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Forecasting typhoon features over a few upcoming months is necessary for planning disaster prevention and predicting the drought/flood situation. However, the current methods are more suitable for forecasting the interannual to interdecadal variation trends or demanding huge computing resources and are unsuitable for the operation of short-term climate forecasts. In order to devise other effective approaches, the correlation between the Oceanic Niño Index (ONI) in January and the frequency of severe typhoons (STYs) during 1959–2018 was analyzed for the two scenarios when the ONI trend during the previous year was higher and lower than zero. The reason for this classification is that the air‒sea conditions were different when the oceanic phenomena developed toward an El Niño or La Niña phase during the previous year, and the results of these trends affect the subsequent features of atmospheric dynamic factors favorable for TC development (relative vorticity and vertical velocity). The extreme anomalies under both the increasing and decreasing tendencies of ONI in January typically retrained the growth of STYs, as the subsequent decreasing ocean heat anomaly of the previous year was accompanied by a negative vorticity anomaly and downward vertical velocity anomaly in the lower atmosphere and vice versa. Results from the forecast test show that the accuracy of the new approach was acceptable and somewhat higher than that of the current methods. Thus, these results can assist in developing a practical approach for typhoon forecasts.
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1 INTRODUCTION
In addition to the conventional forecast for the track and intensity of an active typhoon, short-term climate forecasts for typhoon frequency, intensity, and other parameters in the upcoming months are also necessary. The demand for this short-term climate forecasting is more pressing in the Western North Pacific (WNP), where >30% of global typhoons occur (Landsea, 2000). The short-term climate forecast for typhoons assists in planning disaster prevention and mitigation in advance while predicting the drought and flood situation during the next few months because typhoon precipitation accounts for 45% of the local annual rainfall in some places (Jiang and Zipser, 2010). However, the current accuracy of this short-term climate forecast still needs improvement. Supplementary Table S1 lists the number of tropical cyclones (TCs) forecasted by the China Meteorological Administration during the last few years, and only the TC number in 2021 was correctly forecasted. The reason is that many of the current methods are generally unsuitable for the operational use of this short-term climate forecast because they are more suitable for forecasting interannual to interdecadal variation trends or demand huge computing resources.
Although the current climate models cannot distinguish the detailed structure of typhoons (i.e., the eye, eyewall, and outer rainband), other methods can assist in estimating the evolution of future typhoons based on forecast data from climate models. There are three main types of estimation methods. The first type involves the calculation of a certain index based on the air‒sea variables in the climate modes, that is, the genesis potential index (Walsh et al., 2013) and power dissipation index (Villarini and Vecchi, 2017). However, these indexes do not yield specific information such as typhoon frequency and intensity and can only serve as a reference for interannual to interdecadal evolution trends. The second type consists of forecasting typhoons by downscaling climate models (Emanuel, 2021). However, this method type is unsuitable for operational forecast because it demands huge computing resources as it needs to integrate multiple climate models. The gap between the results from different climate models is large and somewhat unacceptable, which was solved by the third type, that is, to identify the TC frequency through some criteria using a state-of-the-art climate model (Takaya et al., 2021). However, this type still demands huge computing resources. Thus, alternative methods need to be developed for short-term climate forecasts for typhoons.
One of the effective approaches is to forecast typhoon activity in the future period through objective statistical judgment according to actual air‒sea signals, which require negligible computing resources. One of the useful signals may be the El Niño/Southern Oscillation (ENSO), which significantly influences typhoon activity in the WNP (Chan, 2000; Chang et al., 2019; Zhao et al., 2020). ENSO directly controls the heat distribution in the underlying surface (Jin et al., 2014; Guo and Tan, 2018) and adjusts the atmospheric conditions (Chand et al., 2017; Zhao and Wang, 2019; Song et al., 2021), such as relative humidity, vorticity, vertical shear, and low-level convergence (Zhang et al., 2015; Choi et al., 2019; Song et al., 2019; Feng et al., 2020). During El Niño, sea surface temperatures (SST) in the equatorial Eastern Pacific are abnormally warm. Moreover, air‒sea coupling effects move the subtropical high southward and weaken the convective activity in the Western Pacific, causing the equatorial convergence zone to be inactive, which are all detrimental to typhoon activity (He et al., 1999; Xiao et al., 2010). Thus, ENSO is the main source of short-term climate typhoon activity forecasts (Patricola et al., 2018).
Nonetheless, typhoon activity cannot be forecasted directly by ENSO intensity. In fact, during 1961–2019, the overall direct correlation between the typhoon frequency in the WNP and the SST anomaly during the typhoon season was only −0.14 (Song et al., 2022). The reason lies in the diverse effects of ENSO on typhoons (Shi et al., 2019; Guo and Tan, 2021). Super El Niño events tend to have shorter durations, and as they decay, ocean heat flows westward, shifting typhoon activity westward (Guo and Tan, 2018). Thus, as maximum SST anomalies migrate from west to east across the tropical Pacific, the frequency of typhoons in the WNP decreases (Song et al., 2020). In addition, stronger positive SST anomalies in the East Indian Ocean and the Western Pacific due to La Niña events that resulted from an El Niño during the previous year limit typhoon genesis relative to La Niña events that developed from neutral years or weak La Niña events; this results from weakened summer monsoons (Ha and Zhong, 2013). Thus, one cannot determine the typhoon frequency solely according to the Oceanic Niño Index (ONI) value because typhoon frequency is affected by the combination of both the oceanic heat content controlled by ENSO and atmospheric dynamic factors.
In fact, the air‒sea conditions were different when the oceanic phenomena developed toward El Niño or La Niña phases during the previous year, defined as El Niño-like and La Niña-like categories and detailed in Section 2. In addition, the results of these trends very likely affect the subsequent features of atmospheric dynamic factors favorable for TC development (relative vorticity and vertical velocity). Thus, in this study, we analyzed SST anomalies and low-level atmospheric circulation to evaluate their influence on typhoon activity by dividing the 60 years during 1959–2018 into two categories based on the oceanic phenomena which developed toward an El Niño or La Niña phase (i.e., the ONI trend during the last year period). This approach intuitively showed different tendencies of typhoon frequency recorded in the best-track database of the China Meteorological Administration under the different evolutionary trends of the SST anomaly in the previous year.
2 METHODS
2.1 Correlation analysis for ENSO and typhoons
The 60-year period during 1958–2018 was firstly divided into two categories, El Niño-like and La Niña-like, based on whether the ONI trend during the previous year was higher or lower than zero. Here, the ONI is the running 3-month mean SST anomaly for the Niño 3.4 region (i.e., 5°N–5°S, 120°W–170°W), which is the de facto standard that the National Oceanic and Atmospheric Administration implements for identifying El Niño and La Niña events in the tropical Pacific (Sohn et al., 2016). When the difference between the ONI value in the current January and that in the last February was >0, it was considered an El Niño developing trend and, thus, classified as El Niño-like; when the difference between the ONI value in the current January and that in the last February was <0, it was considered a La Niña developing trend and, thus, classified as La Niña-like. Secondly, as the wintertime peak of El Niño often occurs in January (Boucharel et al., 2016), the correlation coefficients between ONI in January and the numbers of typhoons were calculated, respectively, for these two categories. Furthermore, the El Niño-like and La Niña-like were further sub-classified based on the ONI value in January of the current year. We classified ONI < 0, 0 ≤ ONI < 1, and ONI ≥ 1 in the El Niño-like category as “EN-weak,” “EN-moderate,” and “EN-strong,” respectively, and ONI ≥ 0, −1 < ONI < 0, and ONI ≤ −1 in the La Niña-like category as “LN-weak,” “LN-moderate,” and “LN-strong,” respectively. Here, EN-weak means that the ONI value was very small (<0) and the La Niña feature remained significant, although the oceanic phenomena had a tendency to develop into El Niño. The situation of ONI > 0 as LN-weak was similar. The features of SST spatial patterns of these categories are shown in Supplementary Figures S2, S3.
2.2 Analysis of typhoon characteristics
2.2.1 Definition of different typhoon categories
In this study, typhoons were divided into distinct categories based on their intensities, that is, the maxima wind speed near the typhoon center, according to the best-track database from the Shanghai Typhoon Institute of the China Meteorological Administration. Herein, a tropical storm was defined by a maximum wind speed exceeding 17.2 m/s, a typhoon was defined by a maximum wind speed >32.7 m/s, and a STY was defined by a wind speed >41.5 m/s.
2.2.2 Mean path of STYs
The mean paths consisted of a series of points with a fixed latitude difference of 0.5°. The longitude of the point at a certain latitude of STYs during each category was estimated by averaging the longitudes of positions of all the STYs whose latitude was within a certain fixed latitude area (±0.25°N). Meanwhile, the certain latitude with less than 3 STYs points was set to empty so that the mean path was somewhat more representative.
2.2.3 Analysis period for large-scale variables
For analysis in the atmosphere, because circulation is highly seasonal, we selected the period with the most evident differences in typhoon frequency for synthetic analysis (Supplementary Figure S4), which is June‒December. Herein, large-scale variables were obtained from the European Centre for Medium-Range Weather Forecasts.
3 RESULTS
3.1 ENSO peaks and STYs
El Niño or La Niña maxima in January typically restrained the growth of severe typhoons (STYs) (maxima winds >41.5 m/s), whereas their minima promoted the subsequent STYs. The ONI in January was highly correlated to the number of STYs in the WNP during that year when dividing the ONI events into the El Niño-like (positive ONI trend in the previous year) and La Niña-like (negative ONI trend in the previous year) categories (Figure 1). For the 34 years of the El Niño-like category, the correlation coefficient was −0.355 (Figure 1A), and for the 26 years of the La Niña-like category, it was 0.549 (Figure 1B). Both correlations satisfied the 95% confidence level. In comparison, the correlation between them was not evident without this classification method. Additionally, correlations between the numbers of tropical storms (maxima winds >17.2 m/s) and typhoons (maxima winds >32.7 m/s) and the ONI in January were similar; however, these values were not as high as those of the STYs (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | ONI in January and the number of STYs in the entire year. Solid lines represent the linear regression of the scatter. (A) El Niño-like years. (B) La Niña-like years.
3.2 Air‒sea conditions
The El Niño-like category was further classified into “EN-weak,” “EN-moderate,” and “EN-strong” classes; likewise, the La Niña-like category was classified into “LN-weak,” “LN-moderate,” and “LN-strong” classes, based on the ONI during January (detailed in Methods and Supplementary Table S2). Figure 2 shows that, during the EN-weak and LN-weak years, the SST anomalies from the previous years were relatively weak in January. Moreover, in the remainder of these years, the ONI trends continued and the SST anomaly increased. These classes were most conducive to STY activity, averaging 12 STYs per year. In contrast, in the EN-strong and LN-strong years, the SST anomaly maxima in January restrained subsequent STY activity, which averaged 8 STYs per year. Supplementary Figures S2, S3 show the specific SST trend distributions in detail. Through comparative analysis of different classes of SST anomalies, Supplementary Figures S5A, S5B show that the classes favorable to STY activity had lower SST in the WNP. This was consistent with the positive mean ONI in the tropical Pacific during EN-weak and LN-weak years (Figure 2), indicating that STY activity was not directly related to the ONI. Features of the upper 80 m averaged oceanic potential temperature (Supplementary Figures S5C, S5D), mid-level specific humidity, and the maximum potential intensity were also similar to those of SST (Supplementary Figure S6). It is worth noting that the relationships between the numbers of STYs and the mean genesis positions, the duration until intensification as STYs (Supplementary Figure S7), and the prevailing tracks (Supplementary Figure S8) in different categories were unclear because their features in El Niño-like and La Niña-like categories were not similar, and this warrants future analysis.
[image: Figure 2]FIGURE 2 | ONI curves for the previous and current years and the number of STYs corresponding to the current year. (A) Curves for the “EN-weak,” “EN-moderate,” and “EN-strong” divisions of the El Niño-like category. (B) Curves for the “LN-weak,” “LN-moderate,” and “LN-strong” divisions of the La Niña-like category.
As the genesis and development of typhoons are closely related to low-level disturbances (Ta-Huu and Sato, 2019), low-level vorticity is the most crucial factor affecting typhoon intensity (Wu et al., 2020). Figures 3, 4 show the differences in atmospheric disturbances between classes that were conducive and detrimental to STY activity during June‒September and October‒December, respectively. The paths of intensification stages of STYs corresponded to the positive relative vorticity anomaly region and the upward vertical velocity anomaly at the height of 850 hPa. Especially during October‒December in the La Niña-like category (Figures 4B,D), the narrowness and fineness of the relative vorticity anomaly and the extension of ascending disturbance matched well with the northwestern extension of the path of STY. Most regions along the mean paths pass the 90% confidence level. Combined with the negative difference in SST in the areas of the typhoon paths (Supplementary Figure S5), these positive low-level disturbances may have originated from a sinking anticyclone on the northeast and southwest sides of this area (Liu et al., 2019). In contrast, in the EN-strong and LN-strong classes, after the peak of El Niño or La Niña during the previous year, the subsequent SST backflow resulted in higher SST over the North Pacific and Southeast Asia relative to that in the Western Pacific and restrained STY activity.
[image: Figure 3]FIGURE 3 | Circulation distributions, averaged during June‒September, at the height of 850 hPa. (A) Shading shows the environmental relative vorticity difference between the EN-weak class and the EN-strong class. The thick purple lines show the mean STY path during intensification for the two classes, and the thin purple lines show ± half the standard deviation. (C) The vertical velocity difference between the EN-weak class and the EN-strong class (the red hue shows ascending disturbance) (B,D) is the same as that in (A,C), respectively, but for the LN-weak and LN-strong classes, respectively. Dots indicate areas of >90% confidence level in Student’s t-test.
[image: Figure 4]FIGURE 4 | Circulation distributions, averaged during October‒December, at the height of 850 hPa. (A) Shading shows the environmental relative vorticity difference between the EN-weak class and the EN-strong class. The thick purple lines show the mean STY path during intensification for the two classes, and the thin purple lines show ± half of the standard deviation. (C) The vertical velocity difference between the EN-weak class and the EN-strong class (the red hue shows ascending disturbance) (B,D) is the same as that in (A,C), respectively, but for the LN-weak and LN-strong classes, respectively. Dots indicate areas of >90% confidence level in Student’s t-test.
4 DISCUSSION: FORECASTING ANNUAL STY FREQUENCY
After classifying according to the SST anomaly trends in the previous year, we attempted to forecast the annual range of STY frequency in the WNP directly using the ONI in January, with the minimum ([image: image]) and maximum ([image: image]) number of STYs calculated as
[image: image]
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where [image: image] denotes capturing the nearest integer, [image: image] denotes the mean number of STYs, and [image: image] is the standard deviation of the number of STYs. Results of the forecast test are listed in Supplementary Tables S3, S4. The ranges of forecast STY numbers will be updated accordingly with the increase in actual typhoons.
The forecast accuracy was acceptable and somewhat higher than the current forecast, with ∼50% and ∼70% for El Niño-like and La Niña-like categories, respectively. This represents valuable initial progress in developing a new effective approach to the short-term climate forecast for typhoons, although the forecast ranges of STY numbers were larger than those of the China Meteorological Administration (Supplementary Table S1). However, detailed analysis is also required for specific years. For instance, 2016 belongs to the EN-strong class. According to the regression equation, 8 STYs were predicted to have occurred that year; however, 12 STYs were recorded. Observations and numerical models showed that after strong El Niño events in 2015–2016, the tertiary distribution of SST in the Indian Ocean, the equatorial East Pacific, and the North Pacific enhanced convergence in the center of the WNP, resulting in large-scale ascending motion, notably increasing typhoon activity during the summer of 2016 (Wang et al., 2019).
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