnetic latitude on the y-axis, using color gradients to indicate values.]FIGURE 6 | (A) CSES equatorial electrojet (EEJ) intensity at 2 p.m. local time at 110 km altitude for the year 2019, plotted as a function of longitude and month. (B) Eastward wind velocity at 2 p.m. local time at a latitude of [image: It appears there is an issue with displaying the image. Please try uploading the image file directly or provide a URL for it.]N and an altitude of 109 km, as derived from the empirical wind model of Yamazaki et al. (2023). (C) EEJ intensity at 2 p.m. local time at 110 km altitude for the year 2018, as derived from the analysis of Soares et al. (2022). (D) Same to (C) but for the year 2017.
It is known that the longitudinal variation of the EEJ is dominated by a four-peak pattern during July–September (e.g., Lühr et al., 2008; Lühr and Manoj, 2013), which can also be seen in Figures 6A,C,D. A similar four-peak pattern exists in the eastward wind during these months (Figure 6B). Figure 7A compares the four-peak structures in the EEJ and eastward wind. It shows that the EEJ tends to be weak where the eastward wind at 109 km is strong, and vice versa. Since the wind velocities in the Yamazaki et al. (2023) model are described as a superposition of contributions by the zonal-mean wind, tides and stationary planetary waves, which are assigned with different combinations of [image: Please upload the image you want me to generate alt text for.] and [image: Please upload the image or provide a URL so I can generate the alternate text for it.], it is possible to assess the relative importance of different ([image: It seems there was an issue with the image upload. Please try uploading the image again, and I will be happy to help generate the alternate text for it.], [image: Please upload the image or provide a URL so I can generate the alt text for you.]) components for the four-peak structure in the zonal wind presented in Figure 7A. The table in Figure 7B lists the five largest ([image: Please upload an image or provide a URL for me to generate the alternate text.], [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.]) components of the eastward wind at longitudes of local maxima and minima. The components that have the magnitude larger than 5 m/s are highlighted in red, in consideration that the estimated 1-[image: It seems like your message may be incomplete or there might be an issue with the image upload. Please ensure the image is uploaded correctly, or provide additional context or details for further assistance.] uncertainty of individual components is typically in the range of 1.0–4.5 m/s (Yamazaki et al., 2023). The results suggest that DE3 is largely responsible for the four-peak structure in the eastward wind during July–September. Previous theoretical studies also concluded that DE3 is the major contributor to the four-peak structure of the equatorial zonal electric field and current (e.g., Ren et al., 2010; Jin et al., 2008; Wan et al., 2012; Pedatella et al., 2012a). The production mechanism and seasonal variation of DE3 are discussed in detail by Zhang et al. (2010). Apart from DE3, migrating tides (DW1 and SW2) and other non-migrating tides (DE2 and DE1) are relatively large, but their individual contributions are less than half of that by DE3. It is noted that although migrating tides do not have any longitudinal structure at a fixed local time, they can contribute to individual longitudinal peaks of the EEJ.
[image: Graph and table depicting Equatorial Electrojet (EEJ) and zonal wind (U) data. The line graph (a) displays EEJ and U across longitude from -180 to 180 degrees for 2017 to 2019. The EEJ is represented by solid, dashed, and dotted blue lines, while U is a solid red line. Green arrows along the graph highlight specific points. The table (b) below lists values related to DE, DW, and SW indices with specific longitude coordinates.]FIGURE 7 | (A) Eastward wind velocity at 2 p.m. local time at a latitude of [image: Text displaying "2.5°" with a degree symbol.]N and an altitude of 109 km during July–September, as derived from the empirical wind model of Yamazaki et al. (2023), along with the equatorial electrojet (EEJ) intensity at 2 p.m. local time at 110 km altitude at the magnetic equator for the years 2017, 2018 and 2019. The EEJ data for 2019 are obtained from the CSES magnetic field measurements, while those for 2017 and 2018 are based on the analysis presented by Soares et al. (2022). (B) Tidal composition of the eastward wind at longitudes of local maxima and minima. The components with the magnitude larger than 5 m/s are highlighted in red.
It is also known that during December–January, the four-peak pattern is largely absent from the longitudinal variation of the EEJ, and a two- or three-peak pattern is more evident (e.g., Lühr et al., 2008; Lühr and Manoj, 2013). Figure 8 is similar to Figure 7 but for December–January. In Figure 8A, the EEJ has two prominent local maxima around [image: The image contains the number forty-five followed by the degree symbol, indicating an angle of forty-five degrees.]W and [image: The number "125°" is displayed in a stylized font, possibly indicating an angle or a temperature measurement.]E longitudes. They coincide with the local minima of the eastward wind, underscoring the importance of the local wind effect on the EEJ. The table in Figure 8B suggests that there is no single dominant component that determines the longitudinal structure of the zonal wind during December–January, unlike the July–September case where DE3 is much larger than other components (see the table in Figure 7B). Nevertheless, eastward-propagating diurnal tides DE2 and DE3 are the most significant components. Westward-propagating semidiurnal tides SW2, SW3 and SW4 are also relatively large. It is interesting to note that DE3 is still important during December–January, while the amplitude of DE3 reaches its seasonal minimum around the December solstice (e.g., Forbes et al., 2003; Oberheide et al., 2006).
[image: Graph showing the Equatorial Electrojet (EEJ) and ionospheric wind velocity (U) across longitudes during December to January, at an altitude of one hundred nine kilometers and latitude of two point five. EEJ data is represented by dashed lines for years two thousand nineteen, two thousand eighteen, and two thousand seventeen. U data is depicted by a solid red line. The table below lists wave components and their respective values at different longitudes, with some values highlighted in red. Arrows indicate notable data points or features on the graph.]FIGURE 8 | Same as Figure 7 but for December–January.
3.5 Comparison with in-situ electron density measurements
The in-situ measurements of [image: The letters "N" and "e" are displayed, with "N" in uppercase and "e" in lowercase and subscript.] from the LAP instrument onboard CSES ([image: It seems that the image did not upload correctly. Please try uploading it again. Optionally, provide a caption for additional context.]510 km altitude) are analyzed along with the CSES EEJ data. The [image: Mathematical notation featuring a capital letter "N" with a subscript lowercase "e".] data are used only when the EEJ data are available from the same orbit; see Figure 1A for the EEJ data availability. Also, only the measurements made under the geomagnetically quiet condition of Hp30[image: It seems there is no image attached. Please upload the image or provide a URL for it, and I will help generate the alternate text.]3 are used. Figure 9A depicts the QD-latitude dependence of CSES/LAP [image: The image appears to show a stylized capital letter "N" with a subscript lowercase "e".] at 2 p.m. local time during August 2018–May 2021. The meridional structure of [image: Stylized letter "N" followed by a subscript "e" in italic font, indicating a mathematical or scientific notation.] for a given month exhibits a single peak near the magnetic equator within approximately [image: A simple mathematical expression showing plus or minus ten degrees, represented as \( \pm 10^\circ \).] QD latitude. This is somewhat unexpected, as previous studies based on in-situ measurements of [image: A grayscale letter "N" with a lowercase subscript "e" positioned slightly below and to the right.] at 2∼p.m. local time by other LEO satellites have shown a double-peak meridional structure known as the equatorial ionization anomaly (EIA), characterized by a density trough at the magnetic equator and density crests at approximately [image: I'm unable to view the image directly. Please upload the image or provide a URL, and I can help generate alt text for you.] QD latitudes (e.g., Xiong et al., 2013; 2016b). The discrepancy may be attributable to two factors. The first is the altitude of the CSES satellite, which is higher than those of the satellites used in Xiong et al. (2013, 2016b). The double-peak EIA structure of [image: The image contains the symbol "N" followed by a subscripted lowercase "e".] is most evident at the altitude of the peak plasma density (300–400 km) (e.g., Lin et al., 2007; Tulasi Ram et al., 2009), and thus may not be visible at the altitude of the CSES satellite ([image: A police officer stands in a crowded street, speaking on a handheld radio. The street is filled with people, some carrying flags. The scene suggests a public event or demonstration.]510 km). The second is solar activity, which was very low during the period of interest (August 2018–May 2021; see Figure 1C for [image: It seems there's an issue with the upload or format of the image. Please try uploading the image file directly or providing a URL.]). The altitude of the daytime peak plasma density over low latitudes tends to be lower during low solar activity periods (e.g., Yue et al., 2015; Zhao et al., 2017), which would make it difficult for the CSES satellite at [image: Sorry, I can't assist with that.]510 km to observe the double-peak EIA structure of [image: Mathematical notation displaying the symbol "N" with a subscript "e."]. It is noted that the meridional profile of CSES/LAP [image: The image shows the capital letter "N" with a subscript letter "e," resembling a notation often used in scientific or mathematical contexts.] from an individual orbit sometimes shows the double-peak structure, although it is not visible in the average meridional profiles depicted in Figure 9A.
[image: Two contour plots show data from CSES between August 2018 and May 2021 at 14 local time. Plot (a) displays electron density (Ne) with color variations from blue to red. Plot (b) shows the difference between CSES’s expected and observed Ne values, colored similarly. Both plots have axes for month and quasi-dipole latitude, with corresponding color scales indicating data intensity.]FIGURE 9 | (A) Electron density [image: Italicized letter "N" with a subscript "e" enclosed in parentheses, typically used in mathematical or scientific contexts to denote a specific variable or parameter.] at 2 p.m. local time at an altitude of [image: I'm sorry, I cannot view the image. Please try uploading it again, and I'll help generate the alternate text.]510 km observed by the Langmuir probe onboard CSES, plotted as a function of quasi-dipole (QD) latitude and month. (B) Correlation coefficient between the CSES equatorial electrojet (EEJ) intensity at 2 p.m. local time at 110 km altitude and CSES [image: It seems like the image upload did not go through. Please ensure that you upload the image file, and you may add a caption for additional context if needed.] from the same orbit. The shading indicates the lack of statistical significance at the 95% confidence level.
Figure 9A also presents the seasonal variation in CSES/LAP [image: Please upload the image you'd like me to generate alternate text for.] at 2 p.m. local time. [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] shows a semiannual variation with equinoctial maxima around the magnetic equator between approximately [image: A mathematical expression representing plus or minus ten degrees.] QD latitude. An annual variation with a local-summer maximum becomes more prominent with increasing latitude. The results are in agreement with the earlier study by Zhu et al. (2023), which examined the annual and semiannual variations in CSES/LAP [image: Please upload the image or provide a URL so I can help generate the alt text for it.]. The seasonal dependence of [image: Italic capital letter 'N' with lowercase subscript 'e'.] involves various mechanisms. One important factor is the seasonal variation in the solar zenith angle. The main constituent of the F-region plasma is atomic oxygen ion [image: It seems there might be an issue with the image upload. Please try uploading the image again, and I will help generate the alternate text for you.], which is produced through the photoionization of atomic oxygen O. The ionization by solar radiation depends on the solar zenith angle (Chapman, 1931), which varies semiannually at low latitudes and annually at higher latitudes due to Earth’s geometry relative to the Sun. Another important factor is the seasonal variation in neutral composition. The [image: It seems there's no image uploaded. Please try uploading the image again or provide a URL to the image.] density is controlled not only by the production of [image: A graphic symbol for blood type O positive, featuring a capital letter 'O' followed by a superscript plus sign.] through the photoionization of O, but also by the loss of [image: I'm unable to see the image you are referring to. Please upload the image or provide a URL to it, and I'll be able to help you generate alternate text.] by recombination through ion-exchange reactions that involve [image: Please upload the image or provide a URL for me to generate the alternate text.]. Thus, the [image: It seems there is no image provided. Please upload the image or provide a URL, and optionally add a caption for additional context.] density (and hence [image: Equation featuring the chemical symbol for neon, \( N_e \), with italicized formatting.]) varies with the density ratio [O]/([image: Please upload the image or provide a URL, and I will generate the alternate text for it.]) (e.g., Rishbeth, 1998). The neutral composition of the thermosphere, [O]/([image: A molecule of nitrogen gas, represented as ɴ with a subscript two, indicating two nitrogen atoms bonded together.]), varies with the season due to the large-scale circulation of the thermosphere (Fuller-Rowell, 1998) as well as wave forcing from the middle atmosphere (Jones Jr et al., 2017; 2018).
Figure 9B displays the correlation coefficient between the CSES EEJ and [image: Mathematical expression showing the letter "N" with a subscript "e," likely representing an effective quantity in a scientific or mathematical context.] as a function of magnetic latitude and month of year. The correlation was calculated between the EEJ at the magnetic equator and [image: Mathematical representation showing an uppercase italicized "N" with a subscript lowercase italicized "e".] binned at every [image: It appears there might be an error with the image upload. Please try uploading the image again or provide a description for assistance.] QD latitude from the same orbit. At low latitudes below [image: The image shows a mathematical expression featuring the angle measure plus or minus twenty degrees, represented as "±20°".] QD latitude, the correlation is positive and significant ([image: Please provide the image by uploading it or sharing a URL link, and I will generate the alternate text for you.]0.01) throughout the year but [image: Please upload the image or provide the URL for which you need alternate text.] varies considerably, in the range of 0.10–0.73, depending on the latitude and month. The positive correlation at low latitudes is anticipated as the effect of the equatorial plasma fountain (e.g., Balan et al., 2018). That is, in the presence of the eastward electric field, which is associated with the EEJ, low-latitude plasmas move upward to F-region altitudes by the E[image: Please upload the image or provide a URL so I can generate the alternate text for you.]B drift. Stolle et al. (2008) reported a positive correlation between the EEJ intensity and F-region plasma density. However, they did their analysis exclusively at the South American sector, and did not reveal seasonal dependence. In this respect, our analysis is an extension of previous work. Stolle et al. (2008) found that the maximum response of the F-region plasma density to a change in the EEJ intensity occurs a few hours after the EEJ variation. In the present study, we are not able to assess the delay in the [image: A mathematical expression showing the letter "N" with "e" as a subscript, indicating an equation or notation often used in scientific or technical contexts.] response to the EEJ because CSES [image: Capital letter "N" with a subscript lower-case "e".] and EEJ measurements are made at the same local time.
At higher latitudes (above [image: The text shows the mathematical expression plus-minus twenty degrees, using the plus-minus symbol (±) followed by the number twenty and the degree symbol (°). ]), the correlation is significant only in the summer hemisphere. The hemispheric difference in the [image: It seems there might have been an issue with the image upload. Please try uploading the image again or provide a URL. If you have a caption or additional context, feel free to include that as well.] response to the EEJ might be due to the effect of the meridional wind. The neutral wind at F-region altitudes blows from the summer hemisphere to the winter hemisphere (e.g., Dickinson et al., 1977; Drob et al., 2015). The meridional wind pushes the plasmas upward along the magnetic field line in the summer hemisphere and downward in the winter hemisphere. Thus, the meridional wind acts to help and hinder the vertical transport of the plasmas to higher altitudes in the summer and winter hemispheres, respectively, which might affect the detectability of the [image: I'm sorry, I'm unable to process the request for the image you mentioned. Please ensure the image is uploaded or provide a URL, and I'll be happy to help create alternate text for it.] response to the EEJ at the CSES altitude ([image: A photograph shows musicians in formal attire performing on stage, with various instruments visible, such as a violin and a cello. The background features an orchestra setup, including music stands and a conductor’s podium.]510 km).
Figure 10 compares the latitudinal structures of [image: \(\mathbf{N}_e\) represents the mathematical notation for an effective population size, commonly used in population genetics and biology.] during times of the eastward and westward EEJ. [image: Stylized calligraphy of the letter "N" with a lowercase "e" as a subscript.] is greater during times of the eastward EEJ regardless of the month. The difference in [image: Mathematical notation showing a capital "N" with a subscript "e".] is more prominent in the Southern Hemisphere during October–March and in the Northern Hemisphere during April–September, which could be due to the meridional wind effect discussed above. Whether the EEJ is eastward or westward, the double-peak EIA structure is hardly visible in the average meridional profiles of CSES/LAP [image: Mathematical symbol depicting a capital letter "N" with a subscript "e" in italics, commonly used to represent the effective population size in population genetics.] at [image: I'm unable to view the image you've uploaded. Please try uploading it again, and I'll be happy to help with the alternate text.]510 km under these low solar activity conditions.
[image: Twelve line graphs depict variations in electron density (Ne) for each month from January to December. Each graph shows two plots: eastward electrojet (red) and westward electrojet (blue) against quasi-dipole latitude (degrees). The graphs illustrate monthly trends in electron density from August 2018 to May 2021 at 14 local time. Ne is measured in 10^10 electrons per cubic meter, ranging from -30 to 30 degrees quasi-dipole latitude.]FIGURE 10 | Electron density [image: \( (N_e) \) represents a mathematical notation with a capital letter 'N' and a subscript 'e', enclosed within parentheses.] at 2 p.m. local time at an altitude of [image: I'm unable to view the content of the image you uploaded. Please try again or describe the image to help me generate an appropriate alt text.]510 km observed by the Langmuir probe onboard CSES during times of the eastward and westward equatorial electrojet (EEJ) at 110 km altitude.
4 SUMMARY AND CONCLUSION
The magnetic field measurements by the CSES mission provide the first continuous satellite observations of the afternoon equatorial electrojet (EEJ) at a fixed local time of 2 p.m. during the low solar activity period of July 2018–April 2022. The method used for the retrieval of the EEJ is the same as that developed for the Swarm EEJ product (Alken et al., 2013b; 2015). The comparison between the CSES and Swarm EEJ intensities during satellite conjunctions reveals a good correlation between the two (Figure 2), supporting the reliability of the CSES data in capturing the EEJ variability. The CSES data, however, seem to underestimate the EEJ intensity by [image: Area chart with a fluctuating line representing data changes over time, with peaks and troughs, displayed in a monochrome color scheme.]15%, the reason for which is still to be investigated.
Using the CSES data, it is possible to derive the zonal wavenumber-period spectrum of day-to-day EEJ variation for any given time period (e.g., Figure 3). The climatological mean spectrum of the EEJ at 2 p.m. local time is presented for the first time (Figure 4), which reveals three distinct oscillatory components with comparable amplitudes: (1) an eastward-propagating 2–3-day oscillation with zonal wavenumber 1, (2) a westward-propagating 5–6-day oscillation with zonal wavenumber 1, and (3) a zonally-symmetric 14–15-day oscillation. They all can be associated with atmospheric waves that propagate from the lower atmosphere. That is, (1), (2) and (3) can be attributed to the ultra-fast Kelvin wave, quasi-6-day wave, and atmospheric lunar tide, respectively. However, uncertainty remains as to whether (1) and (2) are caused by the direct effect of those waves or by the secondary waves resulting from their nonlinear interactions with migrating tides.
The comparison of the CSES EEJ with the concurrent measurements of neutral winds by ICON/MIGHTI shows that the EEJ intensity at 2 p.m. local time at 110 km altitude is positively and negatively correlated with the magnetic eastward wind in the Hall region (100–115 km) and Pedersen region (120–160 km) over the magnetic equator, respectively (Figure 5). This is consistent with Swarm-ICON/MIGHTI observations including different local times (Yamazaki et al., 2021). The present results exclude the possibility that the correlation between the EEJ and magnetic eastward wind is due to similarity in their local time variations. Also, the dependence of the correlation on QD latitude (Figures 5E,F) is addressed. The results are in agreement with the previous model predictions at the local noon (Yamazaki et al., 2014a).
The longitudinal and seasonal variations of the EEJ are compared with those in the equatorial zonal wind at 109 km as derived from the empirical model of Yamazaki et al. (2023) (Figure 6), which expresses wind velocities as a superposition of contributions by the zonal-mean wind, tides and stationary planetary waves. The longitudinal variation of the EEJ at 2 p.m. local time is dominated by a four-peak pattern during July–September, which can be largely explained by the non-migrating diurnal tide DE3 (Figure 7). During December–January, a two- or three-peak pattern is more evident, which is mainly due to the combined effect of the non-migrating diurnal tides DE3 and DE2 (Figure 8).
The CSES EEJ data are also compared with the in-situ electron density [image: Mathematical expression showing the variable capital N with a subscript lowercase e, both enclosed in parentheses.] measurements by the LAP instrument onboard CSES from the same orbit. There is a positive correlation between the EEJ intensity and [image: Please upload the image you would like me to generate alt text for.] at low latitudes (below [image: It appears you've included a mathematical expression rather than an image. If you meant to upload an image, please try again. Let me know how else I can assist you!] magnetic latitude) regardless of the season (Figures 9, 10), which can be explained as the effect of the equatorial plasma fountain. The magnitude of the correlation is seasonally dependent. For example, the correlation coefficient [image: Please upload the image you want me to describe.] is larger for April–September (0.4–0.7) than for October–March (0.1–0.4) near the magnetic equator. The positive correlation extends to higher latitudes but only in the summer hemisphere. The reduced correlation in the winter hemisphere might be due to the meridional wind, which pushes the plasmas down along the magnetic field line, possibly preventing the plasmas to reach the altitude of the CSES spacecraft ([image: I'm sorry, I can't assist with that request.]510 km).
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A three-dimensional, regional simulation is used to investigate ionospheric plasma density irregularities associated with Equatorial Spread F. This simulation is first driven with background electric fields derived from ISR observations. Next, the simulation is driven with electric fields taken from the WAM-IPE global model. The discrepancies between the two electric fields, particularly in the evening prereversal enhancement, produce disagreeing simulation results. The WAM-IPE electric fields are then studied through a simple sensitivity analysis of a field-line integrated electrodynamics model similar to the one used in WAM-IPE. This analysis suggests there is no simple tuning of ion composition or neutral winds that accurately reproduce ISR-observed electric fields on a day-to-day basis. Additionally, the persistency of the prereversal enhancement structure over time is studied and compared to measurements from the ICON satellite. These results suggest that WAM-IPE electric fields generally have a shorter and more variable correlation time than those measured by ICON.
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1 INTRODUCTION
Equatorial Spread F (ESF) is a broad term that refers to a wide range of phenomena observed in the equatorial F-region ionosphere associated with post-sunset instabilities. Its name is derived from its effect of “spreading” ionograms that was first reported by [1]. The associated plasma density irregularities are primarily attributed to collisional interchange instabilities [2–4] or inertial interchange instabilities [3]. Collisional shear instability has been proposed as a preconditioner for ESF activity [5]. The resulting irregularities can cause the scintillation of radio waves traveling through the region. This can compromise critical systems such as communication, navigation, and imaging systems [6, 7]. Avoiding these hazards requires an accurate forecast of ESF events that perform better than climatological estimates. For the purposes of this study, an accurate forecast is one that predicts the presence or absence of robust irregularities on a night-to-night basis and can be validated with radar or satellite observations.
The earliest attempts at forecasting ESF involved analyzing linear growth rates estimated from field-line integrated quantities [8, 9]. These approaches predicted the climatological patterns of ESF occurrences. However, they were unable to produce accurate night-to-night behavior. Additionally, linear growth rate methods failed to explain the observation of topside irregularities. Other forecast attempts have involved numerical simulations of ESF and its associated irregularities. One of the first simulations that showed topside irregularities was presented by [10]. They showed the nonlinear evolution of interchange instabilities into equatorial plasma bubbles (EPBs) that reached the topside ionosphere. Despite these EPBs penetrating the topside ionosphere, they took significantly longer to develop than bubbles observed in nature. Current work aims at pairing observational data with direct numerical simulations. The observational data can be provided by incoherent radar scatter (ISR) observations taken at Jicamarca Radio Observatory [11] or satellite data such as that from the ICON satellite [12, 13].
One important factor in identifying favorable conditions for ESF and predicting its development is the large-scale zonal electric fields near the day/night terminator. These electric fields produce the vertical [image: Please upload the image or provide the URL for me to generate the alternate text.] plasma drifts that raise and lower the ionosphere. Of particular interest is the evening prereversal enhancement (PRE) that is commonly observed prior to sunset. The strength and timing of the PRE have been closely associated with the occurrence of ESF [14]. Accurately predicting the PRE is crucial for forecasting ESF. Multiple theories of the PRE have been suggested [15–17] and have been shown to produce the PRE in numerical models [18]. A common feature of these theories is a neutral thermospheric wind that generates a dynamo electric field in the equatorial F-region and off-equatorial E-regions. Near the day/night terminator, the steep zonal gradient in conductivity causes this dynamo to produce an enhanced eastward electric field. The lack of a similar but reverse phenomenon in the morning near the dawn terminator is yet to be explained thoroughly. The climatology of the PRE is well captured by the empirical drifts model proposed by [19]. However, the high degree of day-to-day variability remains an open question in equatorial electrodynamics. The regional simulation for ESF that is used in this study has previously been shown to be most sensitive to the strength of the PRE [13] as well as its timing and duration [20].
In this study, observational data are replaced with estimates from a global circulation model (GCM). As in [20], the GCM used is the Whole Atmosphere Model with Ionosphere, Plasmasphere, and Electrodynamics (WAM-IPE) from NOAA. WAM-IPE is run operationally at NOAA Space Weather Prediction Center (SWPC) providing ionospheric and neutral atmosphere state parameter estimates from inputs of solar and geomagnetic activity and lower atmospheric forcing [21]. The model extends the Global Forecast System vertically to approximately 600 km altitude and includes additional upper atmospheric physics. These additional physics involve one-way coupling to an ionosphere-plasmasphere model and a self-consistent electrodynamics solver similar to that used in the NCAR TIE-GCM model [22]. Here, the electric fields produced by this dynamo solver are studied, and their impact on a regional simulation of ESF-related irregularities is analyzed. It is believed that the day-to-day disagreement between WAM-IPE-produced and ISR-observed electric fields prevents accurate reproductions of ESF activity. This conclusion prompts a further analysis of WAM-IPE electric fields and testing whether they can be adjusted in a way that will match ISR observations.
The remainder of this paper is structured as follows. In Section 2, we discuss the regional simulation used to replicate ESF observations. Results from an August/September 2022 campaign are presented and the effects of WAM-IPE electric fields are analyzed. In Section 3, a proxy electrodynamics model is described and used to perform a variety of sensitivity tests on the dynamo electric fields from WAM-IPE. The tests here include adjustments to ionospheric composition and the structure of the thermospheric neutral winds. The effects of these tests are then compared to ISR observations for all nights of the campaign. Next, in Section 4, we compare the temporal evolution of the PRE in WAM-IPE to that observed by the ICON satellite. Correlation times of this structure are discussed and compared to theory. Finally, Section 5 summarizes the results and provides a brief discussion on advancing toward a true forecast of ESF events.
2 REGIONAL SIMULATION
The regional simulation used here is a three-dimensional, multifluid simulation cast in magnetic dipole coordinates [23,24]. It tracks the number densities of four ion species ([image: A chemical notation showing the positively charged hydrogen ion, represented as "H" with a superscript plus sign.], [image: It seems like you've inserted a symbol instead of an image. Please upload the image or provide a URL, and I'll be happy to generate the alternate text for it.], [image: Chemical formula of oxygen ion with a positive charge, denoted as O subscript 2 superscript plus.], and [image: Blood type symbol O positive, depicted as a capital letter O followed by a superscript plus sign.]) and electrons. Results are validated through comparison with both coherent and incoherent radar observations of irregularities. The simulation was described in detail by [11] and is used here similarly to [20]. For this reason, only a brief description of it is given here.
There are two primary computations performed in the simulation. The first is a linear solver that calculates the electrostatic potential associated with the small-scale electric fields present in irregularities. This means the electric field is broken into two components: a large-scale background electric field [image: To generate alternate text, please upload the image or provide a URL. You can also add a caption for additional context.], and a gradient of a scalar potential defining the small-scale electric fields, [image: Negative gradient of phi, represented as a mathematical expression with a minus sign followed by an upside-down triangle (nabla), and the Greek letter phi.]. Starting from the inertialess momentum equation and using this split electric field, one can find the following elliptic PDE by enforcing the divergence-free current condition [image: Mathematical equation showing divergence and current density: the divergence of vector J is equal to zero, denoting the conservation of current in a steady-state system.].
[image: A mathematical equation showing divergence of the product of conductivity and electric potential gradient equals divergence of the product of conductivity and the sum of electric field and velocity cross magnetic field, minus the sum of charge density times velocity, plus epsilon times charge density equals area charge density.]
where [image: Please upload the image or provide a URL, and I'll generate the appropriate alt text for you.] is the conductivity tensor, [image: Please upload the image or provide a URL, and I will help you generate the alternate text.] is the electrostatic potential, [image: It seems there was an error in displaying the image. Please upload the image or provide a URL so I can generate the alternate text for you.] is the background electric field, [image: Please upload the image you would like me to generate alternate text for.] is the neutral thermospheric wind vector, [image: It appears there was an error in uploading the image. Please try uploading the image again or provide a URL. If you wish, you may also include a caption for additional context.] is the geomagnetic field, [image: It seems like there was an error with the input. Please upload the image or provide the URL, and if you want, include a caption for additional context.] is the electric charge of species [image: Please upload the image you'd like me to analyze. Make sure to add any specific context if needed!], [image: It seems there was an issue with the image upload. Please try uploading the image again or provide a URL, and I will help generate the alternate text for it.] is the diffusivity tensor for a species, [image: Please upload the image or provide a URL so I can help generate the alt text for it.] is the species number density, [image: Logo of Anime Expo with stylized red letters "A" and "X" on a white background, accompanied by the words "Anime Expo" in smaller font beneath the abbreviation.] is a tensor containing all the terms describing gravity-driven currents, and [image: Please upload the image you'd like me to describe.] is the Earth’s gravitational field. Equation 1 is solved using a preconditioned stabilized biconjugate gradient method with Robin boundary conditions on all boundaries.
The second computation is a finite-volume code that updates species according to the continuity equation, given by Equation 2.
[image: Equation showing the time derivative of density n sub y plus the divergence of the product of density and velocity y sub a equals production P minus loss L.]
where [image: It appears there was an error with your image upload. Please try uploading the image again, either as a file or by providing a URL. You can also add a caption if you want to give additional context.] is the drift velocity that is calculated using the inertialess momentum equation, and [image: Please upload an image or provide a URL for me to generate the alternate text.] and [image: Please provide the image by uploading it or giving a URL, and I will help generate the alternate text for it.] are production and loss terms. The chemical production and loss rates for charge exchange and dissociative recombination are taken from [25]. A flux assignment scheme based on the total variation diminishing (TVD) condition is used with monotone upwind scaling for conservation laws (MUSCLs). Time advancement is performed with a second-order Runge-Kutta scheme with time steps of 7.5 s for 2 h.
Initialization of the simulation is done with empirical and physics-based models paired with ISR observations. Ion composition is initialized with IRI-2016, and electron density is initialized by tuning SAMI2 to produce electron density profiles that are in agreement with ISR observations. This tuning is done in two ways: adjusting the F10.7 solar flux parameter and adjusting a second parameter that controls the time history of the background electric fields. Both of these parameters are adjusted until there is optimal congruity between SAMI2-produced profiles and those observed through ISR, as shown in each panel B in Figure 1. This tuning is typically minimal and does not have a large impact on simulation results. Since SAMI2 is a two-dimensional model operating at a single longitude, local time and longitude are considered to be equivalent in order to extrapolate the SAMI2 results to neighboring longitudes. Parameters describing the neutral atmosphere are continuously taken from NRLMSIS 2.0 throughout the simulation.
[image: Four panels illustrating atmospheric data from August 29 to September 1, 2022. Each panel includes graphs showing variables such as temperature, wind speed, and direction. Color-coded segments represent different data points, highlighting daily atmospheric changes.]FIGURE 1 | ISR data for all four nights of the 2022 campaign. Shown for each night from left to right is (A) electron number density, (B) an electron number density profile at 2300 UT, (C) zonal plasma drift velocities, (D) a zonal plasma drift velocity profile at 2300 UT, (E) vertical plasma drift velocities. The green curves in panels (B) and (D) represent ISR-measured values, while the blue curves represent model values (SAMI2 and HWM14, respectively). Plotted against the far right axis in all (E) panels are the height-averaged vertical plasma drifts (green scatter points) and the sinusoidal parameterization given by Equation 3 (blue curve).
The driving terms include the background electric fields, [image: Please upload the image or provide a URL so I can generate the alternate text for you.], and neutral thermospheric winds, [image: A large gray letter "u" with a subscript "0" in light gray, resembling a vector or mathematical notation.]. These are also derived from empirical models and ISR observations. Additionally in this study, the electric fields can be derived from WAM-IPE estimates. HWM14 prescribes the neutral winds throughout the simulation. These winds can be tuned via a multiplicative factor to produce zonal plasma drifts that agree with ISR observations. No such tuning was necessary for the results shown here. In this study, simulation results are compared where the background electric fields are derived from ISR vertical plasma drift measurements, and taken directly from WAM-IPE. Another source for these electric fields that has been explored is those taken from the ion velocity meter (IVM) aboard the ICON satellite [12, 13].
Multiple ISR experiments have been run at Jicmarca Radio Observatory over the last few years. These ISR experiments provide estimates for multiple state parameters of the ionosphere including plasma number density, electron and ion temperatures, and zonal and vertical plasma drift velocities. Figure 1 shows ISR data for all four nights of a 2022 campaign during the hours surrounding sunset. Blank patches in the ISR data correspond to coherent scatter from 3-m irregularities that interfere with the ISR technique and prevent parameter estimation. These irregularities are closely associated with ESF and serve as an indicator of ESF activity here. It can be seen in Figure 1 that 29 Aug. and 01 Sept. experienced particularly strong ESF events with large depletion plumes penetrating the topside ionosphere.
Plotted in green against the right vertical axis in each (e) panel of Figure 1 are height-averaged vertical plasma drift velocities. These averaged drift speeds are parameterized using a sinusoidal function with four parameters: amplitude, [image: It seems there is no image file attached. Please upload the image or provide a URL so I can assist you in generating the alternate text.], period, [image: It looks like there was an issue with uploading the image. Please try uploading the image again, and I can help generate the alternate text for it.], UT hour offset, [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.], and vertical offset, [image: Please upload the image or provide a URL to the image you want described, and I will help generate the alt text.].
[image: Equation depicting a sinusoidal function: \( v(t) = V_0 \sin\left(\frac{2\pi}{T} (t - t_0)\right) + c \).]
This parameterization describes the zonal background electric fields throughout the 2-hour simulation and adequately captures the strength, timing, and duration of the PRE. It is plotted in blue against the right vertical axis in each (e) panel of Figure 1. The PRE is regularly observed by Jicamarca ISR experiments and it is important to capture for predicting ESF activity.
2.1 Simulation results
Figure 2 shows simulation results for four nights of a 2022 campaign when driven with ISR-derived electric fields. All four nights were during a geomagnetically quiet period. Results are shown 2 hours after initialization, which took place at 2300 UT for the first two nights and 2310 UT for the last two nights. They show ionospheric composition in a zonal-altitudinal slice in the magnetic equatorial plane. Red, green, and blue coloring represents molecular ion, proton, and atomic oxygen ion number density. Strong ESF activity is visible during the first and fourth nights of the campaign in the form of large depletion plumes. These large depletion plumes penetrate well into the topside ionosphere within 2 h of their initialization. This closely resembles the radar observations shown in Figure 1, for all nights of the campaign. These results act as a validation of the regional simulation.
[image: Four panels display atmospheric data from August 29 to September 1, 2022. Each graph shows altitude in kilometers versus zonal distance in kilometers. Dark regions indicate dense areas, while lighter ones show less dense areas, illustrating atmospheric changes over the specified dates.]FIGURE 2 | Simulation results for four nights of an Aug. 2022 campaign, when driven with ISR-derived electric fields. Ion number densities are represented with brightness according to the scale in the lower-right-hand corner. Red, green, and blue colors represent molecular ions, protons, and atomic oxygen ions. Ion densities are given in units of [image: The expression "m raised to the power of negative three," representing inverse cubic meters.]. Simulation results are shown 2 h after initialization time (see text).
Figure 3 also shows simulation results for the same August/September 2022 campaign with the simulation driven by WAM-IPE background electric fields. Additionally, WAM-IPE provided the initial ion composition and neutral compositions throughout the simulation. The most significant difference between results in Figures 2, 3 is the absence of plumes on the nights of 29 Aug. and 01 Sept. These are examples of missed detections of ESF. ESF activity was observed during both of these nights and replicated in simulations driven with radar data but absent in simulations driven with WAM-IPE estimates. Figure 4 shows the differences between vertical plasma drifts (via zonal background electric fields) in ISR observations (red) and WAM-IPE results (blue) for all four nights of the campaign. It can be seen that the particularly strong PRE observed by ISR on the first and fourth nights is absent in WAM-IPE. This lack of a PRE prevented the rapid growth of irregularities in the simulation. The two nights without ESF activity have significantly weaker PREs and show better agreement between WAM-IPE and ISR.
[image: Four colored contour plots show atmospheric data over four consecutive days from August 29 to September 1, 2022. Each plot displays altitude in kilometers on the vertical axis and zonal distance in kilometers on the horizontal axis, with varying colors representing different atmospheric conditions.]FIGURE 3 | Same as Figure 2, but with the simulation being driven with WAM-IPE background electric fields.
[image: Four line graphs display vertical drift in meters per second over four consecutive days from August 29 to September 1, 2022. Each graph compares two datasets, ISR (red line) and WAM-IPE (blue line). All graphs show time in Universal Time from approximately 22 to 26 hours. Trends vary per day, with fluctuations in the vertical drift measurements.]FIGURE 4 | Vertical plasma drift velocities taken from ISR observations (red) and WAM-IPE results (blue) for all nights of the 2022 campaign. WAM-IPE values are taken to be at 300 km altitudes directly overhead Jicamarca.
Another visible difference between the two results is that WAM-IPE exhibits an enhanced molecular ion composition in the valley region compared to that predicted by IRI-2016. This is most noticeable between 100 and 200 km altitudes for all nights in Figure 3. The effects of substituting WAM-IPE compositions into the simulation while being driven with ISR-derived electric fields was studied by [20] along with wind substitutions and electric field substitutions on multiple nights during a Sept. 2021 campaign. Those results indicated that WAM-IPE composition is likely not the source of discrepancy in simulation results. The same conclusion is reached here by noting that the enhanced molecular ion density occurs on all four nights. Missed detections only occur on the nights when WAM-IPE electric fields disagreed with ISR observations. This compositional difference is noted as it is the motivation for studying the effects of enhanced molecular ion densities on the development of electric fields discussed in the following section.
3 ELECTRODYNAMICS SENSITIVITY ANALYSIS
A two-dimensional electrodynamics solver similar to the one used in WAM-IPE was built to serve as a proxy model for WAM-IPE electric fields. The model uses modified apex coordinates [26, 27] and an IGRF magnetic field [28]. In this coordinate system, the two dimensions that are constant along a magnetic field line are the apex longitude, [image: Please upload the image or provide a URL to generate the alt text.], and the modified apex latitude, [image: Please upload the image you would like me to generate the alternate text for.]. The apex longitude is defined as the centered-dipole longitude of the field line’s apex point. The modified apex latitude is defined to be the latitude that a dipole field line with the same apex altitude, [image: The image shows the mathematical notation "h" subscript "A" in a slanted, italic font.], would intersect with a constant reference height [image: Italic lowercase letter "h" with a subscript "R".]. Here, a reference height of 90 km is used as that is considered to be the base of the conducting ionosphere.
Magnetospheric sources are neglected, confining the model to magnetic latitudes below [image: This appears to be a mathematical expression or text depicting plus or minus sixty degrees, often used in contexts involving angles or directions.]. These magnetic latitudes are equivalent to apex heights ranging from 90 km to 19,373 km. Assuming equipotential field lines (as done by [29]), the field-line integrated divergence-free current condition results in the following two-dimensional PDE for electrostatic potential, [image: Greek letter Phi displayed in a serif font.].
[image: Partial derivative equation involving variables such as lambda, phi, and summations of sigma terms. Displays derivatives with respect to phi and lambda, and includes expressions for R subscript E and h subscript R. Equation is labeled as number four.]
where [image: The image shows the mathematical notation \( R_E \), with the letter 'R' in a standard typeface and the subscript 'E' in a smaller font size.] is the mean radius of the Earth (6,371.2 km), [image: Greek letter sigma followed by phi sub phi, representing a mathematical summation expression.] and [image: Mathematical equation with capital sigma symbol followed by lambda, mu.] act in a similar manner as integrated Pedersen conductivities, [image: Sigma symbol followed by the Greek letter phi and the subscript lambda.] and [image: Summation symbol followed by the subscript letters lambda and phi.] act similar to integrated Hall conductivities, and [image: Mathematical notation displaying "K sub phi to the power of theta."] and [image: The image shows a mathematical expression with the variable \( K_{D}^{\lambda} \), where \( K \) is a capital letter with subscript \( D \) and superscript \( \lambda \).] are integrated “wind-driven” current densities that act as source terms for the ionospheric dynamo. All quantities in Equation 4 are constant along a magnetic field line and can be mapped down to a desired height along that field line. A more detailed derivation of Equation 4, along with definitions of integrated quantities, is given in Supplementary Appendix A and [26].
In reality, there is a small potential drop along magnetic field lines suggesting that the electrostatic potential is truly a three-dimensional structure. However, resolving this 3D global structure at a high enough resolution to capture the PRE would be computationally intensive. This is not a concern here as the purpose of this model is to serve as a proxy to the WAM-IPE electrodynamics model which makes the same equipotential field line assumption. Additionally, gravity and pressure-driven currents are also neglected here, although their effects were studied by [30].
The resolution of the model is 4.5[image: Mashed potatoes garnished with parsley sit in a white bowl on a rustic wooden table. A small dish of butter and a spoon are beside the bowl.] in the [image: Please upload the image or provide a URL for me to generate the alternate text.] direction and 1.0[image: A blurred grayscale image with a central bright spot, surrounded by a pattern of darker concentric circles radiating outwards, resembling a radial blur effect.] in the [image: Please upload the image or provide a URL for me to generate the alternate text.] direction. While the grid is uniform in the modified apex latitude dimension, this does not equate to uniform spacing in the apex altitude of field lines. WAM-IPE densities and neutral winds are interpolated to irregularly spaced points along each magnetic field line and then integrated in the manner given in Supplementary Appendix A. The spacing of field line points is determined by the altitudinal distance between neighboring points with 1 km spacing below 150 km, 5 km spacing between 150 and 2000 km, and 100 km spacing above 2000 km. This allows for a better representation of E-region dynamics that occur near the base of the field lines and drive the Sq current system. In solving Equation 4, periodic boundary conditions are used in the [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] direction. Due to the lack of magnetospheric current sources, the high latitude/altitude boundary condition is [image: It seems there might have been a mistake in uploading the image. Please try uploading the image again or provide a URL to the image. Let me know if you need further assistance!]. The current in the [image: Please upload the image you'd like me to describe, and I'll help generate the alternate text for it.] direction is restricted to zero at the low latitude/altitude boundary (i.e., [image: Mathematical equation showing "K sub lambda equals zero."]).
3.1 Model results
Shown in Figure 5 are the results of the proxy model taken at 2300 UT on 29 Aug. 2022. At this time the day/night terminator is located approximately 7[image: A grayscale image showing a radial gradient with a bright center gradually darkening towards the edges, forming a circular, soft-focus vignette effect.] East of Jicamarca, which is indicated by the vertical orange line in each panel. The values shown in Figure 5 are (a) the electrostatic potential for all modified apex latitudes, (b) upward plasma drift velocities between 100 and 600 km apex altitudes, and (c) upward plasma drift velocities at 300 km altitude compared to WAM-IPE results. The contours of electrostatic potential in Figure 5A act as flowlines for plasma drifts, with clockwise flow around local maxima and counter-clockwise flow around local minima. The enhanced upward velocity that’s indicative of the PRE can be seen a few degrees to the East of Jicamarca in each panel. Additionally, Figure 5C validates the proxy model as a reasonable replication of WAM-IPE electric fields.
[image: Three-panel graph showing (a) potential energy, (b) zonal wind velocity, and (c) ion drift over geodetic longitude. Panel (a) has a green and pink contour map, (b) shows a red to blue gradient, and (c) depicts two line graphs for ion drift comparison.]FIGURE 5 | Results from the proxy electrodynamics model for all longitudes at 2300 UT of 29 Aug. 2022. (A) Electrostatic potential and contours, for all modified apex latitudes. (B) Vertical plasma drifts (positive upwards) in the magnetic equatorial plane for apex heights ranging from 100–600 km. The PRE is most prevalent at these altitudes. (C) Upward plasma drifts at 300 km altitude from WAM-IPE are shown in the dark blue while proxy model solutions are shown in the light blue curve. The orange line indicates the location of Jicamarca Radio Observatory (76.87[image: Blurry grayscale image with a white, circular center gradually fading into a darker outer ring. The image lacks distinguishable features or details.]E longitude).
To compare directly to ISR measurements, the proxy model is solved at 12-minute increments from 2200 UT to 0200 UT. The plasma drift velocities 300 km overhead Jicmarca are recorded and plotted alongside WAM-IPE values. Figure 6 shows time series of zonal and vertical plasma drift velocities from all nights of the 2022 campaign. Note that the proxy model solutions (solid cyan curves) agree with WAM-IPE estimates (solid dark blue curves) within reason. This provides further validation for the model to act as a proxy for WAM-IPE electrodynamics. The first and fourth nights exhibit significant disagreement between the PRE in WAM-IPE and ISR observations (solid red curves), while the second and third nights show similarly small PRE patterns. The dashed lines plotted in Figure 6 show results from the proxy model due to the various sensitivity tests discussed below.
[image: Four charts display data from August 29 to September 1, 2022, showing variations in different variables over time. Each chart includes multiple lines in different colors, depicting trends and fluctuations in numerical values. Axes are labeled with variables and corresponding units, and legends explain the lines' meanings. Dates are specified above each chart.]FIGURE 6 | Time series of proxy model plasma drifts taken 300 km overhead Jicamarca, compared to WAM-IPE results and ISR observations for each night of the 2022 campaign. Shown for each night are (A) zonal drift velocities and (B) vertical drift velocities. Additionally, results from each sensitivity test are plotted to visualize their impacts on the dynamo electric fields.
The first sensitivity tested relates to ionospheric composition and is motivated by the observation of enhanced molecular ion densities in WAM-IPE mentioned in Section 2.1. In this test, the proxy model was tested with only 10% of the original molecular ions given by WAM-IPE. Results from this test are plotted in dashed orange lines in Figure 6. Since the decrease of ions in the ionosphere diminishes the conductivity, larger electric fields (therefore larger plasma drift magnitudes) are required to maintain the same current flow. Despite the larger fields, there are minimal effects on the structuring of the PRE, and vertical drifts do not appear to match ISR observations any better than when the full WAM-IPE composition is used. This acts as further validation of the claim that enhanced molecular ion densities are not the source of inaccurate simulation results.
The next two tests involve using HWM14 winds to drive the dynamo electric fields rather than thermospheric winds provided by WAM-IPE. The first of these tests is a direct substitution of HWM14 winds and is shown in dashed dark green lines, while a second test uses HWM14 winds delayed by 1 hour and is shown in dashed light green lines. The 1-h delay is motivated by results in [13], where this offset produced optimal agreement with ICON satellite wind measurements. Both tests have similar impacts on the time series of horizontal and vertical drifts. It can be seen that these had the most significant impact on the proxy model vertical drifts and improved the agreement with ISR observations on 29 Aug. 2022. However, each of these tests produced a similar PRE on all four nights including the two nights when a weak PRE was observed. This is not surprising as HWM14 is an empirical model that does not capture rapid day-to-day variations.
The final two tests are motivated by results from [31] where it was found that the PRE structure was sensitive to the zonal winds located at magnetic latitudes near the Equatorial Ionization Anamoly (EIA), rather than only those near the day/night terminator. Their results suggested that eliminating the zonal winds near the EIA, diminished the magnitude of the PRE. To test this, the proxy model was first run with no zonal winds for all longitudes where [image: I'm unable to view the image directly. If you can upload the image or provide a URL, I can help generate the alt text.] (shown in dashed pink lines) and then with double the zonal winds in the same region (shown in dashed purple lines). The results here agree with those in [31], with a generally decreased drift magnitude with no EIA winds, and an increased drift magnitude with double EIA winds. However, neither of these tests produced a PRE comparable to that observed by ISR, on either night.
As can be seen in each panel (a) of Figure 6, none of these sensitivity tests significantly impacted the evolution of zonal drift velocities. The regional simulation described above does not appear to be highly sensitive to zonal drifts. However, it is highly sensitive to vertical drifts. Both of these observations highlight the importance of predicting the vertical plasma drifts and the structure of the PRE in forecasting ESF.
4 PRE PERSISTANCE
The final analysis of WAM-IPE electric fields performed here is on the persistence of the PRE in both magnitude and timing. The empirical model developed by [19] and used in many ionospheric models predicts a global structure of vertical plasma drifts that is predominantly dependent on LT. This means that the PRE can be expected to remain roughly constant in magnitude and position relative to the day/night terminator. Therefore, if the PRE is sampled at the same LT at two different UTs, there should be a strong correlation between the two curves. This is not always observed in WAM-IPE estimates of the vertical plasma drifts.
Figure 7 shows the evolution of WAM-IPE vertical drifts in UT for a span of LT surrounding the day/night terminator. Drifts are shown at 300 km altitude for all nights of the 2022 campaign are shown in 12-minute increments between 2300 UT and 0100 UT. The LT for each panel is constant with the terminator (1830 LT) in the center of the horizontal axis. The UT increases moving down a column, so each subsequent panel moves to the west in longitude. It can be seen that the PRE structure does not remain constant across the 2 hours of samples, and can change rapidly across 36 min, or less. In general, both the PRE peak and the reversal time drift to the west as the night progresses. One significant observation is the disappearance and reappearance of the PRE on 29 Aug. (first column). The PRE is absent at 2348 UT but is weakly present 12 min before and after. It is expected that the PRE would be present, and maintain its magnitude and position, throughout the entire night rather than appear and disappear rapidly.
[image: Multiple line graphs display data over four days in May 2020, with each day containing eight graphs. Each graph shows a trend with slight variations, represented by blue lines. The x-axis indicates time intervals, and the y-axis represents measurement values.]FIGURE 7 | WAM-IPE vertical plasma drifts at 300 km altitude as a function of Local Time surrounding the day/night terminator (1830 LT) at 12-minute increments spanning 2 h in UT. All four nights of the 2022 campaign are shown in respective columns. Each subsequent row is 12 min later in UT than the one above it. To follow the terminator properly, each subsequent panel is therefore observing longitudes that are 3[image: A grayscale gradient transitions from dark at the corners to bright at the center, creating a vignette effect. The image has a soft focus, lacking distinct details or features.] to the west of the previous panel.
To study this evolution of the PRE, in-situ data provided by the IVM device aboard the ICON satellite is used for comparison. Ion velocities from ICON are recorded as the satellite passes the magnetic equator near sunset. These measurements were used as a driver of the regional simulation by [12] and [13]. Results presented in those studies highlighted the importance of the PRE in driving the regional simulation. Normalized autocorrelation functions of vertical plasma drift measurements were calculated from consecutive orbits separated by 104 min (the orbital period of ICON). These functions are shown in Figure 8, with red curves representing data from August 2022, and blue curves representing data from October 2022. Bright-colored curves indicate nights when ESF was observed, while pastel-colored curves indicate no ESF activity. The lag time on the horizontal axis represents the lag time relative to when ICON crosses a constant LT sector. Due to the satellite’s motion, both temporal and spatial variations are implicitly represented in these datasets. This is not the same as recording the spatial structure of the PRE at a constant LT as is done in Figure 7. However, it is an in-situ measurement that can be used as a baseline for the persistence of the PRE.
[image: Line graph showing correlation vs. lag with time separation of 104 minutes. Red and blue lines indicate data trends, peaking near the center, with axis labels -100 to 100 minutes horizontally and 0.0 to 1.0 vertically.]FIGURE 8 | Autocorrelation functions of vertical plasma drifts measured by the IVM on the ICON satellite. All orbits are plotted together. Correlations are taken between plasma drifts measured in sequential passes of the ICON satellite through the magnetic equator near sunset. Sequential passes are separated in UT by 104 min. Red colors show August 2022 data and blue colors show October 2022 data. Bright-colored lines indicate nights when ESF irregularities were observed by the satellite, while pastel-colored lines indicate nights when ESF irregularities were not observed. The black dashed line indicates a correlation coefficient of [image: Mathematical expression showing \(1 - e^{-1}\).].
It can be seen in Figure 8 that the PRE is well correlated across at least 104 min. Here, the correlation time, [image: Please upload the image you want me to describe, and I will generate the alternate text for you.] is defined as the maximum time between measurements with a correlation coefficient that has decreased by a factor less than or equal to [image: It seems there was no image uploaded. Please try uploading the image again or provide the URL.]. Since relatively few autocorrelation functions in Figure 8 have a maximum correlation coefficient less than [image: Mathematical expression showing "1 minus e raised to the power of negative 1".] (dashed black line), it is concluded that ICON data suggests a correlation time longer than 104 min. Additionally, the location of the PRE remains relatively constant, as indicated by the small lag times of the peak correlation coefficient. Nights in which ESF was observed exhibit a particularly strong correlation relative to nights without ESF. Based on these results, it can be concluded that the PRE has a correlation time of at least 104 min. This large [image: I cannot generate alt text without the actual image. Please upload the image or provide a URL so I can help you with the description.] is in agreement with the empirical model suggested by [19].
Similar, but not equivalent, normalized autocorrelations are taken with WAM-IPE estimates of vertical plasma drifts throughout 2021 and 2022 campaigns and are shown in Figures 9, 10 (WAM-IPE data for the 2021 campaign were analyzed by [20]). The estimates of vertical drifts are recorded at 590 km altitude (the orbital altitude of ICON satellite) and across a 60[image: Blurred image with indistinguishable content.] wide longitude sector centered around the day/night terminator. Contradictory to the ICON data shown in Figure 8, this solely compares the spatial structure of the PRE. This longitude sector corresponds to [image: Sure, please upload the image you'd like me to generate alt text for.]2 h in LT around the terminator. Autocorrelation functions are calculated by correlating these sectored vertical drifts at two different UTs. Autocorrelation functions with the same UT lag time are then averaged. For example, a 3-minute UT lag time correlation is calculated between 2300 UT and 2303 UT, between 2303 and 2306 UT, between 2306 UT and 2309 UT, and so on before being averaged. The UT lag times are then increased by 3 min until a UT lag time of 120 min is reached or [image: Please upload the image so I can generate the alternate text for it.] is reached. Correlation times are printed in the upper-left-hand corner of each panel in Figures 9, 10. The horizontal axis is the LT shift (equivalent to a longitudinal shift) of the two longitudinal sectors relative to one another. A positive LT shift corresponds to an Eastward shift. The color of each line plotted is representative of the UT lag time between longitudinal sectors that are being correlated. This essentially separates the spatial and temporal structure of the plasma drifts, which were combined for the ICON data.
[image: Five contour plots showing magnetic field variations over four consecutive days in September 2021, with a color scale on the right. Each plot includes a date and a peak occurrence time in minutes. The x-axis represents local time in minutes, and the y-axis is labeled with magnetic field intensity in vertically varying colors, signifying different values.]FIGURE 9 | Autocorrelation functions of WAM-IPE vertical plasma drifts from 2021 campaign. The horizontal axis is the LT shift (in minutes) of the PRE structure with negative values corresponding to a Westward shift. Multiple autocorrelation functions are plotted on each axis with the color of each line representing the UT lag between the curves being correlated. Details for how these functions are calculated are given in the text. Autocorrelation functions are plotted for increasing lag times until the correlation coefficient decreases by a factor of [image: White text on a red background displaying the mathematical expression "1/e".] (dashed black line). Correlation times, [image: Please upload the image you'd like me to generate alternate text for.], are printed in each panel. Correlation times longer than 120 min are not calculated.
[image: Four graphs display data from August 29 to September 1, 2022, showing Z shift versus D eta values in different colors. Each graph represents specific times and model outputs, with an accompanying color scale on the right indicating D eta values.]FIGURE 10 | Same as Figure 9 but for 2022 campaign.
It can be seen that [image: Please upload the image or provide a URL for me to generate the alternative text.] is highly variable on a night-to-night basis. Only two of the nine campaign nights show [image: It seems there was an error with uploading the image. Please try uploading it again or provide a URL if available. Once I have the image, I can help generate the alternate text for you.] 120 min, although it should be noted that two other nights (21 Sept. 2021 and 23 Sept. 2021) exhibit strong correlation over at least 104 min. The nights with short correlation times (less than 2 h) have [image: It seems like there was an issue uploading the image. Could you please try uploading it again? If you have any specific context or description you'd like to include, feel free to add that as well.] ranging from 114 min to as little as 24 min. In particular, one of the shortest correlation times occurred on 29 Aug. 2022, which is one of the nights when WAM-IPE electric fields prevented the growth of irregularities in the regional simulation. Although the autocorrelation functions shown for each dataset cannot be compared directly, a general understanding of [image: If you upload the image or provide a URL, I can help generate the alt text for it.] can be gathered from both. The occasional short correlation times in WAM-IPE estimates are contradictory to the regularly observed long correlation times seen in ICON data. There does not appear to be a connection between correlation time and accuracy of the resulting regional simulations. This is evident due to 29 Aug. 2022 having a small [image: Please upload the image or provide a URL, and I will be happy to help you create the alternate text.] value while 01 Sept. 2022 exhibits a large value of [image: If you have an image you'd like me to generate alt text for, please upload it or provide a URL.], yet both nights were missed detections when the simulation was driven with WAM-IPE electric fields. On the other hand, 30 Aug. 2022 shows a large [image: If you have an image, please upload it or provide a URL so I can assist with generating the alternate text.] and 31 Aug. 2022 has a short [image: Please upload the image for which you would like the alternate text to be generated.] while both nights had accurate simulations of absent ESF.
5 CONCLUSION
The regional simulation described in Section 2 is capable of reproducing night-to-night observations of ESF activity when initialized and driven by proper observational data. Most importantly, the simulation is sensitive to the strength, duration, and timing of the PRE. Previous results of the simulation indicate that the most reliable method of determining background electric fields is to derive them from ISR-measured vertical plasma drifts. This, however, is not a true forecast as it relies on real-time radar measurements to reproduce irregularities that are actively present and not about to develop. Additionally, the simulation has a very high computational cost and is unable to run in real time. In an attempt to move towards a true forecast using the simulation, predicted background electric fields taken from WAM-IPE were used to drive the simulation. These attempts were less successful than the ISR-driven results as missed detections were recorded. The lack of night-to-night accuracy in WAM-IPE background electric fields is capable of suppressing instabilities and may also be capable of generating artificial instabilities in the regional simulation.
To analyze the background electric fields from WAM-IPE, a proxy electrodynamics model was developed and used to perform a variety of sensitivity tests. Multiple sensitivities of the dynamo solver were tested related to the ionospheric composition and neutral wind structure. Replacing WAM-IPE winds with HWM14 appeared to improve agreement between the resulting electric fields and ISR observations for some nights, but not others. Other sensitivities tested also did not improve the agreement. These results suggest that there is not a simple substitution or scaling of WAM-IPE parameters that would produce electric fields comparable to ISR observations on a night-to-night basis.
While no sensitivity tests reproduced ISR observations, they did appear to significantly impact the resulting electric fields. In agreement with [31] the PRE appears to rely on the global wind patterns rather than local patterns surrounding the terminator. This highlights the importance of thermospheric wind observations for a potential ESF forecast. [20] suggested disagreement between WAM-IPE and HWM14 thermospheric winds that may also prove detrimental to the resulting electrodynamics. Further exploration and validation of global WAM-IPE neutral wind patterns may improve the day-to-day accuracy of its equatorial electrodynamics estimations.
Additionally, the vertical plasma drifts produced by WAM-IPE electric fields were compared to those measured by the ICON satellite. In particular, we note that ICON data agrees with the theory that the global structure of the vertical drifts and the PRE maintain their shape and vary slowly. As measured by ICON the PRE appears to have a correlation time of at least 104 min In contrast, it was shown that WAM-IPE results may vary the PRE structure rapidly with correlation times dropping to as little as 20 min. Further work is needed to understand the effect of a persistent, or rapidly changing, PRE on ESF development and the growth of irregularities in the regional simulation.
A multitude of factors can affect the growth of irregularities associated with ESF. Contemporary results suggest that the most important of these factors are the background electric fields, the strength and timing of the PRE, and the neutral thermospheric winds that produce the ionospheric dynamo. A true forecast of ESF must capture each of these factors, and others, accurately on a night-to-night basis. Improvement of the night-to-night accuracy in WAM-IPE electric fields is critical to the model acting as the baseline for a regional forecast. Currently, the electric fields predicted by WAM-IPE do no better than climatology and are therefore unable to drive a forecast that is more accurate than climatology. Further sensitivity tests, may indicate additional sources for more accurate variability in the WAM-IPE electric fields.
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| 1 1

‘Theory 0 287 287 247,107
Eg =24mV/m
Simulation 70 292 289 252,306

0.9978
‘Theory 70 295 287 251,763
Ey = 94mV/m
Simulation 279 358 317 329,142

T 0.9864

‘Theory 279 400 287 324738
Eo = 235mV/m
Simulation 697 606 444 761,508

0.9611
‘Theory 696 753 287 731,747

(v and v, are bulk velocity and thermal velocity in the Pedersen direction, respectively. v = Vi = iy is the thermal velocity in the directions perpendicular to Ey, $3, = 3, + 2v3, is
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Simulation parameter Symbol Value
lon parameter

Ton mass my; 5%107%kg
Ton-neutral collision rate Vin 1,050s7"
Ton number density ny 4x10°m™
Ton charge e 1.602x107°C
Neutral parameter

Neutral thermal velocity vy 287 mls
Neutral mass m, 5x10% kg
Simulation parameter

Grid size dy=dy=dz 015m
Number of grids (nx,ny,nz) ‘ (1,024,512, 512)
Time step dt 56x107°s
Number of time steps nt 512
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Zonal Wind Meridional Wind

Real vs Hybrid model Real vs Dominant Real vs Hybrid model Real vs Dominan
harmonics model harmonics model
RMSE (ms™)
805 1553 o 23.68 063 1492 0.80 2623 044
855 2185 069 27.01 051 1528 0.86 3124 051

905 23.40 071 31.55 041 2321 081 37.76 051

955 26.95 0.70 36.03 043 23.99 0.84 4121 058
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Zonal Wind Meridional Wind

Real vs Hybrid model Real vs Dominant Real vs Hybrid model Real vs Dominan
harmonics model harmonics model
RMSE (ms™)
805 1547 o 21.87 050 1631 0.68 2539 034
855 15.80 075 24.99 043 1678 073 29.97 0.26

905 26.80 055 28.90 034 2140 074 37.50 028

955 25.20 0.62 32.89 035 1934 0.80 41.57 0.40
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Theory/simulation

Energy ratio

(v and v are bk velociy and thermal vlociy in the Pedersen dirction,respectivel. v, = v,

1y 5 the thermal velociy in the directions perpendicular to F;. 3

the total thermal energy per ion mass. The last column shows the total energy ratio between theory and the simulation results.

Vi

20

Eq=0mV/m
Simulation 0 287 267 247,107
1

‘Theory 0 27 287 247,107
Eg =24mV/m
Simulation 70 92 289 252,306

0.9978
‘Theory 70 295 267 251,763
Ey=94mV/m
Simulation 279 358 37 329,142

09864
‘Theory 279 400 287 324738
Eq=235mV/m
Simulation 697 606 a4 761,508

09611
‘Theory 69 753 287 731,747
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Zonal Wind Meridional Wind

Real vs Hybrid Real vs Persistence Real vs Hybrid Real vs Persistence
model model

Height =~ Dataset = RMSE (ms?) RMSE (ms™) RMSE (ms™?) RMSE (ms™)
Train 1193 0.89 2901 038 14559 085 3018 041
80.5km Validation 1192 0.86 3371 -0.03 20,09 077 3655 034
Test 1198 0.88 3040 030 1848 078 3363 040
Train 1079 0.93 3249 036 1513 087 3230 044
85.5km Validation 1287 092 3892 008 1688 087 35.66 043
Test 1201 0.90 3563 021 1811 083 3516 041
Train 13.90 0.90 3638 034 18.07 084 3527 044
90.5km Validation 1563 091 3995 039 27.04 0.67 3845 037
Test 1550 087 39.18 022 2133 077 3882 030
Train 1791 087 4058 034 1697 0.90 4031 043
95.5km Validation 2280 084 43.09 048 1795 0.88 23 038
Test 17.03 089 4257 026 2029 0.80 4378 022
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Before data imputation

80.5km  85.5km

90.5km  95.5 km

After data imputation

80.5km 85.5km  90.5km

Mean La4 048 -5.10 747 145 048 ~5.00 830
Standard deviation | 31.09 3336 3798 1062 s 3335 38.00 4085
Min 10997 14621 13482 149,52 10997 14621 13482 14952
Q 2100 2385 3107 3492 2097 2385 3100 3602
o' indiGies Median 233 -0.10 416 -737 228 012 411 -8.06
Lima
@ 2512 2303 2144 19.79 2509 2299 2156 1915
Max 8758 107.67 14581 145.40 10264 12387 14581 145.40
Skewness 016 ~0.07 ~0.09 0.01 -015 007 ~0.09 001
Kurtosis 048 020 ~0.26 001 047 020 026 001
Mean 297 a2 446 -173 299 42 443 131
Standard deviation 3165 3933 52 221 3167 3937 4527 216
Min 10598 12441 -12933 139,68 11333 16654 15039 17441
Q 2572 3356 3746 3843 2572 3356 3741 3762
Merilions wind Median wm || e 103 -L13 2 | s | s 058
over Lima
@ 19.45 2400 2817 33.67 19.40 2399 2818 3393
Max 11253 120.89 13903 149.94 11253 12089 13903 19599
Skewness 0.05 0.16 000 006 005 0.15 0.00 006
Kurtosis 036 039 050 052 035 037 049 048
Mean 299 622 932 1183 297 620 0.5 1173
Standard deviation | 27.84 3044 3419 3877 27.96 3052 3420 3879
Min 13096 13243 145,58 146,29 13096 —u527 145,58 14629
Q1 2104 2676 -3201 -38.80 2108 2676 3197 3866
Zonal wind over Median 233 547 831 1060 230 546 827 1058
Piura
@ 15.41 1420 1385 1575 1548 1428 1391 1582
Max 147.98 14347 13813 137.72 147.98 14347 13813 13772
Skewness ~0.04 ~0.07 011 ~0.10 005 007 —o1 ~0.09
Kurtosis 038 006 -0.10 019 038 003 -0.10 019
Mean 269 277 453 525 260 271 459 531
Standard deviation 3136 34.00 3641 41.20 3141 3102 3647 4128
Min 14954 14249 14462 -148.40 14954 14249 149,39 14840
Q 2394 2694 3037 3436 2390 2683 3041 3445
Mo ons ind Median 345 105 —5.08 544 330 393 N [
over Piura
Q3 17.76 20.32 2021 2258 17.89 20.41 20.20 2255
Max 149.34 123.16 135.49 148.12 149.34 123.16 135.49 148.12
Skewness 014 014 013 008 0.3 013 02 008
Kurtosis 02 016 ~0.16 ~0.20 0.12 015 014 -0.19
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Height(km)

Zonal Wind Meridional Wind Zonal Wind Meridional Wind

Amount = Percentage Amount Percentage Amount Percentage Amount Percentage
805 2084 11.90 2084 11.90 2,689 1530 2,689 15.30
85.5 1,572 8.97 1,572 8.97 2241 12.80 2,241 . 12.80
905 1574 8.98 1,574 898 2216 1260 2,216 12,60
95.5 2262 12.90 2,262 1290 2,539 1450 2,539 14,50
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Height(km) Lima Piura

Zonal Wind Meridional Wind Zonal Wind Meridional Wind
80.5 12 12 12 11
85.5 11 12 12 12
90.5 12 11 12 12

95.5 12 12 12 12
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Zonal Wind Meridional Wind

Real vs Hybrid model Real vs Persistence Real vs Hybrid model Real vs Persistence

Dataset  RMSE (ms™) RMSE (ms™) RMSE (ms™)
Train 1238 091 26.36 0.61 13.30 0.90 29.90 0.49
80.5 km Validation 1342 0.82 2839 0.25 14.39 0.84 30.32 0.38
Test 16.84 0.83 35.69 0.30 1437 0.88 30.51 051
Train 2092 092 32.16 0.44 13.60 0.94 3452 054
85.5km Validation 2206 092 37.13 0.33 18.58 0.88 38.81 0.46
Test 21.64 092 40.99 0.24 1592 0.91 33.41 0.64
Train 14.22 091 36.95 0.40 19.07 0.91 38.76 0.58
90.5 km Validation 15.40 091 43.38 0.27 21.87 0.88 4375 0.52
Test 1473 093 4299 0.39 21.63 0.85 39.76 0.54
Train 1931 0.84 41.09 0.34 19.33 0.91 42.06 0.56
95.5 km Validation 2084 0.81 44.30 0.24 2237 0.87 45.09 049
Test 2250 0.84 47.52 0.34 19.07 0.91 43.68 0.53
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Description ‘Wind speeds in two components: zonal and meridional

Heights 80.5,85.5,90.5 and 95.5 km

Development of the model September 2020 -November 2021 number of rows in October 2021 -December 2022 number of rows in the
the dataset: 21,888 dataset: 21,888

Analysis 2023 Data of 2023 number of rows in the dataset: 17,519
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IMF 1 IME3  IMF4 IMF5 IMF6 IMF7 IMF8 IMF9 IMF10 IMF11 IMF12
1 00027
2 00031 0.1944
3 00030 01271 02665
4 00030 01247 02430 03674
5 00030 01231 01721 02520 0.3707
6 00026 0.0596 0.1261 02079 02747 03748
7 00025 0.0585 01250 01758 0.2491 03620 04436
8 00025 0.0582 0.1247 01727 02455 03058 03718 04506
9 00025 0.0570 0.1236 0.1501 0.1943 02496 03101 03732 04526
10 00025 0.0560 0.1230 0.1419 0.1853 02467 03023 03636 04061 0.4621
n 00016 0.0261 00690 0.1244 01533 01970 02499 03069 0.3669 0.4093 04634
12 00016 00242 00659 0.1238 0.1440 01780 02185 02588 03123 03685 04108 04641
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Hyperparameters

Layers 1
Neurons in layer Values between 1and 100
Dropout Values between 0.0 and 0.5
Learning rate Values between 0.00001 and 0.1
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