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During the period 1979–2019, the interannual variation of summer rainfall in Hong Kong (HK), located on the South China coast, is weakly correlated with tropical forcing, including the El Niño/Southern Oscillation (ENSO). Instead, HK summer rainfall is strongly correlated with the mid-latitude circulation over the Urals and the preceding spring sea surface temperature (SST) over the North Atlantic (SST-Atl). The above relationship is stronger in negative ENSO summers, where the SST-Atl anomaly tends to persist from spring to summer. The persistence of the warm SST-Atl anomaly is associated with a Rossby wave train propagating from the North Atlantic to East Asia, with a low over the Urals and a high over the high latitudes of Asia. Correspondingly, the upper-tropospheric westerly jet in East Asia becomes stronger and shifts southward toward South China. The enhanced westerly wind over South China is accompanied by an anomalous Philippine Sea anticyclone, which transports more water vapor to the South China coast and causes more rainfall in HK. On the other hand, during positive ENSO summers, HK summer rainfall is affected by variation in the subtropical westerly jet over South China, which is related to water vapor transport from the Indian Ocean and Bay of Bengal. This is also associated with a height anomaly over northeastern China and the spring sub-polar North Atlantic SST. Therefore, it is important to investigate the impact of mid-latitude forcing on summer rainfall on the South China coast.
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INTRODUCTION
Hong Kong (HK) is a subtropical city with hot and humid weather in the boreal summer and cold and dry weather in the boreal winter. These characteristics are related to a seasonal reversal of wind direction associated with the East Asian monsoon, which arises from the land-sea thermal contrast and the topographic forcing exerted by the Tibetan Plateau (He et al., 1987; Tao and Chen, 1987; Wu et al., 2013). In HK, a coastal city adjacent to the South China Sea (SCS), summer rainfall is affected by tropical cyclone activity and the SCS summer monsoon (SCSSM), which marks the beginning of the rainy season. Li et al. (2015) showed that tropical cyclones account for around 20–25% of the rainfall in HK from July to October, and the percentage increases to about 40% for heavy rainfall (daily rainfall > 100 mm). South China, including HK, usually has more (less) rainfall during a strong (weak) SCSSM, which is likely preceded by an early (late) SCSSM onset (Zhou et al., 2005).
During the past few decades, the intensity of the SCSSM and the tropical cyclone activity over the western North Pacific have had strong interannual and interdecadal variation (Chan and Zhou, 2005; Kajikawa and Wang, 2012; Yuan, et al., 2012; Chen et al., 2013; Wang, et al., 2012; Li, et al., 2014; Li and Zhou, 2014; Liu and Chan, 2019). Concomitantly, summer rainfall in HK has had considerable interannual and interdecadal variation (Leung et al., 2004). Because HK is a densely populated city, seasonal forecasts of summer precipitation several months ahead are useful for government and policy makers to minimize loss due to flooding caused by extreme precipitation events. A strong and advanced SCSSM is usually linked to anomalous warming over the SCS and western tropical Pacific in spring (Zhu and Li, 2017; Li et al., 2019b). The El Niño-Southern Oscillation (ENSO, also known as El Niño and La Niña) is one of the most predictable phenomena over the tropical Pacific on interannual timescales, so it might be regarded as a potential predictor of the summer upper-tropospheric circulation in the Northern Hemisphere (Lee et al., 2011) and the summer rainfall in South China (Chan and Shi, 1999; Jiang and Zhu, 2021). Based on technical reports from the Hong Kong Observatory (HKO), ENSO and the intensity of the East Asian winter monsoon in the preceding winter are two important predictors of annual rainfall in HK (Chang and Yeung, 2003). A strong El Niño developing year (e.g., 1982 and 1997) tends to be wet, and a year following a strong La Niña onset (e.g., 1984 and 1999) tends to be dry. However, Zhou and Chan (2007) pinpointed that the SCSSM tends to have an early (late) onset and bring South China more (less) rainfall during a cold (warm) ENSO event. In general, El Niño does not have a significant impact on East Asian summer precipitation (Wang et al., 2017). The ENSO could better explain the autumn rainfall in South China (Wu et al., 2003). Compared to ENSO, other tropical forcing, such as sea surface temperature (SST) over the tropical central Pacific and a dipole sea surface temperature tendency in the Indo-Pacific warm pool in the previous winter, are more closely related to early summer rainfall over South China (He and Wu, 2014; Yim et al., 2014; Xing et al., 2016). We will show that the interannual variation of HK summer rainfall is not significantly correlated with tropical forcing.
The internal dynamics of the East Asian summer monsoon involves the tropical-midlatitude interactions (Tao and Chen, 1987; Lau et al., 2000). The summer rainfall over South China is also modulated by mid-latitude forcing other than tropical forcing. Following a weak winter monsoon, persistent cyclonic anomalies over the South China coast can enhance the East Asian summer monsoon (Chen et al., 2000; Wu and Chan, 2005; Chen et al., 2013). Prior to the SCSSM onset, frequent intrusion of synoptic disturbances from the midlatitudes into South China can trigger vigorous frontal precipitation and facilitate the SCSSM onset (Wang, 1992; Wang and Yasunari, 1994; Ding and Li, 1999; Ding and Chan, 2005; Zheng et al., 2006; Lin et al., 2010). The frontal precipitation over South China is related to the local lower-tropospheric meridional temperature gradient (Huang and Chen 2015). After the SCSSM onset, monsoonal fronts usually form at interfaces of tropical and extratropical forcing to bring frontal rainfall over South China. Such extratropical forcing is strongly modulated by blocking highs (Ninomiya and Shibagaki, 2007; Wu et al., 2009; Yim et al., 2014). The co-existence of blocking highs over the Ural Mountains and the Sea of Okhotsk, as well as a deep trough between the highs, can trigger persistent and intense subtropical frontal precipitation over East Asia (Ding and Chan, 2005; Chen and Zhai, 2014). A pronounced winter warming tendency from December to February over Siberia is associated with reduced snow cover over eastern Siberia in the subsequent summer, which favors warming and the occurrence of blocking highs over the Sea of Okhotsk, leading to increasing summer rainfall over South China (Yim et al., 2014).
On the other hand, Gong and Ho (2003) showed that the positive phase of the late spring Arctic Oscillation is related to a northward shift in the upper-tropospheric jet over East Asia in summer. This accompanies anomalous sinking motion over subtropical East Asia, which corresponds to less rainfall along the Meiyu-Baiu-Changma region and more rainfall in South China. Such an opposite precipitation anomaly is also be linked to the southeast-northwest movement of the South Asian high (Wei et al., 2015) and the meridional displacement of the subtropical jet stream over East Asia (Kim and Ha, 2021). Recently, Dai et al. (2020) proposed that a wave train propagating from Russia to China via the Tibetan Plateau affects the rain belts over Southeast China. Lin (2014) showed that the positive phase of the East Atlantic/Western Russia teleconnection pattern is accompanied by a southeastward propagation of a Rossby wave train over East Asia. This is related to a significant negative height anomaly and more rainfall over South China. We will show that the midlatitude forcing could strongly modulate HK summer rainfall.
The interannual variation of the East Asian summer monsoon is also linked to the pre-season sea surface temperature (SST) and the large-scale atmospheric circulation over the North Atlantic. Sung et al. (2006) found that the positive phase of the North Atlantic Oscillation (NAO), which is the dominant mode of the North Atlantic atmospheric circulation, in the preceding December could induce a northward shift in the westerly jet over East Asia in June and suppress summer rainfall in South China. Such a delayed impact is dynamically bridged by a Eurasian wave train trapped in the westerly waveguide, where the wave train is excited by anomalous upper-level convergence over the Mediterranean Sea after February (Watanabe, 2004). Moreover, following a positive winter NAO, the summer 500-hPa geopotential height anomaly over the Sea of Okhotsk tends to be positive (Ogi et al., 2004), which could affect summer rainfall over South China.
The spring NAO is also correlated with the East Asian summer monsoon, where the spring NAO influences the North Atlantic tripolar SST anomaly and the subsequent Rossby wave train response over Eurasia (Wu et al., 2009; Yim et al., 2014; Li et al., 2019a). The summer NAO or the North Atlantic tripolar SST can excite a wave train over Eurasia continent and influences diabatic heating over the Tibetan Plateau, which triggers a subtropical wave train. The midlatitude and subtropical wave trains jointly affect the extreme weather events in East Asia, such as the heatwave over northeastern China in 2018 and the extreme Meiyu season in 2020 (Wang et al., 2018; Liu et al., 2019; Liu et al., 2020). Chen et al. (2017) found that the interannual variation of NAO has a stronger relationship with the summer rainfall in south China after early 1990s. On interdecadal timescales, Chan and Zhou (2005) demonstrated that early summer monsoon rainfall over South China tends to be below or above normal when ENSO and the Pacific decadal oscillation are in phase. The Atlantic multidecadal oscillation also modulates summer rainfall over South China via a teleconnection pattern over Eurasia or via its impact on variation in the North Pacific (Si and Ding, 2016; Fan et al., 2018). We will show that the spring SST anomaly over the North Atlantic could be a potential predictor for HK summer rainfall.
The manuscript is organized as follows. Section Data and Methods presents the data used in this study. Seasonal forcing linked to HK summer rainfall is examined in Section Seasonal Forcing of HK Summer Rainfall. Then possible predictors are identified in Section Dynamic Mechanisms in Different Summer ENSO Phases. Section Role of Spring North Atlantic SST Anomalies summarizes the results.
DATA AND METHODS
Monthly precipitation data were extracted from the Hong Kong Observatory (HKO) Headquarters and the Climate Prediction Center Merged Analysis of Precipitation (CMAP) for the period 1979–2019. Atmospheric variables were extracted from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) global reanalysis datasets from the National Oceanic and Atmospheric Administration (NOAA) of the United States. These include the monthly fields of mean sea level pressure, multi-level wind (zonal and meridional components), omega (vertical velocity), specific humidity, and geopotential height for the period 1979–2019. The horizontal spatial resolution is 2.5°latitude × 2.5°longitude. The multi-level fields include 17 isobaric levels from 1,000 hPa to 10 hPa, except omega includes only 11 isobaric levels from 1,000 hPa to 100 hPa.
Monthly sea surface temperature data were extracted from the Hadley Centre sea ice and sea surface temperature dataset (HadISST) for the period 1979–2019, with a spatial resolution of 1°latitude × 1°longitude. The monthly Niño-3.4 index, obtained from the NOAA website (https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/nino34.long.anom. data), is defined as the area-averaged SST anomaly over 5°S–5°N and 170°–120°W with respect to the 1981–2010 climatology.
The vertically integrated water vapor flux over the 1,000–300 hPa layer (Q) is derived from the zonal and meridional components of the wind field (U, V) and the specific humidity (q):
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where g is the acceleration due to gravity.
The seasonal-mean water vapor flux ([image: image]) can be decomposed into its stationary (¯) and transient [image: image] components, which represent the water vapor transport due to the seasonal-mean flow and the transient flow:
[image: image]
Because the contribution of the transient term to summer moisture transport in the tropics and South China is negligible (see Figure 5–6 in Li et al., 2013), this term can be approximated by the stationary term:
[image: image]
where [image: image] is derived by the monthly U, V and q.
The horizontal component of stationary wave activity fluxes at 250 hPa (W) is used to depict Rossby wave propagation, where the direction of wave activity fluxes is parallel to the group velocity (Takaya and Nakamura, 2001):
[image: image]
where the overbar denotes the climatological mean, p is 250 hPa, and ѱ′ is the perturbation streamfunction derived from the regressed wind field.
SEASONAL FORCING OF HK SUMMER RAINFALL
Climatologically, the accumulated HK rainfall in boreal summer (June–July–August) is 1,235 mm during the period of 1979–2019, accounting for more than 50% of the total annual rainfall. The summer rainfall has strong interannual variation (Figure 1A), with two interdecadal turning points at 1993/1994 and 2009/2010. These interdecadal shifts are consistent with the SCSSM onset, which occurred earlier from 1993 to 1994 and became normal or occurred later in about 2010 (Wang et al., 2004; Wu et al., 2010; Kajikawa and Wang, 2012; Fan et al., 2014; Liu et al., 2016; Li et al., 2019b). Such a coincidence suggests a coherent relationship between the SCSSM onset and HK summer rainfall. Note that the slightly increasing trend of precipitation during the study period (the dashed line in Figure 1A) might indicate more precipitation in HK under global warming (Leung et al., 2004).
[image: Figure 1]FIGURE 1 | (A) Time series of summer (June-July-August, JJA) rainfall at the HKO Headquarters (HK Prec, mm) for the period 1979–2019. (B) Regression of summer mean sea level pressure (shading, Pa) and 500-hPa geopotential height (contour intervals: 3 m) onto summer HK Prec. Stippling and purple contours are significant at the 95% confidence level.
It is curious how strongly summer rainfall in HK is modulated by large-scale forcing from both the midlatitudes and the tropics. To identify the strongest seasonal large-scale forcing linearly related to summer rainfall in HK, a time series of normalized HK summer rainfall is regressed onto mean sea level pressure and 500-hPa geopotential height (Figure 1B). Although the strength of the western North Pacific subtropical high affects the intensity of the East Asian summer monsoon (e.g., Huang and Wu, 1989; Zhang et al., 1999; Chang et al., 2000), it is not statistically significant in relation to summer rainfall in HK. Instead, the year-to-year variation in summer rainfall in HK is significantly linearly correlated with the midlatitude circulation over central and East Asia. Specifically, more (less) summer rainfall in HK is associated with negative (positive) pressure anomalies centered over Ural-Siberia. It is also associated with positive (negative) pressure anomalies over Europe, but this signal is not significant. The linkage between summer rainfall in HK and the large-scale teleconnection over midlatitude Eurasia is noteworthy. It should be noted that the result is similar when the above analysis is repeated using the summer rainfall at stations along the South China coast.
In boreal summer, the Ural Mountains form one of the major blocking sectors in the Northern Hemisphere. The occurrence of a Ural blocking high advects more cold air from the high latitudes to Siberia. The associated cold air activity can enhance frontal precipitation when it meets warm and moist air from lower latitudes. The persistence of summer Ural blocking has been identified as one of the main dynamic causes of flooding near the Yangtze River, as occurred in 1998 (Li et al., 2001), but a linkage between Ural blocking and summer rainfall in HK has not previously been revealed. Because we focus on seasonal-mean circulation, we define a Ural height index (UHI) as the standardized June-July-August (JJA) geopotential height averaged over 50°–70°N and 45°–90°E during 1979–2019. As shown in Figure 2A, the UHI against HK summer rainfall is significantly negatively correlated, where the correlation is −0.334 and exceeds the 95% confidence level. Such an inverse relationship suggests that more occurrence of Ural blocking is associated with less summer rainfall in HK. That means the relationship between Ural blocking and summer rainfall in the Yangtze River and HK (and the South China coast) is reversed. Before investigating the possible dynamic mechanism responsible for the above linkage, we would like to identify the pre-season signals of these circulation anomalies, which could be useful for seasonal forecasts.
[image: Figure 2]FIGURE 2 | (A) Scatterplot of HK Prec (mm) against the standardized Ural Height Index (UHI, m) in summer, where the straight line represents the least square fit. (B) Same as (A), but for positive Niño-3.4 summers (red) and negative Niño-3.4 summers (blue).
Operationally, the seasonal prediction of HK summer rainfall has relied on SST, especially over the tropical Pacific (Chang and Yeung, 2003). However, we do not find a significant statistical relationship between the tropical SST and summer rainfall in HK. As shown in Figures 3A,B, summer rainfall in HK is also not significantly correlated with SST over the tropical Pacific during the concurrent summer and spring. The correlation between the Niño-3.4 index and HK summer rainfall is +0.109 during the period 1979–2019, where the average summer rainfall in positive and negative Niño-3.4 summers is 1,258 mm and 1,230 mm, respectively. It appears that Pacific SST cannot well predict summer rainfall in HK. Instead, the rainfall is moderated linked to SST over part of the North Atlantic in spring and summer. The lead–lag correlation (Figure 3C) between HK summer rainfall and North Atlantic SST over 30°–60°N and 45°–15°W in different seasons (SST-Atl, black boxes in Figures 3A,B) shows a significant positive correlation that peaks in spring. Therefore, the spring SST-Atl is a potential seasonal predictor for summer precipitation in HK.
[image: Figure 3]FIGURE 3 | Regression of (A,B) summer HK Prec and (D,E) summer UHI onto SST in (A,D) spring (March-April-May, MAM) and (B,E) summer. (C) Lead–lag correlation between HK Prec and seasonal mean SST in the North Atlantic enclosed by the black box (30°–60°N, 45°–15°W; SST-Atl) from the preceding autumn to the concurrent autumn. (F) Same as (C), except for the lead–lag correlation between UHI and SST-Atl (dotted solid line) and the Niño 3.4 index (dotted dashed line). The Niño 3.4 region is denoted by the black box (5°S–5°N, 120°–170°W) in (D,E). Dashed lines in (C,F) indicate the 90% and 95% confidence levels.
It is also important to see whether the seasonal predictor of the UHI is the same as that of summer rainfall in HK, because the UHI and HK summer precipitation are moderately correlated. As shown in Figures 3D–F, the UHI is significantly correlated with SST in part of the North Atlantic and the tropical south Atlantic from spring to summer. It is also moderately correlated with SST in the Niño-3.4 region over the tropical Pacific during summer (Figure 3E). This is different from the insignificant correlation between summer rainfall in HK and SST over the tropical Pacific. When the summer UHI is correlated with SST in different seasons, we can observe the evolution of a La Niña-like pattern from the concurrent spring to the concurrent fall (figures not shown). This relationship can be depicted by a significant negative correlation between the UHI and the Niño-3.4 index (dotted dashed line in Figure 3F). In other words, a summer with a negative (positive) Niño-3.4 index is more likely to have a positive (negative) UHI, which tends to be associated with less (more) summer rainfall in HK. However, while the UHI is significantly correlated with both the Niño-3.4 index and summer rainfall in HK, summer rainfall in HK is significantly correlated only with the UHI. The relationship between the UHI and summer rainfall in HK seems to be modulated by the phase of ENSO.
To examine the impact of ENSO, the study period is divided into positive (Niño-3.4 index > 0) and negative (Niño-3.4 index < 0) ENSO summers, specifically with 23 positive years and 18 negative years. Figure 2B shows that the linear relationship between the UHI and HK summer rainfall is strong (weak) in the negative (positive) phase of summer ENSO, where the linear correlation coefficient in the negative ENSO phase is −0.565 (exceeding the 95% confidence level). This asymmetric relationship suggests that the large-scale atmospheric forcing associated with HK summer rainfall is different in the two ENSO phases. Accordingly, in the following section the summer large-scale circulations are regressed against HK summer rainfall in positive and negative Niño-3.4 years separately.
DYNAMIC MECHANISMS IN DIFFERENT SUMMER ENSO PHASES
During positive Niño-3.4 years, HK summer rainfall is associated with a north-south oriented dipole-like height anomaly pattern over extratropical East Asia (Figure 4A). The negative anomalies at 60°N imply a weaker Okhotsk high and the positive anomalies at 40°N imply a weaker vortex over northeastern China. The positive height anomaly center is close to the climatological jet axis at 200 hPa. Correspondingly, the upper-tropospheric zonal winds south of the climatological jet location are weakened. The pronounced positive (negative) zonal wind anomalies at 50°N (35°N) suggest a northward (southward) shift of the westerly jet during positive Niño-3.4 years, with more (less) HK summer rainfall. The South China coast has slightly stronger zonal wind corresponding to more rainfall. These circulation anomalies are associated with the southward propagation of wave activity fluxes from North China to South China (Figure 5A). Besides the signal over East Asia, it is noticeable that HK summer rainfall in positive Niño-3.4 years is associated with positive height anomalies over Scandinavia (Figure 4A). However, its associated Rossby wave train propagates southeastward toward the Mediterranean and the Middle East, and it does not propagate farther toward East Asia. In short, the pronounced forcing of large-scale circulation related to HK summer rainfall in positive Niño-3.4 years is confined to East Asia.
[image: Figure 4]FIGURE 4 | Regression of summer 500-hPa geopotential height (shading, m) and 200-hPa zonal winds (contour interval: 0.5 m, zero contours are omitted) onto summer HK Prec for years with (A) a positive Niño 3.4 summer and (B) a negative Niño 3.4 summer. Stippling and purple contours indicate the 90% confidence level. The thick green line shows the climatological location of the westerly jet axis at 200 hPa.
[image: Figure 5]FIGURE 5 | Regression of summer 200-hPa geopotential height (contour, m) and wave activity flux (arrows, m) onto summer HK Prec for years with (A) a positive Niño-3.4 index and (B) a negative Niño-3.4 index. Shading indicates the 90% confidence level.
During negative Niño-3.4 years, on the other hand, the large-scale circulation anomalies associated with HK summer rainfall indicate stronger tropical–midlatitude interactions (Figure 4B). The extratropical Eurasian continent has a strong zonal dipole pattern, with a center of action over the Urals and another center of action over the middle and high latitudes of Asia. The positive anomalies over Asia are associated with weaker zonal winds north of the climatological jet axis. The pronounced positive zonal wind anomalies over the South China coast suggest a southward shift of the westerly jet. The above results suggest that during negative Niño-3.4 years, the positive (negative) UHI tends to be accompanied by stronger (weaker) westerlies near the climatological jet and weaker (stronger) zonal wind over the South China coast. This results in less (more) rainfall in HK. These circulation anomalies are associated with pronounced Rossby wave trains propagating from the Urals to East Asia (Figure 5B). One of the wave trains propagates toward the positive height anomalies over the high latitudes of Asia, where the wave train is split into two branches. One branch propagates southeastward toward the North Pacific, and the other branch propagates southward to East Asia via the Tibetan Plateau. Therefore, the HK summer rainfall anomalies in negative Niño-3.4 years are strongly influenced by large-scale forcing over the Urals.
Comparatively, the 500-hPa height regression pattern associated with HK summer rainfall in negative Niño-3.4 years (Figure 4B) strongly resembles the regression pattern associated with HK summer rainfall in all years (Figure 1B), including negative height anomalies over the Ural-Siberian region and positive height anomalies over the high latitudes of northern Asia. This is expected because of the much stronger linear correlation between the UHI and HK rainfall in negative Niño-3.4 years. However, the positive regressed height anomalies over northeastern China are captured only by positive Niño-3.4 years (Figure 4A); in negative Niño-3.4 years the positive regressed height anomalies are located at a higher latitude (Figure 4B). Corresponding to a distinct regressed height pattern, the upper-tropospheric zonal wind anomalies associated with HK rainfall in the two ENSO phases are different. Whereas the upper-tropospheric jet stream shifts meridionally over the midlatitudes of East Asia during positive Niño-3.4 years (Figure 4A), it shifts meridionally with a center over South China during negative Niño-3.4 years (Figure 4B). Apparently, the anomalies of HK summer rainfall in the two ENSO phases have different dynamics.
Besides the difference in large-scale circulations, the South China circulation anomalies associated with HK summer rainfall in the two ENSO phases are different (Figure 6). During positive Niño-3.4 years, strong lower-level convergence associated with enhanced HK summer rainfall is concentrated over southern China (Figure 6A). The associated southwesterlies extends from the Indian Ocean to the South China Sea, where the southwesterlies become more strengthened and zonally oriented, indicating a strong lower-level westerly jet. The corresponding upper-tropospheric jet stream is located northeast of the lower-tropospheric westerly jet stream, which extends zonally along 20°N from the Indochina Peninsula to the western North Pacific. The South China coast is located at the gap between the upper-tropospheric and lower-tropospheric jet streams, i.e., south of the upper-tropospheric jet and north of the lower-tropospheric jet. Correspondingly, this region has anticyclonic vorticity anomalies in the upper troposphere and cyclonic vorticity anomalies in the lower troposphere. These trigger stronger rising motion (shading in Figure 6A) and more precipitation over the South China coast. Specifically, the lower-tropospheric westerlies transport more water vapor from the Indian Ocean to the South China Sea. Therefore, HK rainfall anomalies during positive Niño-3.4 years are driven mainly by the local jet–precipitation dynamic processes and water vapor transport from the Indian Ocean.
[image: Figure 6]FIGURE 6 | Regression of summer 500-hPa vertical velocity (shading, Pa s−1), 200-hPa zonal winds (black contours, m/s), and 850-hPa winds (arrows, m/s) onto summer HK Prec for years with (A) a positive Niño-3.4 index and (B) a negative Niño-3.4 index. Stippling, thick black contours, and purple arrows are significant at the 90% confidence level.
During negative Niño-3.4 years, The upper-tropospheric zonal wind anomalies over South China are much stronger than their positive Niño-3.4 counterpart (Figure 6A), while the lower-tropospheric cyclonic anomalies are weak over the tropical Indo–Pacific Ocean and South China with weaker northerlies from mid-latitudes and enhanced southerlies associated with anticyclonic anomalies east of the Philippines (Figure 6B). As mentioned previously, the upper-tropospheric jet stream tends to shift southward associated with HK summer rainfall anomalies in negative Niño-3.4 years. Because the South China coast is located southwest of the maximum zonal wind anomalies (Figure 6B), the corresponding anomalous upper-tropospheric divergence (δu/δx > 0) can enhance anomalous rising motion over this region. On the other hand, the anomalous sinking motion over the Philippines is associated with less rainfall. This also accompanies an anomalous anticyclone transporting more water vapor toward the South China coast via the South China Sea. Therefore, the anomalies of HK summer rainfall in negative Niño-3.4 years are a result of the southward shift of a stronger or weaker upper-tropospheric jet stream toward South China and water vapor transport associated with the anomalous Philippine Sea anticyclone.
ROLE OF SPRING NORTH ATLANTIC SST ANOMALIES
Now that we have identified the large-scale forcing responsible for HK summer rainfall anomalies in the two ENSO phases in Section Dynamic Mechanisms in Different Summer ENSO Phases, in this section we would like to further depict the precursory signals that could explain HK summer rainfall anomalies in these phases. As mentioned in Section Seasonal Forcing of HK Summer Rainfall, the spring SST-Atl is a potential precursor of HK summer rainfall (Figure 3A). However, this relationship is much stronger in negative Niño-3.4 summers (Figure 7B) and weaker during positive Niño-3.4 summers (Figure 7A). In negative Niño-3.4 years, the correlation between HK summer rainfall and SST-Atl in different months is significant from the preceding winter to the concurrent summer (Figure 7C). The above statistical analysis suggests that SST-Atl is a potential seasonal predictor of HK summer rainfall in negative Niño-3.4 years. Conversely, in positive Niño-3.4 years, HK summer rainfall is weakly correlated with SST-Atl because it is not correlated with the midlatitude North Atlantic SST captured by SST-Atl. Instead, HK summer rainfall in positive years is moderately correlated with the subpolar North Atlantic, which can be represented by an index called SST-Atl-P (50°–60°N, 50°–20°W; Figure 7C). In the following, we will show how the spring SST-Atl and SST-Atl-P can affect HK summer rainfall in negative Niño-3.4 years and positive Niño-3.4 years, respectively.
[image: Figure 7]FIGURE 7 | Regression of spring SST (K) onto summer HK Prec for years with (A) a positive Niño-3.4 summer and (B) a negative Niño-3.4 summer. Stippling indicates the 90% confidence level. (C) Lead–lag correlation between HK Prec and seasonal mean SST-Atl-P for positive Niño-3.4 summers (red) and seasonal mean SST-Atl for negative Niño-3.4 summers (blue). Dashed lines indicate the 90% confidence level.
Negative ENSO Phase
Warmer spring and summer SST-Atl is associated with above-normal rainfall over South China (Figures 8A,B) and below-normal rainfall spreading from the eastern Indochina Peninsula to the western North Pacific. Such a dipole-like rainfall regression pattern resembles the regression pattern against HK summer rainfall (Figure 5B). Such a resemblance suggests an impact of the spring SST-Atl on HK summer rainfall. Moreover, the dipole-like rainfall regression pattern is associated with an anomalous anticyclonic circulation east of the Philippines. The southwesterly winds west of the anticyclonic anomaly convey abundant water vapor from the western North Pacific to South China. The convergence of water vapor over South China can enhance rainfall locally. Therefore, the anomalous Philippine Sea anticyclone is crucial for inducing stronger summer rainfall in HK. This anticyclone appears to be stronger when the warming of SST-Atl persists from spring to summer during negative Niño-3.4 years (Figure 8B).
[image: Figure 8]FIGURE 8 | Regression of summer precipitation (shading, mm day−1) and integrated 1,000–300 hPa water vapor fluxes (vectors, kg m−1s−1) in JJA onto (A,B) the SST-Atl index in negative Niño-3.4 summers and (C,D) the SST-Atl-P index in positive Niño-3.4 summers. (A,C) spring and (B,D) summer. Stippling and purple vectors are significant at the 90% confidence level.
The time-lagged impact of the spring SST-Atl on the large-scale atmospheric circulation is further investigated in Figures 9A–D. In spring, warmer SST-Atl is associated with a “positive north–negative south” dipole anomaly over the North Atlantic (Figure 9A), which partly resembles the negative phase of the North Atlantic Oscillation. The dipole anomaly accompanies wave trains propagating eastward from the North Atlantic. The propagation is separated into two pathways over the eastern Atlantic (Figure 9A). The first wave train travels at the middle and high latitudes across Europe and the Barents Sea to the Ural Mountains. The second wave train travels across northern Africa to the Middle East. The northern wave train is more closely linked to the negative anomaly centered at 40°N over East Asia. From spring to summer, whereas the dipole anomaly over the North Atlantic associated with SST-Atl weakens and moves eastward, it persistently affects the East Asian circulation via the aforementioned two wave trains, especially the high-latitude wave train (Figures 9B–D). This corresponds to the persistence of a negative height anomaly near the Barents Sea and the Ural Mountains. The tropical-midlatitude interactions associated with the Ural height anomaly could explain the influence of SST-Atl on HK summer rainfall.
[image: Figure 9]FIGURE 9 | Regression of spring to summer 200-hPa geopotential height (contours, m) and wave activity fluxes (arrows, m2/s2) onto (left) SST-Atl in negative Niño-3.4 summers and (right) SST-Atl-P in positive Niño-3.4 summers. Shading indicates the 90% confidence level. All variables are detrended during 1979–2019.
The summer Ural low (high) anomaly is associated with cyclonic flow (anticyclonic flow) over the southern part of the East Asian continent (figure not shown; can be deduced by Figures 5B, 9D). This is accompanied by subtropical westerly (easterly) wind anomalies over South China. This is also linked to stronger (weaker) western North Pacific subtropical high because South China is located at the northern edge of the western North Pacific subtropical high. Such an influence can also be inferred by the southeastward propagation of the Rossby wave train toward the tropical western Pacific (Figure 9D). Accordingly, when SST-Atl is persistently warmer (cooler) from spring to summer during negative Niño-3.4 years, the summer Ural low (high) anomaly strengthens (weakens) the western North Pacific subtropical high. The associated southwesterly wind toward the South China coast (Figures 8A,B) enhances (reduces) HK summer rainfall.
In short, the summer in HK is expected to have more rainfall when the warming of SST-Atl persists from spring to summer in negative Niño-3.4 years. The SST-Atl anomaly influences HK summer rainfall via large-scale teleconnection with a center of action near the Ural Mountains.
Positive ENSO Phase
The spring and summer SST-Atl-P is not strongly linked with summer large-scale atmospheric circulation (Figures 8C,D). Although the spring SST-Atl-P is moderately correlated with HK summer rainfall (Figure 7C), it is only weakly correlated with rainfall over South China (Figure 8C). Moreover, warmer spring SST-Atl-P is associated with slightly above-normal rainfall east of the Philippine Sea and a weak cyclonic flow over the western North Pacific and the South China Sea (Figure 8C). This suggests that the spring North Atlantic SST in positive Niño-3.4 years does not modulate HK summer rainfall via enhancing water vapor transport associated with the Philippine Sea anticyclone.
Indeed, the positive HK summer rainfall anomaly in positive Niño-3.4 years is associated with a remarkable high anomaly over northeastern China, a weak high anomaly over Scandinavia, and a weak low anomaly over central Europe (Figure 4A). To further depict how much the spring SST-Atl-P modulates the aforementioned large-scale circulation anomalies, the spring SST-Atl-P is regressed onto the spring-to-summer 200-hPa height and wave activity fluxes (Figures 9E–H). During spring, the large-scale circulation features associated with warmer SST-Atl-P during positive Niño-3.4 years (Figure 9E) is similar to those associated with warmer SST-Atl during negative Niño-3.4 years (Figure 9A). These features include a dipole-like anomaly over the North Atlantic and a midlatitude wave train across Eurasia (Figure 9E). The wave train in positive Niño-3.4 years (Figure 9E) is even stronger than its counterpart (Figure 9A), with pronounced centers of action over northeastern Europe (∼30°E), the Urals (∼70°E), and northeastern China (∼120°E). However, the low anomaly over northeastern China substantially weakens from spring to early summer (Figures 9E–G), and its sign is reversed in summer (Figure 9H). This is different from the progressive southward migration of the low anomaly over East Asia during negative Niño-3.4 years (Figures 9A–C). Meanwhile, the low anomaly over Europe moves southwestward from northeastern Europe in spring to central Europe in summer (Figures 9E–H), which accompanies a westward shift of the high anomaly over the Urals. The associated wave activity fluxes propagate southeastward from the Urals to East Asia via South Asia (Figure 9H). This partly explains the high anomaly over northeastern China associated with the HK summer rainfall anomaly (Figure 5A).
Therefore, the spring SST anomaly over the North Atlantic cannot well explain the HK summer rainfall anomaly during positive Niño-3.4 years. Besides the SST signal, it is noticeable that warmer SST-Atl-P in positive Niño-3.4 years is accompanied by positive height anomalies over the Arctic in spring (Figure 9E). This is related to weakening of the stratospheric polar vortex associated with a warmer North Atlantic. We found that HK summer rainfall is also significantly correlated with the 10-hPa geopotential height over the North Pacific in the preceding winter. However, the stratospheric signal also cannot well explain the large-scale circulation anomalies associated with the HK summer rainfall anomaly (figures not shown).
SUMMARY AND DISCUSSION
Although HK is located adjacent to the South China Sea, the interannual variation of HK summer rainfall during the period 1979–2019 is not strongly correlated with tropical forcing, such as the intensity of the western North Pacific subtropical high and ENSO. Instead, HK summer rainfall is significantly correlated with summer circulation anomalies over the Ural–Siberian region (50°–70°N, 45°–90°E). Therefore, from a forecasting perspective, HK summer rainfall cannot be well predicted by the ENSO signal, which is an important precursor of East Asian summer monsoon intensity on interannual timescales. We have shown that the spring SST-Atl (North Atlantic SST) is a potential seasonal predictor for HK summer rainfall, where warmer spring North Atlantic SST tends to be followed by negative Ural height anomalies in summer and more HK summer rainfall. It should be noted that the relationship among SST-Atl, the summer Ural circulation, and HK summer rainfall is strong during negative Niño-3.4 summers and weak during positive Niño-3.4 summers.
In negative Niño-3.4 summers, HK summer rainfall is robustly correlated with SST-Atl from the preceding winter to the concurrent autumn. The persistent warming of SST-Atl from spring to summer is associated with a dipole-like pattern over the North Atlantic, where an anomalous high is located at high latitudes. This is associated with a Rossby wave train emanating from the North Atlantic and propagating to East Asia across the middle and high latitudes of Eurasia. Specifically, a low anomaly is located over the Barents Sea and a high anomaly is located over the high latitudes of Asia. This is associated with a southeastward propagation of a Rossby wavetrain toward subtropical East Asia and the tropical Pacific. This accompanies a stronger upper-tropospheric westerly jet shifting southward toward South China and a stronger Philippine Sea anticyclone. The latter enhances water vapor transport toward South China and contributes to more rainfall in HK. Hence, the HK summer rainfall anomaly in negative Niño-3.4 summers is associated with strong tropical–midlatitude interactions.
In positive Niño-3.4 summers, on the other hand, HK summer rainfall is moderately correlated with the spring North Atlantic SST over the subpolar region (SST-Atl-P). However, the significant correlation between HK summer rainfall and SST-Atl-P does not persist in other months. The spring SST-Atl-P is associated with a pronounced Rossby wave train across the middle and high latitudes of Eurasia in spring, but this wave train weakens substantially in early summer. The spring SST-Atl-P is associated with a Rossby wave train propagating southeastward from eastern Europe to East Asia via South Asia in summer. This partly explains the high anomaly over northeastern China. Indeed, HK summer rainfall in positive Niño-3.4 summers is associated with southward propagation of wave activity fluxes from midlatitude East Asia to South China, which accompanies pronounced height anomalies confined to northeastern Asia. The rainfall anomaly in HK is largely modulated mainly by anomalies in westerly jets. This is related to enhanced upper-tropospheric and lower-tropospheric jet streams in subtropical Asia, where the lower-tropospheric wind anomaly is located south of the upper-tropospheric wind anomaly. The stronger westerly winds enhance the rising motion over HK and bring more water vapor from the Indian Ocean and Bay of Bengal to South China. Thus, tropical forcing may also play an important role in triggering rainfall anomalies in positive Niño-3.4 summers.
Why Does ENSO Modulate the Relationship Between the Mid-latitude Eurasian Circulation and HK Summer Rainfall?
We showed that HK summer rainfall is significantly correlated to mid-latitude Eurasian circulation, but it is unclear why this relationship is different in the two phases of ENSO. In order to address this issue, Figure 10 shows the composite of the 200-hPa circulation anomalies in positive and negative Niño-3.4 summers, as well as the difference in the interannual variance between the two phases. While the wind anomalies in the two phases are opposite in sign, the magnitudes of these anomalies in negative Niño 3.4 cases are generally stronger than the positive cases, including the anomalies over the Ural Mountains, the East Asian jet region, and the northwestern Pacific. In the negative Niño 3.4 summers, the weaker subtropical jet over Eurasia is associated with a stronger interannual variation of wind over the midlatitude Eurasia. This can be depicted by stronger interannual variances of zonal wind south of the Ural Mountains and south of Lake Baikal (shading in Figure 10A), and stronger interannual variances of meridional wind over Scandinavia, central Asia and northeastern Asia (shading in Figure 10B). In other words, the weaker subtropical jet in the negative Niño 3.4 summers may favor a stronger impact of the midlatitude circulation on the East Asian circulation related to the HK summer rainfall.
[image: Figure 10]FIGURE 10 | Composite of the 200-hPa wind anomalies (arrows) in (A) positive and (B) negative Niño 3.4 summers (June-July-August). Difference in the interannual variance of the (A) 200-hPa zonal wind (shading) and (B) meridional wind (shading) between negative and positive Niño 3.4 summers (negative minus positive). Note that the scale of shading in (A) is two times that in (B). Unit: m/s.
Does Tropical Cyclone Activity Affect HK Summer Rainfall in the Two ENSO Phases?
As mentioned in the introduction, tropical cyclone (TC) activity is one of the factors contributing to HK summer rainfall. We have also correlated HK summer rainfall with summer TC track density in positive Niño-3.4 summers and negative Niño-3.4 summers separately. As shown in Figure 11A, more HK summer rainfall in positive Niño-3.4 summers is associated with fewer TCs over the Philippines and slightly more TCs passing across Taiwan and Fujian Province in southeastern China. However, it is not related to the TC track density along the South China coast. Conversely, more HK summer rainfall in negative Niño-3.4 summers is associated with more TCs making landfall over the South China coast (Figure 11B). Therefore, the HK summer rainfall anomaly in negative Niño-3.4 summers is also related to TC activity, while that in positive Niño-3.4 summers is not.
[image: Figure 11]FIGURE 11 | Correlation between summer HK Prec and tropical cyclone track density in (A) positive Niño-3.4 summers and (B) negative Niño-3.4 summers. Tropical cyclone tracks were obtained from the Joint Typhoon Warning Center (https://www.metoc.navy.mil/jtwc/jtwc.html?western-pacific).
Overall, our results suggest that HK summer rainfall anomalies during the period 1979–2019 can be better predicted by the spring North Atlantic SST anomaly during negative Niño-3.4 summers. We also reveal a strong linkage between HK summer rainfall and circulation anomalies over the Urals and northeastern China in negative and positive Niño-3.4 summers. Because the persistence of height anomalies over these regions is related to the occurrence of Ural blocking and Okhotsk blocking, it is important to investigate the impact of blocking on rainfall in South China under different ENSO backgrounds in future.
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