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AbstRAct

The Sprite and Upper Atmospheric Lightning Imager (ISUAL) on board the 
Taiwanese satellite Formosat-2 accomplished its first decade operating in orbit. A 
comprehensive method defining the standardized elve anomaly occurrence rate using 
limb-viewed observation is demonstrated. We revisit the occurrence of elves during 
El Niño and La Niña and extend the time series analysis to November 2015. The 
variation in the enhanced elve anomalies occurrence density (AEOD) follows the 
change in sea surface temperature anomaly (SSTA) in the SSTA-Horseshoe, SS-
TA-Pacific, and SSTA-Indian Ocean during the warm and cold phases. However, 
the variation in lightning flash density anomalies (ALFD) is rather ambiguous. The 
Southern Oscillation Index (SOI) correlation with the Elve Anomaly Index (EAI) re-
mains significant in Tahiti, while the best correlation between SOI and elves is found 
in the western/central Pacific Ocean with a correlation coefficient as high as 0.7. In 
the Indian Ocean the 10-year time frame correlation is moderate, but the relation is 
obvious during the transition phase between a strong El Niño following La Niña in 
the region where the synoptic circulation is affected. The weaker convection avail-
able potential energy (CAPE) in the upwelling synoptic circulation region provides 
an environment conducive to the development of elve-producing thunderstorms. This 
work substantiates the relation between elves/lightning and ENSO in a longer10-year 
time frame in which elves are more sensitive than lightning to ENSO and the varia-
tion in the synoptic circulation.
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1. INtRoductIoN

Transient luminous events (TLEs) have been rec-
ognized since the 1990s. TLEs are lightning-related opti-
cal phenomena in the altitude range from the cloud top to 
the base of the ionosphere (Franz et al. 1990; Sentman and 
Wescott 1993; Lyons 1994; Fukunishi et al. 1996 ; Su et 
al. 2003; Pasko et al. 2010). Since the occurrence of TLEs 
is usually accompanied by lightning and thunderclouds, 
TLEs related research has become increasingly prevalent, 
from small scale cloud microphysics to the global scale 
study of severe weather. The Sprite and Upper Atmospheric 
Lightning Imager (ISUAL) on board the Taiwanese FOR-
MOSAT-2 (FS-2) satellite, launched in May 2004, repre-
sents the first instrument to make long-term continuous ob-

servations of global TLEs from space (Chern et al. 2003). 
This satellite mission completed an 11-year solar cycle ob-
servation in 2015 in reliable condition (Chen et al. 2012) 
and remains in operation today. Taking advantage of this 
global survey, Chen et al. (2008) reported on the global dis-
tribution of four major types of TLEs (elves, sprites, halos, 
and gigantic jets). This global analysis included the first rec-
ognition that elves are the dominate type of TLE, making 
up over 80% of all events. Most elves are missed in ground 
campaigns because of their short luminous duration, but the 
space-borne observation avoids the atmospheric attenuation 
so that emissions in the optical band (Kuo et al. 2007) and in 
the far ultraviolet region can be recorded by ISUAL (Chang 
et al. 2010, 2014).

The occurrence of elves is linked with cloud-to-ground 
lightning with large peak current, generally exceeding  
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60 kA (Barrington-Leigh et al. 2001), in contrast with the 
median peak currents of ground flashes for two polari-
ties (-15 and 19 kA) detected by NLDN (Nag et al. 2014). 
The electromagnetic pulse generated by these superlative 
lightning flashes interacts with the base of the ionosphere 
where the electron density increases abruptly with height 
(Friedrich and Torkar 1992; Wu et al. 2017), accelerating 
free electrons which collide with the ambient atoms and 
molecules to create the optical emission (Inan et al. 1996; 
Mende et al. 2005; Kuo et al. 2007; Marshall et al. 2010). 
The recent direct comparison of elves recorded by ISUAL 
and lightning data from the World Wide Lightning Loca-
tion Network (WWLLN) (Chen et al. 2014) has shown that 
the median energy for elve-related lightning is ~1.5 × 104 
J, whereas the median energy of the WWLLN lightning 
strokes is ~9 × 102 J (Chen et al. 2014).

With elves as a proxy for lightning with large peak cur-
rent, the synoptic variation of elves is of interest. Lee et al. 
(2010) focused in detail on the seasonal variation showing 
that the active TLE zone migrates seasonally with the Inter-
tropical Convergence Zone (ITCZ) and the South Pacific 
Convergence Zone (SPCZ) at low latitude, while at higher 
latitude the active zone lies in the winter storm track. The 
TLE association with the synoptic deep tropical convection 
again brings the El Niño Southern Oscillation (ENSO) to 
center stage.

The El Niño Southern Oscillation (ENSO) is the in-
terannual longitudinal variation in sea surface temperature 
(SST) and air pressure in the Pacific region (e.g., Walker 
1923; Wyrtki 1975), and exerts great influence on the 
weather and climate worldwide through teleconnection pat-
terns (e.g., Wang et al. 2000; Camberlin et al. 2001; Alex-
ander et al. 2002). The lightning activity on the ENSO time 
scale has been discussed in several studies (Williams 1992, 
2012; Williams 2005; Price 2009; Sátori et al. 2009; Dowdy 
2016). Sátori et al. (2009) demonstrated that the lightning 
occurrence is more frequent during the cold phase (La Niña) 
than during the warm phase (El Niño) for the Pacific and 
other oceanic regions. Additional regions were studied in 
Chronis et al. (2008), demonstrating an enhancement in 
lightning occurrence during the warm (El Niño) phase in 
the central Pacific and in the eastern Indian Ocean, while 
for the southwestern Pacific Ocean and the coasts of Bra-
zil/South Africa the enhancement occurred during the cold 
(La Niña) phase. More recently, Dowdy (2016) examined 
seven different modes of variability and found that ENSO 
is the most influential of all on lightning on the seasonal 
time scale. These results illustrate that the relation between 
the lightning occurrence and the ENSO phenomenon is both 
local and global. The linkage with the exceptional lightning 
with high peak current highlights the elve activity on the 
ENSO time scale (Wu et al. 2012).

Wu et al. (2012) studied ISUAL data from 2005 - 2010 
and reported that the anomaly in elve occurrence rate is 

strongly linked to the sea surface temperature during both 
ENSO phases, in the spatial patterns and also in time series. 
A significant change in the elve occurrence rate is identified 
in the Central Pacific warm pool and in the ENSO horse-
shoe pattern, both featured regions for ENSO study (Wang 
et al. 2016), as well as in Tahiti in the South Pacific Ocean 
which varies anti-phase with the Pacific warm pool region. 
Given that the El Niño in 2015 - 2016 has been recognized 
as a strong ENSO event, it is timely to extend the data analy-
sis to the end of 2015 and revisit the issue.

We apply the analysis used in Wu et al. (2012) in this 
study to examine the variations of elves and lightning in the 
10-year time frame including the historical El Niño in 2015. 
With the aim to clarify the impact of the ENSO events on 
the mesospheric elves occurring near the lower ionosphere 
boundary, the LIS-TRMM lightning data (Christian et al. 
1999, 2003), the NOAA Optimum Interpolation Sea Sur-
face Temperature (Reynolds et al. 2002), the Niño 3.4 index 
and the Southern Oscillation Index (SOI) are all inter-com-
pared. The observational data and the instruments for this 
study are described in section 2. A detailed description of 
the analysis methods is given in section 3. The variations of 
elves and lighting occurrences and the quantitative correla-
tion analysis during ENSO episodes in the Pacific Ocean 
are revisited in section 4. The areas in the Indian Ocean are 
discussed in section 5. More discussion about the physical 
mechanism is addressed in section 6. The last section pro-
vides the conclusion.

2. INstRumENts ANd dAtA

The elve data from ISUAL-FS-2 and the lightning 
data from the Lightning Imaging Sensor (LIS) on board the 
Tropical Rainfall Measuring Mission (TRMM) are inter-
compared in this study. The details of the satellite missions 
and data format are described below:

FORMOSAT-2 is a Sun synchronous satellite with an 
orbital altitude of 891 km. The ISUAL nighttime payload 
provides observations of TLEs, airglow and aurora in global 
limb-view at the fixed local time of 11 pm. ISUAL is com-
posed of three instruments which serve different aspects: 
the Imager with intensified CCD, the Spectrophotometer 
(SP) and the Array Photometer (AP) (Chern et al. 2003). So 
long as a flash is detected by the trigger detection hardware 
driven by either SP channel 1 (150 - 290 nm), the SP channel 
2 (centered at 337 nm; bandwidth 5.6 nm) or the SP chan-
nel 6 (228.2 - 410.2 nm), the data capture mode is initiated 
and a preprogrammed sequence of data is recorded in the 
storage device. Elves are identified manually with the Im-
ager according to their morphology (Kuo et al. 2007) along 
with the apparent vertical motion shown in the AP. Elves 
are documented both in front of and behind the Earth’s limb 
(Kuo et al. 2007).

The pros and cons of limb-viewed observations are 
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worthy of discussion. Limb-viewing is essential for ob-
serving the vertical propagation and shape of TLEs, but the 
larger error in the event’s geographical location in compari-
son with the nadir-viewed mission is inevitable because of 
the uncertainty caused by the projection. Before considering 
the spatial projection of each event, a global map is gridded 
with 0.5° × 0.5° resolution, and then a probability weight-
ing function as a form of 2D Gaussian distribution in a 13 
grid by 13 grid area with the maximum probability 50% at 
the center is applied. Thus, the occurrence probability of an 
event in each grid Pe,g1,g2 is defined
Pe, g1, g2 = We, g1, g2 / Areag1, g2 in grid (g1, g2) (# km-2)
We, g1, g2 = the probability weighting function of an event in 
grid (g1, g2)
Areag1, g2 = the grid area (g1, g2)
The seasonal occurrence probability is the sum of all Pe, g1, g2 
in season i
Pi, g1, g2 = P , ,e g gall 1 2/  in grid (g1, g2) (# km-2)

Two quantities pertaining to elve occurrence discussed 
in the present work are then defined below:
(1)  The elve occurrence density (EOD) in each grid in sea-

son i (# min-1 km-2) = Pi, g1, g2 / observing time in each 
grid (min)

(2)  The elve occurrence rate (EOR) comes from the occur-
rence density multiplied by the area per grid: Occurrence 
rate in each grid (# min-1) = Pi, g1, g2 × Areag1, g2 / observing 
time in each grid.

Chen et al. (2008) showed the global distribution of 
TLEs for the first time. The results were surprising as the 
occurrence rates for sprites and halos are less than that for 
elves, while no previous publications discussed the occur-
rence rate of elves. From July 2004 to November 2015, 
ISUAL has recorded 24984 elves in 32622 identifiable TLE 

events over the world which amounts to 76% of the total pop-
ulation. In the global distribution of elves shown in Fig. 1,  
these TLEs are concentrated over the areas previously con-
sidered in Chen et al. (2008) which are the Caribbean Sea, 
the South China Sea, the east Indian Ocean, the central Pa-
cific Ocean, the west Atlantic Ocean, and the southwest Pa-
cific Ocean. In addition to the areas listed above, an active 
zone for elves is found in the fourth “chimney” of global 
lightning activity (Williams 2013; Ortega et al. 2014) over 
Tahiti in the southern Pacific Ocean. Further discussion of 
the elves and lightning over Tahiti will be presented in sec-
tion 4 as this area shows a strong variation on the ENSO 
time scale (Wu et al. 2012).

The Tropical Rainfall Measuring Mission (TRMM) 
launched in November 1998, with the mission terminated 
by the satellite’s re-entry to Earth in June 2015 is widely 
recognized as a major success in the scientific community. 
TRMM continuously provided rainfall parameters and light-
ning flash measurements in a ±35° latitude region and over 
the oceans where the procurement of meteorological data 
on a daily bases is difficult. The LIS records the time and 
location of lightning occurrence and the radiant energy dur-
ing both daytime and nighttime with a narrow band-filtered 
(centered at 777.4 nm) optical sensor directed in the nadir 
direction.(Christian et al. 1999; Boccippio et al. 2000). The 
flash rate and flash density are derived following the defini-
tion of the EOD and EOR:
(1)  The lightning flash density (LFD) (# min-1 km-2) = flash 

count in each grid (counts) / observing time in each grid 
(min) / area in each grid (km2).

(2)  The lightning flash rate (LFR) (# min-2) = flash count in 
each grid (counts) / observing time in each grid.

Version 2 of the NOAA Optimum Interpolation (OI) 

Fig. 1. Global distribution of elve occurrence density (EOD). Note that the occurrence density is lower in the observing gap due to the orbital restric-
tion. The cumulative observation time of ISUAL is demonstrated in Chen et al. (2008). (Color online only)
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Sea Surface Temperature (Reynolds et al. 2002) is applied 
to compare with the elve occurrence rate and lightning flash 
rate. All of the gridded data discussed in this study was pro-
cessed with a 2.5° × 2.5° running mean and binned in a 0.5° 
× 0.5° grid. The exact time frame for this analysis is June 
2005 to November 2015 with monthly data converted into 
seasonal data using the common convention of 3-month 
blocks: DJF, MAM, JJA, and SON.

3. ANALysIs mEthods

The Niño 3.4 Index is the standard quantity used to 
identify the sea surface temperature anomaly (SSTA) in the 
region bounded by 120 - 170°W and 5°S - 5°N (Trenberth 
et al. 1997). When the Niño 3.4 Index is greater (less) than 
or equal to +0.5 (-0.5), a warm (cold) event is identified. 
As shown in Fig. 2, the data scope includes 42 three-month 
seasons, where eight seasons are considered in the warm 
phase and eleven in the cold phase. Following the method 
in Wu et al. (2012), the standardized Anomaly in Elve Oc-
currence Density (AEOD) and Anomaly in Lightning Flash 
Density (ALFD) during the warm phase and cold phase are 
defined as below:
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Aiming to reveal the areas where the changes in AEOD 
and ALFD are statistically significant, the confidence in-
terval is considered as the quantitative criterion. Since the 
mean and standard deviation of the population are un-
known, the Student-t distribution is applied as the null dis-
tribution to test the statistics in terms of the Central Limited 
Theorem (Westfall and Henning 2013). The critical value of 
the sample number n = 42 for a 90% confidence interval is 
1.684 in the Student-t distribution. This means that AEOD 
and ALFD increase (decrease) significantly when they are 
higher (lower) than 1.684 (-1.684).

In addition to the Niño 3.4 Index, the SOI is another 
commonly used ENSO index historically, and is based on 

the observed difference of sea level pressure between Ta-
hiti and Darwin, Australia as a measure of the large scale 
fluctuations in ENSO. This measurement is anti-phase with 
the Niño 3.4 index, with negative values for the warm phase 
and positive values for the cold phase. Similarly, the Elve 
Anomaly Index (EAI) and the Lightning Anomaly Index 
(LAI) for season i are defined in order to find the pair of 
areas where the lightning and elve activity vary in phase and 
anti-phase with ENSO:
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where 1 and 2 are for two different areas. EAIi and LAIi are 
the replaced indices for  , respectively, in Wu et al. (2012). 
The equations are the same but with the flexibility in chang-
ing areas.

Detailed application of the indices described in section 
3 is given in sections 4 and 5. The regions examined in this 
study are marked in Fig. 3, including 3 shaded areas charac-
terized by significant SSTA and the block areas used in EAI 
and LAI analysis in the Pacific region.

4. REvIsItINg thE occuRRENcE RAtEs of 
ELvEs ANd LIghtNINg duRINg ENso  
phAsEs wIth thE ExtENdEd dAtA 
thRough dEcEmbER 2015.

The significant SST-sensitive regions of elves and 
lightning on the ENSO time scale from 2005 to 2010 were 
discussed by Wu et al. (2012). It was found that elve and 
lightning occurrence densities vary in phase with SST in the 
central Pacific and the western Pacific regions. Additionally, 
both the elve and lightning occurrences were found to vary 
out of phase with the SST in ENSO episodes in the Tahiti 
region, where the response to ENSO is strong but anti-phase 
to SSTA. This could be due to the southeastward shift in the 
SPCZ during La Niña (Haffke and Magnusdottir 2013). Ad-
ditional discussion pertaining to lightning and elve activity 
in the ITCZ and SPCZ is addressed in section 6.

The AEOD and ALFD in the ENSO phases are pre-
sented in Fig. 4, with red and blue colors denoting areas with 
statistically significant positive and negative change (respec-
tively) over the 90% confidence interval, whereas the grey 
color marks the area without statistically significant change. 
It is apparent that AEOD and ALFD in both the warm and 
cold phase reflect the SSTA pattern, which resembles that of 
the recently documented El Niño Modoki or the central Pa-
cific El Niño (Ashok et al. 2007; Yeh et al. 2009). However, 
the thick SSTA contour over the 90% confidence interval 
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Fig. 2. The Niño 3.4 index with seasonal resolution (DJF, MAM, JJA, SON) from JJA 2005 to SON 2015. (Color online only)

Fig. 3. The areas for elves and lightning analyzed in this study are identified with red rectangles (see also in Table 2). The shaded areas from left to 
right are SSTA-Indian Ocean, SSTA-Horseshoe, and SSTA-Pacific discussed in sections 5 and 6. (Color online only)

Fig. 4. The AEOD (top two panels) and ALFD (bottom two panels) during ENSO for the warm phase [(a) and (c)] and the cold phase [(b) and (d)]. 
Color codes: red shaded, area with significant occurrence increase over 90 percentile confidence interval; blue shaded, area with significant oc-
currence decrease over 90 percentile confidence interval; gray shaded area with no statistically significant changes. The red (blue) thick isopleths 
indicate where SSTA enhancement (reduction) reaches 90% confidence interval. (Color online only)

(a)

(b)

(c)

(d)
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matches better with AEOD changes also over the 90% confi-
dence interval. To understand how much area has prominent 
SSTA change, the percentage of the area with enhanced or 
reduced AEOD and ALFD is listed in Table 1. Two analyzed 
regions, SSTA-Horseshoe and SSTA-Pacific, are defined by 
SSTA over 90% and less than -90% confidence intervals in 
the warm phase, respectively (Fig. 3). A larger fractional 
area (32.9%) in SSTA-Pacific is found to have significant 
AEOD increasing in the warm phase while the AFLD is sup-
pressed (24.4%). For SSTA-Horseshoe, the AEOD enhance-

ment in the cold phase is more remarkable (20%) than in 
the reduced region (5.5%). In other words, the variation in 
AEOD follows the change in SSTA in the SSTA-Horseshoe 
and SSTA-Pacific regions, whereas the variation in ALFR 
does not. This result implies that elves are more responsive 
than lightning to ENSO over the Pacific Ocean, consistent 
with the results in Wu et al. (2012).

Three pairs of areas showing statistically significant 
correlations between EAI/LAI and SOI (Fig. 5) are: Pair (1) 
central Pacific - Tahiti, Pair (2) west Pacific - central Pacific, 

Region Event
warm phase cold phase

Enhance Area Reduce Area Enhance Area Reduce Area

SSTA-Pacific
Elve 32.9% 13.9% 10.9% 11.4%

Lightning 16.9% 24.4% 24.0% 8.1%

SSTA-Horseshoe
Elve 20.8% 20.2% 20.0% 5.5%

Lightning 20.6% 35.7% 17.6% 10%

SSTA-Indian Ocean
Elve 22.9% 11.8% 9.6% 13.9%

Lightning 18.0% 14.7% 6.1% 9.8%

Table 1. The areas showing a significant enhancement or suppression of elve/lightning occurrence 
during two phases of ENSO. Bold print indicates areas with a more significant enhancement or sup-
pression of AEOD and ALFD during ENSO.The regions are marked in Fig. 3.

Fig. 5. The EAI and LAI in three pair areas over the Pacific Ocean. The red line denotes ISUAL elves and the blue line represents LIS lightning. The 
numbers in parentheses mark the pairs listed in Table 3. The bottom panel shows the Southern Oscillation Index (SOI). (Color online only)
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and Pair (3) east Australia - central Pacific, where Pairs (1) 
and (2) are found in the responsive regions reported in Wu 
et al. (2012). The range of each region is listed in Table 2. In 
the correlation coefficient comparisons (CC) with the SOI 
before and after the data record extension to SON 2015, the 
CC for each pair with the SOI is listed in Table 3. The strong 
SOI correlation between both lightning and elves remains 
with CC ~0.6 for both Pairs (1) and (2). The most respon-
sive pair over the 10-year time frame is Pair (3), with values 
of 0.71 and 0.4 for elves and lightning, respectively. This 
result is expected as both C. Pacific and E. Australia are lo-
cated in the SSTA-Horseshoe and SSTA-Pacific which are 
directly influenced by ENSO (Wang and Picaut 2004).

5. ENso-sENsItIvE REgIoNs foR ELvEs IN 
thE INdIAN ocEAN

The widespread influence of ENSO has been docu-
mented in many studies. The SST variation in the central and 
eastern Pacific modify the SST in the Indian Ocean via the 
so-called “Tropical Atmospheric Bridge” (Klein et al. 1999; 
Alexander et al. 2002; Lau and Nath 2003). Figure 4 shows 
that the SSTA in the Indian Ocean varies in phase with that in 
the central Pacific, that is to say, warmer in El Niño and cold-
er in La Niña. Following the same analysis in section 4, the 
SSTA-Indian Ocean is defined by the area with SSTA over 
90% confidence interval. The enhanced AEOD and ALFD 
area percentages are listed in Table 1, with both elves and 
lightning enhanced in most areas in the SSTA-Indian Ocean 
in the warm phase, and remaining calm in the cold phase. 
Furthermore, the larger difference between the reduced and 
enhanced area is found in AEOD in the warm phase, where 
22.9% of the area showed enhanced AEOD and 11.8% of the 
area showed reduced AEOD. In the meantime, ALFD reacts 
in an opposite way, with enhanced values over 18% of the 
SSTA-Indian Ocean and reduced values over 14.7% of the 
area. Similar to the result in SSTA-Horseshoe and SSTA-Pa-
cific, elves in SSTA-Indian Ocean support the idea that elves 
do better than lightning in their responsiveness to ENSO.

To evaluate the ENSO influence in the Indian Ocean 
from the Pacific Ocean, east Australia is chosen as the refer-
ence area in the Pacific Ocean. The correlation analyses in 
the east (I1 in Fig. 3), central (I2 in Fig. 3), and west Indian 
Ocean (I3 in Fig. 3) with east Australia (C1 in Fig. 3) are 
given in Fig. 6 and Table 3. Three pairs of areas in the Indian 
Ocean are: Pair (4) the East Indian Ocean - east Australia, 
Pair (5) the central Indian Ocean - east Australia, and Pair 
(6) the west Indian Ocean - eastern Australia. Only moderate 
correlations are evident in the Indian Ocean as the correla-
tion for no pair exceeds 0.5. However, EAI and LAI in Pair 
(5) C. Indian Ocean and Pair (6) W. Indian Ocean shows 
a significant trend varying with SOI during the period be-
tween El Niño and the following La Niña. The phase transi-
tion period in 2007 - 2008 and 2010 - 2011 are marked in 

Fig. 6. Comparing the variation in SOI during the transition 
phase of El Niño and the following La Niña with the neutral 
condition, the increase in SOI per year is relatively larger. 
The persisting SST increase in the SSTA-Horseshoe region 
establishes a suitable environment for elves and lightning, 
so that EAI and LAI decrease while SOI increases. This 
phenomena is particularly significant in Pair (6) because the 
upwelling synoptic convection occurring in the east Indian 
Ocean near 60°E is coupled to the conjugate subsidence of 
the Walker Circulation over the west Pacific Ocean during 
El Niño and in the opposite sense during La Niña (Klein et 
al. 1999; Misra 2004).

6. dIscussIoN

As we discussed in sections 4 and 5, it is clear that the 
occurrence of elves follows the upwelling of the synoptic 
circulation in specific features known as ITCZ, SPCZ, and 
Walker circulation. However, Sátori et al. (2009) suggest-
ed that more lightning occurs at the subsidence region of 
the synoptic circulation. The descending air suppresses the 
cloudiness and allows the solar radiation to heat the Earth’s 
surface directly. The rising temperature at the surface is the 
basic mechanism to increase the convective available poten-
tial energy (CAPE), represented by the area on an epigram 
bounded by the wet bulb adiabatic and the environmental 

Region code Region name Latitude Longitude

P1 W. Pacific 10°S - 20°N 130°E - 150°E

P2 C. Pacific 10°S - 10°N 165°E - 165°W

P3 Tahiti 25°S - 5°S 165°W - 135°W

C1 E. Australia 25°S - 5°S 140°E - 160°E

I1 E. Indian Ocean 25°S - 5°S 90°E - 110°E

I2 C. Indian Ocean 25°S - 5°S 70°E - 90°E

I3 W. Indian Ocean 25°S - 5°S 50°E - 70°E

Table 2. Longitude and latitude range of ENSO-sensitive regions 
where C, E, W are the abbreviations for Central, East, and West, re-
spectively. 

N = 42, p << 0.001 Elves Lightning

(1) C. Pacific - Tahiti -0.53 (-0.68) -0.37 (-0.63)

(2) W. Pacific - C. Pacific 0.63 (0.63) 0.08 (0.36)

(3) C. Pacific - E. Australia 0.71

(4) E. Indian Ocean - E. Australia -0.23 -0.42

(5) C. Indian Ocean - E. Australia -0.36 -0.47

(6) W. Indian Ocean - E. Australia -0.45 -0.22

Table 3. The correlation coefficients (CC) of the sensitive pairs and 
SOI for EAI and LAI. The numbers in the parentheses are the results 
in Wu et al. (2012).
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temperature profile (Williams and Renno 1993). The larger 
CAPE is associated with a larger maximum updraft speed 
(w) following the relationship w \ CAPE1/2, with the light-
ning flash rate nonlinearly and positively dependent on w 
(Williams 1985; Price and Rind 1992; Baker et al. 1995; 
Yoshida et al. 2009). The most prominent difference be-
tween oceanic elve-producing lightning and general light-
ning is that larger peak currents are repeatedly observed in 
oceanic lightning and in the superlative lightning causal to 
elves (Barrington-Leigh et al. 2001; Hutchins et al. 2013; 
Said et al. 2013; Chen et al. 2014). Unlike general light-
ning, the thundercloud is expected to have a lower flash 
rate to build sufficient electric potential for large peak-
current breakdown (Chronis et al. 2015). Therefore, the 
parent thundercloud for elves would have weaker vertical 
updraft than the general lightning. The active overturning 
in the oceanic troposphere prevents the large CAPE in the 
upwelling region (Williams et al. 2002), which the CAPE 
value is around 1000 joule kg-1 or less while greater CAPE 
(1000 - 3000 joule kg-1) can be achieved for storms removed 
from the ITCZ (Williams 2003). The weaker CAPE in the 
upwelling region of the synoptic circulation provides an en-
vironment favorable to the development of elve-producing 
thunderstorms, such that the elve lightning shows better 

agreement than ordinary lightning with the variation in the 
synoptic circulation and ENSO.

7. coNcLusIoNs

The elve occurrence during El Niño and La Niña was 
studied in Wu et al. (2012) with 5 years of ISUAL satel-
lite observations. Given the historical El Niño in the period 
2015 - 2016 and now receiving wide attention, it is timely to 
revisit this issue with a 10-year data set. Three regions with 
significant SSTA in ENSO episodes are discussed, the per-
centage of area with enhanced AEOD follows the change in 
SSTA in SSTA-Horseshoe, SSTA-Pacific, and SSTA-Indi-
an Ocean, whereas the variation in ALFR with ENSO phase 
is rather ambiguous. Compared with the results in Wu et 
al. (2012), the correlation of the predominant pairs remains 
close to 0.6, while the most ENSO-responsive region over 
the 10-year time frame is found to be the east Australia-cen-
tral Pacific pair where the correlation coefficient with SOI is 
0.71. In addition to the Pacific region, the EAI and LAI are 
also tested in the Indian Ocean. The elve response is stron-
ger in the west Indian Ocean where the synoptic circulation 
is affected, particularly during the period between a strong 
El Niño and the following strong La Niña. From the result 

Fig. 6. The EAI and LAI in three pair areas over the Indian Ocean. The notations are the same as Fig. 5. The dashed lines mark the seasons for two 
El Niño events and the following strong La Niña events. (Color online only)
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above, the weaker CAPE in the upwelling region of the syn-
optic circulation provides the environment to develop elve-
producing thunderstorms, such that the elves have better 
agreement than lightning with the variation in the synoptic 
circulation and ENSO. This work substantiates the findings 
in Wu et al. (2012), now with data in a longer10-year time 
frame, that elves are more sensitive than lightning to ENSO 
and the variation in the synoptic circulation. Accordingly, 
the continuous monitoring of elves deserves consideration 
for future satellite missions.
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