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Abstract

The interannual variability of spring lightning activity over South China (SC) and its driving mechanism are examined using the
Tropical Rainfall Measuring Mission (TRMM) satellite-estimated convective rain rate and merged lightning flash rate datasets
together with atmospheric and oceanic reanalysis products over the TRMM period (1998-2014). SC is climatologically charac-
terized by high lightning flash densities, strong convective rainfall, and large convective available potential energy (CAPE)
during spring. The spring SC lightning activity (SCLA) has a strong year-to-year variability, and the standard deviation of flash
rates shows a spatially coherent annular distribution centered over the Pearl River Delta. The interannual variations of spring
SCLA are not only highly correlated with those of convective rainfall and CAPE, but also significantly correlated with El Nifio—
Southern Oscillation (ENSO). The anomalously frequent SCLA tends to follow El Nifio events, while infrequent SCLA pref-
erentially follows La Nifia events. Composite analyses demonstrate that during spring for the more frequent SCLA cases, the
upper tropospheric atmospheric response to El Nifio-related sea surface temperature anomaly (SSTA) patterns leads to strong
southwesterlies over SC in conjunction with tropical westerlies over the tropical Indian Ocean, forming a divergent environment
over SC. The upper-level divergence is coupled with low-level moisture convergence, generating strong mid-tropospheric
updrafts to lift more air parcels to reach their level of free convection, thereby producing stronger convection with frequent
SCLA. In contrast, the anomalous circulation forced by La Nifia-related SSTA patterns is conducive to suppressed convection
over SC and infrequent SCLA.

1 Introduction

Thunderstorms are a type of locally severe convective weather
that is generally produced by cumulonimbus clouds and al-
ways accompanied by lightning with strong gusts of wind,
heavy rainfall, and sometimes hail (Williams et al. 2000;
Zipser et al. 2006). Thunderstorms can significantly disrupt
socioeconomic development (Zhang et al. 2011; Dowdy and
Mills 2012), and lightning strikes can directly result in loss of
life, damage to infrastructure, and wildfires, especially over
densely populated and economically developed regions
(Holle 2008; Zhang et al. 2011; Dowdy 2016). Therefore,
investigating the temporal variation and related mechanisms
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of regional lightning activity together with convective rainfall
is of great importance for better lightning protection to effi-
ciently prevent and reduce natural disasters.

With the development of satellite-based lightning detection
techniques in recent decades, lightning flash rates can be de-
tected globally (Christian et al. 2003; Cecil et al. 2014, 2015).
In the global climatology, the annualized (annual rates of)
lightning flashes tend to peak over land areas, but vary geo-
graphically (Christian et al. 2003; Cecil et al. 2014).
Maximum lightning densities occur in coastal areas away
from the equator (e.g., North America, eastern Argentina,
the Indochina Peninsula, and southeastern China) and moun-
tainous regions (e.g., the Himalayas in northern Pakistan and
the Andes of northern Colombia) as these regions are subject
to migrating synoptic-scale cyclones, topographic lifting, and
monsoonal winds (Petersen et al. 2002; Xu et al. 2009;
Ramesh Kumar and Kamra 2012). High lightning densities
are also present year-round in the equatorial Congo Basin
and Indonesian Archipelago due to intense convective sys-
tems within the Intertropical Convergence Zone having larger
convective available potential energy (CAPE) over equatorial
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Africa (Monkam 2002) and the western Pacific (Blakeslee
etal. 2014). Because the annually averaged global distribution
of lightning activity depends strongly on the seasonal evolu-
tion of regional flash rates (Christian et al. 2003), the maxi-
mum annualized lightning densities are mostly dominated by
the lightning activity in the local summer season.

However, for some regions such as the Amazon basin, the
most frequent lightning activity occurs during the Southern
Hemisphere spring season, because synoptic-scale frontal sys-
tems migrate northward into the basin, triggering deeper
storms with stronger vertical velocities (Petersen et al.
2002). As shown in Christian et al. (2003) and Blakeslee
et al. (2014), a similar situation arises during the Northern
Hemisphere spring season (March—May), with more frequent
lightning activity of greater than 2 x 1072 fl km 2 day ' over
South China (SC; specifically south of 30° N around the
Yangtze Basin). Such lightning densities have comparable
magnitude to those during the summer season (June—
August), indicating that spring is another dominant period to
produce frequent lightning for SC. These characteristics are
supported by Dai et al. (2009), who pointed out that convec-
tive weather varies with region and season in China; with the
pre-monsoon beginning in SC in April and May, lightning
associated with thunderstorms increases in frequency. In fact,
such lightning-related heavy rains climatologically start near
mid-March, forming a heavy rain-belt that remains over SC
for the entire spring season (LinHo et al. 2008). Subsequently,
the heavy rain-belt migrates to the Yangtze Basin around mid-
June and then reaches North China by late July (Tao and Chen
1987). Since the SC spring rainfall is characterized by the first
rainy episode after the dry winter season, it is of interest to
examine why there is so much lightning in SC during spring.

Atmospheric instability, ambient moisture, wind shear, and
other lifting factors are crucial to thunderstorms and lightning
(Dai et al. 2009), so some studies have examined the physical
relationship of lightning occurrence with convective rainfall
and instability indices such as CAPE (Yuan and Qie 2008; Xu
et al. 2010; Cecil et al. 2015; Zheng et al. 2016). In southeast-
ern China, Dai et al. (2009) found a close dependence of
lightning activity on some convective indices (e.g., CAPE,
lifted condensation level) over SC for the spring and
summer seasons. Zheng et al. (2016) again suggested that
spring lightning activity over SC is more sensitive to CAPE
than that over offshore waters. Therefore, it is useful to ex-
plore how the spring total lightning activity and related con-
vective indices over SC vary on interannual timescales.

Given that the El Nifio—Southern Oscillation (ENSO) phe-
nomenon is a dominant interannual variability in the ocean—
atmosphere system, it affects significantly the tropical, subtrop-
ical, and mid-latitude climate, leading to persistent temperature
and precipitation anomalies in many regions during winter and
following spring (Wang et al. 2000; Feng and Li 2011; Wu and
Mao 2016, 2018). Wang et al. (2000) suggested that El Nifio
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(La Nifia) events tend to induce an anomalous lower tropo-
spheric anticyclone (cyclone) locating in the western North
Pacific during winter, and such anticyclonic (cyclonic) anom-
alies persist until the following spring or early summer, causing
anomalously wet (dry) conditions over eastern China extend-
ing from SC northeastward to the east of Japan. Further, the
influence on spring rainfall over SC of the central Pacific-type
El Nino event was even found to differ from that of typical
eastern Pacific-type El Nifio events (Feng and Li 2011). With
regard to possible impacts of ENSO events on lightning activ-
ity, they have been explored by some previous studies for var-
ious regions (e.g., Goodman et al. 2000; Yoshida et al. 2007;
Chronis et al. 2008; Dowdy 2016; Saha et al. 2017). Using
6 years of data from 1998 to 2003 that included two El Nifo
and one La Nifia events, Yoshida et al. (2007) found that the
annual lightning flash rate increases (decreases) during El Nifo
(La Nifa) periods in East/Southeast Asia, especially over SC.
Subsequently, Chronis et al. (2008) utilized the same 6-year
dataset to calculate simultaneous temporal correlations be-
tween the monthly Nino 3.4 index time series and the
monthly lightning flash rate anomaly time series for every
grid point. They identified that significant positive
correlations occur over southeastern China, the southern
Mediterranean, and North Africa while significant negative
correlations occur over northern Australia and northeastern
South America. Comparing more ENSO cases, Yuan et al.
(2016) noted that the areas of positive (negative) lightning
anomalies are located mainly on both sides of 5°-20° N (5°-
15° N) in El Nifio (La Nifia) boreal spring and winter, but north
of the equator in summer and autumn. Dowdy (2016) again
emphasized that ENSO has a strong relationship with lightning
activity during each individual season by calculating the simul-
taneous correlations of seasonal lightning activity over the
global tropical and temperate regions with the Nino 3.4 index.
He found that the most significant positive correlations be-
tween lightning activity and ENSO over SC occur during
spring. These studies suggest that the seasonal lightning activ-
ity over SC may be affected by ENSO events, but these results
are either only based on simultaneous monthly and seasonal
correlations rather than time-lagged correlations or simply
based on composites for a few ENSO cases without any test
of statistical significance for lightning anomalies. Thus, it is
necessary to examine how wintertime ENSO affects lightning
activity in the following season over SC using multi-year light-
ning data, because the ENSO-induced atmospheric circulation
anomaly pattern tends to persist for several months (Wang et al.
2000; Wu and Mao 2016).

The spring rainy season over SC is the first stage of the
seasonal northward shift of the heavy rain-belt for China, with
SC being characterized by higher lightning densities during
spring. Given that the lightning occurrence depends on the
large-scale atmospheric circulation condition favorable to me-
soscale convective systems, and ENSO is a dominant external
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forcing to generate significant interannual fluctuations of the
atmospheric circulation over the East Asian region, the objec-
tive of this study is to reveal the interannual variability of
spring SC lightning activity (hereafter SCLA) in relation to
convective rainfall and CAPE, exploring the physical mecha-
nisms of how anomalous large-scale circulations associated
with sea surface temperature (SST) anomalies (SSTAs) cause
anomalously frequent and infrequent SCLA.

2 Data and methods
2.1 Data

The monthly lightning flash rate data used in this study are
gridded flash products (2.5° x 2.5° resolution bins), which are
extracted from the Low Resolution Monthly Climatology Time
Series (LRMTS) data file (LRMTS_COM FR, as described in
Cecil et al. 2014) archived at the Global Hydrology Resource
Center for the period 1998-2014. The LRMTS lightning flash
rates were actually detected by two lightning detection sensors,
the spaceborne Optical Transient Detector (OTD) on the
MicroLab-1 satellite (available for the period May 1995—
March 2000) and the Lightning Imaging Sensor (LIS) onboard
the Tropical Rainfall Measuring Mission (TRMM) satellite
launched in November 1997, with flash counts from each instru-
ment being scaled by the best available estimates of detection
efficiency (Christian et al. 2003). As such, both OTD-detected
and LIS-detected flash rates as well as the merged LIS/OTD
flash records are available to examine the spatial and temporal
variations of lightning activity (Cecil et al. 2014, 2015).

Note that the merged LIS/OTD lightning flash products
utilized in the present study were only available till
December 2014 because TRMM satellite was removed from
orbit in April 2015. Actually, the merged LIS/OTD flash rate
for each grid box was calculated as the weighted average of
the low resolution time series of the smoothed daily flash rates
from LIS and OTD (Cecil et al. 2014). Note that considerable
spatial and temporal smoothing were applied to obtain the
individual time series of the smoothed daily flash rates for
LIS and OTD, using a 7.5° x 7.5° boxcar moving average
and a 111-day boxcar moving average on the flash counts
and viewtimes. A detailed description of the computational
procedure and detailed evaluation of such combined LIS/
OTD LRMTS flash rate data may be found in Cecil et al.
(2014).

Monthly rain rates for total rainfall and its convective and
stratiform components were derived from the TRMM 3A25v7
product at 0.5° x 0.5° horizontal resolution. These data have
been used to examine the multi-scale variability of convective
and stratiform rainfall in the Asian monsoon regime (e.g., Li
et al. 2009; Pokhrel and Sikka 2013). The TRMM satellite-
estimated convective rain rate and lightning flash rate

products currently include data for more than 17 years.
Thus, these products can be used to investigate the interannual
variation of convective rainfall and consequent lightning
activity.

To investigate the atmospheric circulation conditions re-
sponsible for the interannual variability in spring SCLA,
monthly meteorological variables and parameters such as hor-
izontal winds at various isobaric surfaces and CAPE are taken
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim datasets (Berrisford et al.
2009; Dee et al. 2011), with a resolution 0f 0.75° x 0.75° from
1998 to 2014. Note that as a thermodynamical parameter to
represent potential buoyancy available to idealized rising air
parcels, CAPE is an instantaneous variable similar to light-
ning. However, its daily and monthly mean values can still
signify the local instability situation of the tropospheric atmo-
sphere for the corresponding timescales (Williams and Renno
1993; Dai et al. 2009; Zheng et al. 2016). The ERA-Interim
reanalysis system thus produces directly the monthly CAPE
outputs, and such monthly CAPE data are commonly used to
demonstrate the seasonal changes of CAPE globally or re-
gionally in relation to the occurrence of extreme weather
events such as thunderstorms (Trapp et al. 2007; Dai et al.
2009; Zheng et al. 2016). Note that the high-resolution prod-
ucts of convective rain rates are interpolated onto the same
0.75° % 0.75° grid to match CAPE data.

Monthly SST data are from the newly updated Extended
Reconstructed SST (ERSST) product (ERSSTvS; Huang et al.
2017) on a 2°x2° grid from the National Oceanic and
Atmospheric Administration (NOAA). The corresponding
Oceanic Nifio Index (ONI) is thus used to characterize warm
or cold ENSO events, and it is downloaded directly from the
website of the NOAA Climate Prediction Center. Note that the
ONI is calculated as the 3-month running mean of ERSSTv5
SST anomalies in the Nifio 3.4 region (5°S—5° N and 120°—
170° W), with an El Nifio (La Nifia) event being typically
identified when the ONI is greater (less) than 0.5 °C
(=0.5 °C) for a minimum of five consecutive overlapping
seasons. Note also that although the ONI is very similar to
the most widely used Nino 3.4 index, the SST anomalies in
the ONI definition are averaged over a shorter period and
require shorter longevity and a higher anomaly threshold than
the Nino 3.4 index.

2.2 Key area and regional SCLA index

The topography of the southern part of China is shown in
Fig. 1a; the longitude of 105° E is usually considered as the
eastern boundary of the Tibetan Plateau that is mostly above
1500 m (Wan and Wu 2007); the region farther east has lower
altitude. Note that besides the foothills on the eastern slopes of
the Tibetan Plateau with topography above 500 m, there are
two larger mountain ranges within SC. One is the Nanling
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Fig. 1 Spatial distributions of a topography (shading; m) along with
climatological spring (March-May) 850-hPa winds (vectors; m s ') and
500-hPa vertical velocity (blue contours, dashed where negative;
102 Pas™"), b climatology (shading) and standard deviations (blue con-
tours) of spring lightning flash rate (FR, 107 fl km 2 day '), c as in b
except for spring convective rainfall rate (ConvR; mm day '), and d as in

mountains (east-west oriented hills, 24°-26.5° N, 110°-116°
E, with terrain heights of 500—1000 m), and the other is the
Wuyi mountains (northeast-southwest orientated hills, 25°—
29° N, 116°-119° E, with an average height of ~1000 m)
(Wan and Wu 2007; LinHo et al. 2008). Climatologically,
strong southwesterly winds prevail in the lower troposphere
over SC during spring (Fig. 1a), with strong ascending motion
of magnitude greater than 3 x 102 Pas ' in the middle tropo-
sphere, leading to spring total (convective plus stratiform)
rainfall greater than 400 mm, as shown in Wu and Mao
(2016). Note that the Nanling mountains act as a physical
barrier to the southwesterlies as the wind direction is almost
perpendicular to the zonal mountain range. Air parcels are
inevitably lifted over the mountains, especially over the wind-
ward side, producing strong cumulonimbus clouds and con-
vective rainfall (Fig. 1¢). The climatological distribution de-
rived from the merged LIS/OTD lightning flash rate data for
the period 1998-2014 shows a high frequency of lightning
activity (greater than 2 x 107> fl km > day') over SC (Fig.
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b except for spring convective available potential energy (CAPE; J kg ")
for the period 1998-2014. Note that the black dashed contours in ¢ denote
the interannual standard deviation of convective rainfall as a percentage
(%) of total (convective plus stratiform) rainfall. The red rectangle indi-
cates the key region over South China (21°-27° N, 106°-116.5° E)

1b), with maximum lightning flash densities (greater than 5 %
1072 fl km ™ day ') concentrated over Guangxi Zhuang
Autonomous Region and Guangdong province, consistent
with the results from ground-based lightning detection sys-
tems (Zheng et al. 2016).

The area with maximum flash density above 5 x
1072 fl km 2 day ' mostly comprises two coastal regions
[the Pear]l River Delta (PRD) and western Guangdong
Province including a southeastern portion of Guangxi
Zhuang Autonomous Region] as classified by Dai et al.
(2009), who compared LIS-detected lightning flash rates with
several convective indices for a number of regions in China.
Figure 1b also displays the interannual standard deviation of
the spring lightning flash rate over SC based on data from
1998 to 2014, with magnitude mostly exceeding 1.0 x
10 fl km 2 day ', indicating an evident year-to-year vari-
ability. The interannual standard deviations are spatially co-
herent over SC, with an annular distribution centered over
western Guangdong Province (Fig. 1b). Note that the area
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encircled by the innermost closed isoline of standard deviation
equal to 2.0 x 1072 fl km 2 day ' just corresponds to the do-
main of maximum climatological flash density over SC, but
the locations with even larger climatological flash densities
over the northeastern Indochina Peninsula exhibit weaker in-
terannual variability.

To investigate the interannual variability of the SCLA, a
key area has to be selected to define an index to represent
regional lightning flash rate. As shown in Fig. 1b, the
closed isoline of the standard deviation equal to 1.5 %
1072 fl km 2 day ' roughly covers most of the regions with
climatological flash densities equal to or greater than 3.0 x
1072 fl km? day ™' over SC. This is equivalent to the am-
plitude of interannual fluctuations reaching half of the local
climatological flash densities. Therefore, we use the stan-
dard deviation of 1.5 x 102 fl km * day ' as a threshold to
define the key area (21°-27° N, 106°-116.5° E; the red
rectangle in Fig. 1b). Thus, the area-averaged spring light-
ning flash rate over this key area is defined as the regional
SCLA index. The time series of arca-averaged SCLA
anomalies is computed over the key area from 1998 to
2014 (Fig. 2). Note that the anomalies refer to the depar-
tures from the long-term mean for the period 1998-2014,
and the long-term mean is 4.5 x 102 fl km 2 day '. The
interannual standard deviation (indicated by o) for this pe-
riod is 1.76 x 102 fl km > day '. Considering that the in-
terannual standard deviations of lightning activity are spa-
tially coherent over SC, and the isoline of the threshold
encloses most of SC (Fig. 1b), this relatively large key area
can represent well the regional behavior of spring lightning
activity over the entire SC. This key area is slightly larger
than that defined by Dowdy (2016), who selected a region
of 7.5° x 7.5° mostly covering Guangxi and Guangdong
provinces to demonstrate the simultaneously strong corre-
lation between SCLA and ENSO in spring. Note that the

3.0

maximum flash densities especially within the key area
(Fig. 1b) correspond to locations with maximum convec-
tive rainfall and CAPE (Fig. 1c, d), so the spatial and inter-
annual variability of spring SCLA in relation to convective
rainfall and CAPE in the same season will be discussed in
Section 3.1.

2.3 Classification of anomalous SCLA years
and composite analysis

Using the SCLA anomaly time series for the period 1998—
2014 (Fig. 2), linear correlation is applied to examine the
relationships of SCLA with local atmospheric instability pa-
rameters such as CAPE and remote forcing such as ENSO.
Pearson correlation coefficients are thus calculated between
time series of area-averaged spring lightning flash rate and
other variables such as convective rainfall and SST. The sta-
tistical significance of linear correlations is tested based on
two-tailed probabilities (Li and Mao 2019).

Composite analyses are applied to anomalously high ver-
sus anomalously low SCLA years to examine the physical
mechanisms responsible for the interannual variability of re-
gional lightning activity over SC in spring. As shown in
Fig. 2, the time series of SCLA anomalies exhibits evident
interannual fluctuations with different amplitudes. For exam-
ple, positive anomalies in 1998 and 2013 considerably exceed
1.76 x 1072 flkm > day_1 (one standard deviation, +10), sug-
gesting that these are anomalously high SCLA years. The
opposite situation is found in anomalously low SCLA years
such as 1999 and 2011, with negative anomalies being much
less than —10. As such, years can be categorized as having
anomalously high and low SCLA based on 1o as a threshold.
However, given that statistically reliable composite results are
derived from large samples, and assuming that the SCLA time
series follows a normal distribution with an equal number of
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Fig. 2 Time series of area-averaged spring (March—May) lightning flash
rate (bar; 102 flkm 2 dayfl), convective rainfall rate (long dashed curve;
mm day "), and CAPE (solid curve; J kg ') anomalies over the SC key
region (21°-27° N, 106°-116.5° E) from 1998 to 2014, with anomalies
calculated as departures from the 1998-2014 climatology for each vari-
able. Also shown is the time series of area-averaged winter (December—

2004

| [ I
2007 2010 2013

Year

February) Oceanic Nifio Index (ONI) (short dashed curve; °C) over the
Nifio 3.4 region (5° S—-5° N, 120°-170° W). Parallel dashed lines indicate
0.7 times the standard deviation of the time series of area-averaged light-
ning flash rate anomalies used as the threshold to categorize anomalously
frequent and infrequent SCLA years
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amplitudes above and below the mean value, the threshold is
reduced to 0.7 to extract relatively more samples for com-
posite analysis. Thus, years with anomalously high (low)
SCLA are defined as having an amplitude of lightning flash
rate anomaly greater (less) than 0.70 (—0.70), and these are
termed frequent (infrequent) SLCA years. This classification
not only assures that departures of the selected anomalous
lightning years exceed half of a standard deviation, but also
produces a reasonable separation with five frequent SCLA
years (1998, 2005, 2012, 2013, and 2014) and five infrequent
SCLA years (1999, 2000, 2008, 2009, and 2011). The com-
posite analyses are produced for these frequent and infrequent
SCLA years in terms of convective rainfall, CAPE, horizontal
winds on different isobaric surfaces, and SST, with the statis-
tical significance of the composite anomalies being assessed
using Student’s ¢ test.

3 Results
3.1 Climatological features

As mentioned in Section 2.2, the spring rainy season over SC
is climatologically dominated by lower tropospheric south-
westerlies (Fig. 1a). Because such prevailing southwesterlies
are associated not only with the western North Pacific sub-
tropical anticyclone but also with the upstream veered flow
around the Tibetan Plateau related to both mechanical and
thermal forcing (Wan and Wu 2007), they favor the formation
of synoptic-scale quasi-stationary frontal systems when they
encounter the equatorward-intruding cold air over SC (LinHo
et al. 2008). In turn, some mesoscale convective systems as-
sociated with the cold or warm frontal systems are triggered
by the Nanling and Wuyi mountains (LinHo et al. 2008; Xu
et al. 2009; Yuan et al. 2016; Zheng et al. 2016), leading to
strong ascending motion in the middle troposphere (Fig. 1a),
thereby producing intense thunderstorms with more lightning
flashes (Fig. 1b) and resultant convective rainfall (Fig. 1c).
Note in Fig. 1b that within the key area the isoline of 5 x
107 fl km* day ', which represents the northern boundary
of the innermost sub-region having maximum flash densities,
is roughly parallel to the Nanling mountains (Fig. 1a). The
lightning densities decrease northward toward the Yangtze
Basin (Fig. 1b). TRMM satellite-estimated convective rainfall
is indeed dominant over SC, with the rainfall rates being most-
ly greater than 1.5 mm day ' (Fig. 1c). Note that a sub-region
with maximum rainfall rates exceeding 3 mm day ' is present
around the PRD near Guangzhou City, corresponding well to
the area of maximum flash densities (Fig. 1b). The convective
rainfall (Fig. 1¢) accounts for 55% of the spring total (convec-
tive and stratiform) rainfall shown in Wu and Mao (2016) over
most of SC, with an even larger proportion (>65%) occurring
over the PRD, indicating that convective rainfall dominates
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stratiform rainfall in this region. Note that convective rainfall
(Fig. 1c) exhibits a similar spatial distribution to lightning
density (Fig. 1b), with the isoline of 2.5 mm day ' coinciding
with the Nanling mountains (Fig. 1a). Another strong convec-
tive rain-belt (>2.5 mm day '; Fig. Ic) is present along the
Wuyi mountains (Fig. 1a), corresponding to the frequent light-
ning activity that is characterized by the northeastward pro-
truding isolines of flash density (Fig. 1b). These features dem-
onstrate the role of both synoptic-scale circulation forcing and
topographic lifting in triggering thunderstorms. This is partly
supported by the strong ascending motion shown in Fig. 1a,
because such ascending motion is involved in both convective
and stratiform rainfall. As suggested by Williams (1995), the
topographic lifting of air parcels in mountain areas is related to
CAPE, because it can provide the finite vertical displacement
to initiate conditional instability and provide the CAPE re-
quired for the formation of thunderstorms. The climatological
CAPE in spring (Fig. 1d) also has a similar spatial distribution
to lightning flash density over SC (Fig. 1b), with larger CAPE
(>400 J kg ') decreasing northward to 150 J kg™' around the
Yangtze Basin (Fig. 1d). Along the Nanling mountains, the
CAPE values range from 300 to 400 J kg ', indicating that the
larger lightning densities and convective rainfall around the
Nanling mountains are indeed associated with larger CAPE.
Although CAPE is lower (150 J kg ") along the Wuyi moun-
tains (Fig. 1d), topographic lifting is still the important mech-
anism that causes such an unstable air mass to rise and pro-
duce strong convective rainfall along with lightning flashes
(Fig. 1b, ¢). The close dependence of lightning activity on
CAPE over SC is further supported by Zheng et al. (2016),
who noted that in the climatology and over the southern por-
tion of the key area with largest flash densities, the monthly
variations of lightning density increase linearly with CAPE
from March until they reach a peak in May.

3.2 Interannual variation

The spatial distributions of the interannual standard deviations
of spring lightning activity, convective rainfall, and CAPE are
shown in Fig. 1b—d, respectively, for 17 years of data from
1998 to 2014. As mentioned in Section 2.2, the standard de-
viations of the spring lightning activity are characterized by a
spatially coherent annular distribution, with maxima greater
than 3.0 x 102 fl km > day ' concentrated around the PRD
(Fig. 1b). Convective rainfall rates also have considerable in-
terannual variability, with standard deviation mostly greater
than 1.0 mm day ' over SC (Fig. lc) and showing a similar
coherent distribution to that of the lightning flash rates (Fig.
1b). Note that such interannual variability of convective rain-
fall reflects to a great extent that of total (convective plus
stratiform) rainfall, because the interannual standard devia-
tions of convective rainfall are mostly greater than 50% of
those of total rainfall, even above 60% over Guangxi and
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Guangdong provinces (Fig. 1c). This implies that convective
rainfall variability associated with lightning activity makes a
major contribution to regional climate variation over SC. Note
also that the maximum standard deviations for both convec-
tive rainfall rates and lightning flash rates are all located
around the PRD (Fig. 1b, c¢). Similarly, CAPE exhibits an
evident interannual fluctuation (Fig. 1d). Although the spatial
distribution of the standard deviation of CAPE is relatively
less coherent and the maximum standard deviations are not
located over the PRD, the standard deviation of CAPE is
mostly on the order of 100-150 J kg ' over the key area
(Fig. 1d). Such large standard deviations of CAPE correspond
to those of lightning flash rates and convective rainfall rates,
indicating a close connection between lightning activity, con-
vective rainfall, and CAPE on interannual timescales.

To further examine the connection of SCLA with other
variables on interannual timescales, Fig. 2 displays time series
of area-averaged spring convective rainfall and CAPE anom-
alies over the SC key region from 1998 to 2014. The spring
convective rainfall rate and CAPE indeed exhibit similar year-
to-year fluctuations to SCLA although with larger amplitudes,
and they are highly correlated. Note in Table 1 that the corre-
lation coefficient between the time series of SCLA and con-
vective rainfall anomalies is 0.92, which is statistically signif-
icant at the 99% confidence level, indicating that the variation
of lightning activity is consistent with that of convective in-
tensity, as suggested by Zipser et al. (2006). Similarly, the
area-averaged CAPE also has highly significant correlations
with SCLA and with convective rainfall, with the correlation
coefficients reaching 0.93 and 0.95, respectively (Table 1).
Such a strong correlation between SCLA and CAPE over
SC is consistent with that reported by Dowdy (2016), who
suggested that a CAPE-related thermodynamic environment
seems to play a significant role in producing deep convection
and resultant lightning. These results indicate that the spring
SCLA and convective rainfall are indeed strongly dependent
on CAPE on interannual timescales, and more frequent SCLA
and stronger convective rainfall are associated with larger
CAPE over SC.

Table 1  Pearson correlation coefficients between time series of area-
averaged anomalies over the SC key region (21°-27° N, 106°-116.5° E)
in terms of spring lightning flash rate (FR; 102 fl km 2 day "), convec-
tive rainfall rate (ConvR; mm day '), convective available potential en-
ergy (CAPE; J kgfl), and time series of wintertime ONI (°C) for the
period 1998-2014. The coefficients in italics (boldface) are statistically
significant at the 95% (99%) confidence level

FR ConvR CAPE ONI
FR 1 0.92 0.93 0.51
ConvR 1 0.95 0.51
CAPE 1 0.51
ONI 1

To demonstrate the spatial coherence of the anomalous
SCLA over SC, in association with the anomalous convective
rainfall and CAPE, Fig. 3 shows the composite anomalies for
the frequent versus infrequent SCLA years and their differences
in terms of lightning flash rate, convective rainfall, and CAPE.
Significant positive anomalies of lightning flash rate are present
over SC during the frequent SCLA years (Fig. 3a), with anom-
aly maxima above 3 x 10> fl km > day ' concentrated around
and south of the Nanling Mountains and accompanied by sig-
nificant positive anomalies of convective rainfall (Fig. 3d).
Although CAPE maxima are located over the southwest corner
of SC, positive CAPE anomalies are still statistically significant
over the entire SC (Fig. 3g). The opposite situations occur dur-
ing the infrequent SCLA years (Fig. 3b, e, and h). An apparent
exception is noted in convective rainfall (Fig. 3e), with statisti-
cally significant negative anomalies over a much wider region
especially north of the Nanling mountains, which may be an
asymmetric response to external forcing of La Nifia events (as
discussed below). The composite differences between frequent
and infrequent SCLA years show similar patterns to those in the
frequent SCLA years. Note in Fig. 3 d—f that a more coherent
center of maximum or minimum convective rainfall anomalies
exists in the northern PRD, while the positive or negative anom-
alies of lightning flash densities do not exhibit such a distinct
configuration in Fig. 3a—c. This is because the spatial resolution
(2.5° x 2.5°) of the lightning flash rate data is too coarse to
discern more detailed information. If higher-resolution gridded
lightning flash products were directly available, a maximum or
minimum lightning density center would be found at the same
location (northern PRD) as anomalous convective rainfall.
Actually, this feature can be indirectly verified or partly sup-
ported by Zheng et al. (2016), who utilized the relatively
higher-resolution lightning data observed from the ground-
based lightning detection sensors in Guangdong province to
examine the climatology of lightning activity over South
China for the period 2001-2012. Note in their Fig. 1a that a
remarkable area with maximum densities of climatological total
lightning is indeed located around the northern PRD centered
on Guangzhou City. Since the center of maximum interannual
standard deviations in both the spring convective rainfall and
lightning density tends to coincide with that of their climato-
logical maxima due to low-level southerly airflow convergence
toward a bell-mouth shaped topography in the northern part of
the PRD, the maximum or minimum lightning density center at
the northern PRD similar to that in Fig. 3d—f'is surely included
in Fig. 3a—c. This issue will be further explored when higher-
resolution ground-based and/or satellite-based lightning prod-
ucts are available. The spatial differences in the magnitude of
composite anomalies associated with frequent and infrequent
SCLA years can be clarified by the area-averaged anomaly
values over SC of the three variables (Table 2). Note that al-
though the anomaly values are all slightly larger in magnitude
in the frequent SCLA years than those in the infrequent SCLA
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Fig. 3 Composite anomalies (shading) of spring (March—-May) lightning
flash rate (FR; 10~ fl km 2 day ") for a the frequent and b infrequent
SCLA years. ¢ Composite differences (shading) between a and b. d—f As
in a—c but for convective rainfall rate (ConvR, mm dayﬁl). g-iAsina—c

years, the sensitivity of lightning activity and convective rainfall
to changes in CAPE is identical according to Table 2, with the
ratio of lightning density to CAPE anomalies being 2.0 x
10* fl km 2 day ' kg J™', and the ratio of convective rainfall
to CAPE anomalies being 0.64 x 10 mm day ' kg J'. These
results not only illustrate that the interannual variations in
SCLA and convective rainfall are consistent and in-phase with
those of CAPE but also validate quantitatively the close depen-
dence of SCLA and convective rainfall on CAPE changes.

Table 2 Areca-averaged composite anomalies and differences over the
SC key region (21°-27° N, 106°-116.5° E) of spring lightning flash rate
(FR; 102 flkm™2 dayfl), convective rainfall rate (ConvR; mm dayfl),

[ [ [T [ DEEEEEEN |
0 100 200 300 -600 -400 200 0 200 400 600
Wkg™) Wka™)

but for convective available potential energy (CAPE; J kg ). Stippling
indicates the anomalies statistically significant at the 90% confidence
level. Red rectangle indicates the key region over South China (21°-
27°N, 106°-116.5° E)

3.3 Physical mechanism for SCLA interannual
variability

The spring SCLA anomaly is positively correlated with the
ONI in the preceding winter, with a correlation coefficient of
0.51 that is statistically significant at the 95% confidence level
(Table 1). The same coefficient is obtained for correlations of
each of the spring convective rainfall and CAPE with winter-
time ONI (Table 1). To confirm the linkage with ENSO, the

and convective available potential energy (CAPE; J kg ") for the frequent
SCLA years versus the infrequent SCLA years. Note that these anomalies
are statistically significant at the 90% confidence level

Frequent SCLA years Infrequent SCLA years Frequent-minus-infrequent SCLA years
FR 1.78 -1.24 3.02
ConvR 0.57 —0.40 0.98
CAPE 0.89 —0.62 1.51
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Fig. 4 Spatial distributions of time-lagged correlation coefficients
(contours) between area-averaged spring lightning flash rate anomalies
over the SC key region (21°-27° N, 106°-116.5° E) and SSTAs for every
grid point during the preceding winter (December—February) and corre-
lation coefficients (shading) between area-averaged winter ONI (5° S—5°

spatial distribution of time-lagged correlations of area-
averaged spring SCLA with SSTAs in the preceding winter
(December—February) is shown in Fig. 4. Significant positive
correlations (>0.41, at the 95% confidence level) are present
over the equatorial central eastern Pacific and equatorial
Indian Ocean, with significant negative correlations over the
extratropical North Pacific. Such a significant correlation pat-
tern is similar to the typical SSTA distribution of an El Nifio
event. Figure 4 also shows the correlation coefficients be-
tween the time series of area-averaged winter ONI and the
spring lightning flash rate anomalies for every grid point.
Note that the statistically significant positive correlations are
indeed concentrated over SC, although the maximum center is
located over the western part of the key area. Such a spatial
pattern of significant correlations is very similar to that of
simultaneous spring correlations between the Nino 3.4 index
and lightning flash rates given by Dowdy (2016, see his fig.
1). These results suggest that abnormal SCLA together with
convective rainfall and CAPE are strongly associated with
ENSO events, with frequent (infrequent) SCLA following El
Nifio (La Nina) events.

As classified in Section 2.3, the anomalously frequent
SCLA years are 1998, 2005, 2012, 2013, and 2014, while
the infrequent SCLA years are 1999, 2000, 2008, 2009, and
2011. According to the wintertime ONI value, two of these
frequent SCLA years are associated with El Nifio events
(1997/1998 and 2004/2005), whereas each infrequent SCLA
year corresponds to a La Nifia event. This indicates an

Table 3  The ONI values (°C) for winter (December—February) and
spring (March—May) seasons of five La Nifia events associated with
infrequent SCLA years

1999 2000 2008 2009 2011
Winter -1.5 -1.7 -1.6 -0.8 -14
Spring -1.0 -0.8 -0.9 -0.2 -0.6

0.41 0.5 0.6 0.7

N, 120°-170° W) and subsequent spring lightning flash rate anomalies
for every grid point during the period 1998-2014. The correlations are
only shown for locations where the coefficients are statistically significant
at and above the 95% confidence level. Red rectangle refers to the SC key
region

asymmetric response of anomalous SCLA to warm and cold
ENSO events, with a preference for infrequent SCLA to be
associated with La Nifia conditions. Here, we emphasize the
time-lagged impact of the mature ENSO event in wintertime
on abnormal SCLA in the following spring; an ENSO event
tends to decay during the spring season, but the ENSO-related
SST anomaly signals persist for several months, thereby in-
ducing anomalous circulation that affects SCLA (as discussed
below). For the above five La Nifa events, the wintertime
ONI values were all below —0.8 (Table 3), while the ONI
values in spring also remained mostly below —0.6 (Table 3),
with an exception of spring 2009. With regard to the 2008/
2009 La Nifa event, though the ONI value increased to —0.2
in spring, positive SST anomalies above 0.5 °C were still
present in the western Pacific west of 150° E (not shown),
which may have contributed to the formation of local cyclonic
circulation over the western North Pacific (see Fig. 5b).

To explore how ENSO-related SSTAs remotely induce
anomalous circulation to affect the SCLA, we perform com-
posite analyses to identify the circulation differences.
Considering that the anomalies for a variable between anom-
alously frequent SCLA years and normal years generally tend
to have opposite signs to those between anomalously infre-
quent SCLA years and normal years, the composite frequent-
minus-infrequent differences are calculated to simply repre-
sent anomalies related to the frequent SCLA years. The in-
verse can be assumed for the infrequent SCLA cases.

Figure 5 illustrates composite wintertime and springtime
SST differences between frequent and infrequent SCLA
years. Significant positive SSTAs are found in the central
eastern Pacific and the equatorial Indian Ocean (Fig. 5a), with
negative SSTAs in the extratropical North Pacific for frequent
SCLA years, which is similar to the spatial pattern of signifi-
cant correlations shown in Fig. 4. Such SSTA distributions are
typical features in winter when an El Niflo event reaches the
mature phase (Wang et al. 2000). As well as significant sur-
face westerlies over the equatorial Pacific and surface
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Fig. 5 Composite anomalies

between frequent and infrequent 40°N
SCLA years of SST (shading; °C)

and 10-m winds (streamlines and 30°N —

vectors; m s ') in a winter

(December—February) and b 20N

spring (March-May). Only

shown are the SST anomalies .
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casterlies over the Maritime Continent, the atmospheric re-
sponse of surface winds to tropical positive SSTAs includes
an anomalous anticyclone over the western North Pacific (Fig.
Sa), with significant southerlies over the South China Sea on
the western side of the anticyclone blowing toward SC. Wang
et al. (2000) suggested that this anomalous anticyclone is in-
duced both by in situ ocean cooling and subsidence forced
remotely by equatorial central eastern Pacific warming. The
opposite situations are noted for La Nifa events.

In spring when an El Nifio event decays, although the pos-
itive SSTAs in the equatorial central eastern Pacific weaken
noticeably, there are significant positive SSTAs in the south-
ern South China Sea and eastern Bay of Bengal (Fig. 5b). As a
result of local and remote responses to the SSTA pattern,
statistically significant surface southwesterly anomalies pre-
vail over the South China Sea and converge toward SC (Fig.
5b), forming a large-scale cyclonic circulation favorable for
active convection and frequent SCLA over SC. Note that the
surface southwesterlies have two sources, one is from the
southerly component on the western side of the western
North Pacific anticyclone, and the other is from the upstream
westerly component over the Indochina Peninsula.

Given that active convection requires stronger updrafts and
abundant moisture convergence, Fig. 6 provides composite
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differences between frequent and infrequent SCLA years for
wind fields at various isobaric surfaces along with vertical mo-
tion and water vapor flux. In the upper troposphere (Fig. 6a),
there are significant southwesterlies east of 130° E, which are
part of the anomalous anticyclone that develops in response to
positive SSTAs in the central eastern Pacific shown in Fig. Sb.
Strong anomalous westerlies prevail over the tropical Indian
Ocean, responding to the locally positive SSTAs (Fig. 5b) in
conjunction with downstream positive SSTAs in the tropical
central eastern Pacific during the decaying phase of a typical
El Niflo event. Note these westerlies expand northward to 25°
N and veer northward to form significant southwesterlies over
SC (Fig. 6a). The strong southwesterlies produce a divergent
environment in the upper troposphere over SC, where the in-
tensity of the abnormal upper-level divergence reaches 1.5 x
10® s™! (Fig. 6a). This strong dynamical pumping effect is
coupled with the low-level convergence caused by anomalous
southwesterlies (Figs. 5b and 6c¢), leading to strong ascending
motion in the middle troposphere over SC (Fig. 6b). This en-
hanced dynamical forcing allows more air parcels to reach their
level of free convection, providing a source of lifting, and
allowing these parcels to utilize an enhanced thermodynamic
environment thereby producing potentially stronger convection
and more frequent lightning. Anomalous vertically integrated
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Fig. 6 Composite anomalies between frequent and infrequent SCLA
years of spring (March-May) a 200-hPa winds (streamlines and vectors;
ms 1) and divergence (shading; s 1), b 500-hPa winds (streamlines and
vectors; ms ') and vertical velocity (shading; 102 Pas 1), and ¢ 850-hPa
winds (streamlines and vectors; m s ') and vertically integrated moisture
flux divergence (shading; 10~ kg m™' s™"). Only shown are the shaded
anomalies statistically significant at the 90% confidence level. The statistically
significant wind anomalies are shown by black vectors. Red rectangle indi-
cates the key region over South China (21°-27° N, 106°-116.5° E)

moisture convergence is produced over SC due mostly to low-
level southwesterlies transporting water vapor from the South
China Sea and northern Bay of Bengal to SC (Fig. 6¢). This
moisture convergence favors deep convection and resultant fre-
quent SCLA. In contrast, the anomalous circulation forced by
La Nifia-related SSTA patterns favors abnormal suppressed
convection over SC and infrequent SCLA.

4 Summary and discussion

In this study, TRMM satellite-estimated convective rain rate
and merged LIS/OTD lightning flash rate datasets together
with atmospheric ERA-Interim and oceanic ERSST reanalysis
products for the TRMM period (1998-2014) have been used to
examine the interannual variability in spring lightning activity
over SC in relation to ENSO events. Climatologically, south-
westerly winds prevail in the lower troposphere over SC during
spring. These winds favor the formation of synoptic-scale qua-
si-stationary frontal systems over SC when they encounter
equatorward-intruding cold air, producing strong ascending
motion in the middle troposphere and resultant heavy rainfall.
Because the lower tropospheric southwesterly winds are also
forced by some moderately high topography, especially the
Nanling mountains where the wind direction is almost perpen-
dicular to the zonal mountain range, the air parcels are inevita-
bly lifted in mountain regions over the windward side, trigger-
ing mesoscale convective systems embedded within the frontal
systems, and producing strong thunderstorms accompanied by
lightning. Thus, SC has high lightning flash densities (greater
than 2 x 107> fl km > day '), with maximum flash densities
(even greater than 5 x 107> fl km 2 day ') concentrated over
Guangxi Zhuang Autonomous Region and Guangdong prov-
ince, decreasing spatially northward toward the Yangtze Basin.
Convective rainfall rates have a similar spatial distribution over
SC, with maximum rainfall rates exceeding 3 mm day ' around
the PRD, corresponding well to the maximum lightning flash
densities. Larger CAPE in spring of approximately 300—
400 J kg " corresponding to the atmospheric instability required
for the formation of thunderstorms also shows a northward
decreasing spatial distribution similar to that of lightning flash
densities over SC, indicating that the larger lightning densities
and convective rainfall rates are associated with larger CAPE
over SC during spring.

The spring SCLA has a strong year-to-year variability, with
larger interannual standard deviation for the period 1998—
2014 of the spring-averaged lightning flash rates mostly ex-
ceeding 1.0 x 1072 fl km 2 day ' in magnitude over SC. The
standard deviation of the lightning flash rates is characterized
by a spatially coherent annular distribution, with maxima
greater than 3.0 x 10> fl km 2 day ' concentrated around
the PRD. Both convective rainfall rates and CAPE also have
considerable interannual variability, with their standard devi-
ations exhibiting similar spatial distributions to that of light-
ning flash rates. Composite anomalies of lightning flash rate,
convective rainfall rate, and CAPE for the frequent versus
infrequent SCLA years confirm spatially coherent distribu-
tions similar to their standard deviations over SC. The area-
averaged SCLA exhibits a highly significant correlation with
both convective rainfall and CAPE anomalies, indicating that
the interannual variations in SCLA are consistent and in-phase
with those of CAPE and convective rainfall, because the
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CAPE-related thermodynamic environment appears to play a
significant role in producing deep convection and consequent
lightning over SC.

Importantly, the interannual variability of spring SCLA
exhibits a statistically significant correlation with ENSO
events, with infrequent SCLA preferentially following La
Nina events. Composite differences between anomalously fre-
quent and infrequent SCLA years demonstrate that in spring
when an El Nifo event decays, significant positive SSTAs
persist in the central eastern Pacific and in the equatorial
Indian Ocean, with negative SSTAs in the extratropical
North Pacific for frequent SCLA years. Moreover, pro-
nounced positive SSTAs occur in the southern South China
Sea. The atmospheric local and remote responses of surface
winds to the El Nifio-related SSTA pattern lead to significant
anomalous surface southwesterlies over the South China Sea
converging over SC, forming a large-scale cyclonic circula-
tion favorable for active convection and frequent SCLA.

The atmospheric response to the El Nifio-related SSTA
pattern includes significant westerlies in the upper troposphere
over the tropical Indian Ocean, associated with the locally
positive SSTAs together with downstream positive SSTA in
the tropical central eastern Pacific during the decaying phase.
The westerlies expand northward to 25° N and back north-
ward to form significant southwesterlies over SC, producing a
divergent environment in the upper troposphere. The strong
upper-level divergence is coupled via dynamical pumping
with low-level convergent southwesterlies, leading to strong
updrafts in the middle troposphere over SC. Such enhanced
dynamical forcing lifts more air parcels to reach their level of
free convection, allowing these parcels to utilize an enhanced
thermodynamic environment thereby producing potentially
stronger convection and more frequent lightning.
Anomalous moisture convergence is produced over SC most-
ly by anomalous low-level southwesterlies transporting water
vapor from the South China Sea and northern Bay of Bengal
to SC, favoring active convection and frequent SCLA. In con-
trast, the anomalous circulation forced by La Nifa-related
SSTA patterns leads to anomalously suppressed convection
over SC and infrequent SCLA.

It should be mentioned that in the present study, though the
positive correlation between the SCLA anomalies and ENSO
events is derived from currently available datasets for a still
relatively short period (1998-2014), with some exceptions to
this relationship, the statistical significance of the relationship
has passed the 95% confidence level. Therefore, this statistical
relationship substantiates that ENSO is a primary driving
force for interannual lightning variability over SC, supporting
previous case studies such as Yoshida et al. (2007) and Yuan
et al. (2016). In addition, an asymmetric impact of ENSO
events on SCLA anomalies may exist in this SCLA-ENSO
relationship, in which the infrequent SCLA in spring is often
preceded by a La Nifia event, but frequent SCLA is not always
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preceded by an El Nifio event. As shown in Fig. 2, for exam-
ple, the 2002/2003 and 2006/2007 EI Nifio events did not
result in frequent SCLA, which may be due to cold SSTAs
in the western tropical Indian Ocean, as suggested by Chen
etal. (2014) and Liu et al. (2018). Note that the SCLA-ENSO
relationship may also be dominated by the contributions of a
few strong ENSO events, particularly for El Nifio events. For
instance, the wintertime ONI values of the 1997/1998 super El
Nifio event were greater than 2 °C as shown in Fig. 2, corre-
sponding to a larger amplitude of abnormal SCLA, thus pro-
ducing a larger covariance contributing to the correlation co-
efficient, as suggested by Dowdy (2016). An apparent excep-
tion is noted to occur in the 2005/2006 La Nifia event, without
evident changes in SCLA, which may be due to a modifica-
tion of the ENSO-induced western North Pacific subtropical
anticyclone by the mid-latitude North Pacific SSTA-forced
anomalous circulation, as suggested by Wu and Mao (2016).
However, the 2012/2013 and 2013/2014 neutral events are
followed by anomalously frequent SCLA. These exceptions
imply that other factors may play a more important role than
El Nifio events in generating frequent SCLA. These issues
will be explored in the future.
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