
4. THE TROPICS—H. J. Diamond and C. J. Schreck, Eds.
a. Overview—H. J. Diamond and C. J. Schreck

From the standpoint of the El Niño–Southern 
Oscillation (ENSO), 2015 featured one of the three 
strongest El Niño episodes (1982/83, 1997/98, and 
2015) since 1950. The end of 2014 was characterized 
by borderline El Niño conditions, and 2015 began 
with above-average SSTs across the central and east-
central equatorial Pacific, with the largest anomalies 
(>1°C) confined to the region around the internation-
al date line. However, this warmth was accompanied 
by little-to-no atmospheric response, indicating that 
El Niño had not fully developed. SST anomalies then 
increased across the central and eastern equatorial 
Pacific during March–May. This evolution, combined 
with a coupling of the SST anomalies to the atmo-
spheric wind and convection patterns, resulted in 
the development of El Niño conditions during March 
2015. El Niño’s strengthening accelerated during 
June–August, and again during September–Novem-
ber, when SST anomalies increased sharply across the 
eastern half of the equatorial Pacific.

Globally, 101 named tropical storms were observed 
during 2015. This overall tropical cyclone (TC) activ-
ity is well above the 1981–2010 global average of 82 
storms and 10% higher than the 91 TCs recorded in 
2014 (Diamond 2015). The eastern/central Pacific 
experienced significantly above-normal activity in 
2015, and the western north Pacific and north and 
south Indian Ocean basins were also above normal; 
all other basins featured either near or below-normal 
TC activity. These levels of activity are consistent with 
the El Niño conditions in place. The 26 named storms 
in the eastern/central Pacific basin was the highest 
count in that basin since 1992 and was four more than 
the previous record of 22 named storms recorded in 
2014, as documented in the International Best Tracks 
Archive for Climate Stewardship (IBTrACS; Knapp 
et al. 2010). Globally, eight TCs reached the Saffir–
Simpson hurricane wind scale Category 5 intensity 
level—five in the western North Pacific basin, one 
in the southern Indian Ocean, one in the eastern 
North Pacific, and one in the southwest Pacific. This 
was three more than were recorded in 2013 and one 
more than recorded in 2014 (Diamond 2014, 2015). 
In terms of accumulated cyclone energy (ACE), the 
North Atlantic basin season was below normal, also 
consistent with the El Niño conditions in place. The 
actual number of storms, on the other hand, was close 
to normal due to a large number of weak and short-
lived storms. Following a near-normal hurricane 
season in 2014 and a below-normal season in 2013, 
this marked the first time since 1992–94 in which 

three consecutive seasons in the North Atlantic were 
not above normal in terms of ACE (Bell et al. 2015).

The editors of this chapter would like to insert a 
personal note recognizing Dr. William M. (Bill) Gray, 
emeritus professor of atmospheric science at Colorado 
State University. Dr. Gray, who pioneered the develop-
ment of seasonal tropical cyclone outlooks and was 
one of the most influential meteorologists of the past 
50 years, passed away on 16 April 2016 in Fort Collins, 
Colorado, at the age of 86. Speaking on behalf of the 
entire community, we will always be indebted to, and 
benefit from, the accomplishments made during his 
incredibly long and outstanding career.

b. ENSO and the tropical Pacific—G. D. Bell, M. Halpert, 
and M. L’Heureux
The El Niño–Southern Oscillation is a coupled 

ocean–atmosphere phenomenon over the tropical 
Pacific Ocean. Two indices used to monitor and as-

Fig. 4.1. The evolution of three strong El Niño events 
(1982, 1997, and 2015) is compared using time series 
of (a) the oceanic Niño index (ONI; ºC), and (b) the 
standardized 3-month running equatorial Southern 
Oscillation index (EQ–SOI, std. dev.). Each time series 
starts with the JAS season in the year prior to the event 
(year–1) and ends with the OND season in the year that 
the event formed (year). For the 1982, 1997, and 2015 
El Niños, “year−1” corresponds to 1981, 1996, and 2014, 
respectively. ONI values are derived from the ERSST.v4 
dataset (Huang et al. 2014). EQ–SOI values are derived 
from the monthly EQ–SOI index based on the Climate 
Forecast System Reanalysis (CFSR) (Saha et al. 2010b). 
The EQ–SOI is calculated as the standardized anomaly 
of the difference between the area-average monthly sea 
level pressure over the eastern equatorial Pacific  (5°N–
5°S, 80°–130°W) and Indonesia (5°N–5°S, 90°–140°E). 
[Data available at: www.cpc.ncep.noaa.gov/data/indices 
/reqsoi.for and discussed by Barnston (2015).] 
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Fig. 4.2. Seasonal SST (left) and anomaly (right) for (a, b) DJF 2014/15, (c, d) MAM 2015, (e, f) JJA 2015, and (g, 
h) SON 2015. Contour interval for total SST is 1°C. For anomalous SST, contour interval is 0.5°C for anomalies 
between ±1ºC, and interval is 1ºC for anomalies > 1ºC or < –1ºC. Anomalies are departures from the 1981–2010 
seasonal adjusted OI climatology (Smith and Reynolds 1998).

sess the strength of ENSO are the oceanic Niño index 
(ONI) and the equatorial Southern Oscillation index 
(EQ–SOI). The ONI (Fig. 4.1a) is the seasonal running 
average of sea surface temperature (SST) anomalies 
in the Niño-3.4 region (5°N–5°S, 170°–120°W) using 
ERSST.v4 data (Huang et al. 2015). NOAA’s Climate 
Prediction Center classifies ENSO events histori-
cally using the ONI. At the end of 2015 ONI values 
were +2.25°C, comparable to the strongest El Niño 
(1997/98) in the 1950–2015 record. 

The EQ–SOI measures the difference in surface air 
pressure anomalies between Indonesia and the east-
ern equatorial Pacific Ocean, two large areas along the 
equator (Barnston 2015). Therefore, the EQ–SOI is a 
more robust measure of ENSO than the traditional 
SOI, which is based on measurements at only two sta-
tions, both of which are off-equatorial (Tahiti at 18°S, 
Darwin at 12°S; Troup 1965; Trenberth 1984). Large 
negative values as seen during 2015 typify El Niño 
(Fig. 4.1b), and reflect the combination of decreased 
surface air pressure over the eastern equatorial Pacific 
and increased air pressure over Indonesia. Overall, 
the combined time series of the EQ–SOI and ONI 
suggest that the global climate during 2015 was af-

fected by one of the three strongest El Niño episodes 
(1982/83, 1997/98, and 2015/16) dating back to 1950. 

1) Oceanic cOnditiOns

The SST evolution across the Pacific basin during 
2015 (Figs. 4.2, 4.3) is shown based on OISST data 
(Smith and Reynolds 1998). In 2015, the year began 
with above-average SSTs across the central and east-
central equatorial Pacific, with the largest anomalies 
(>1°C) confined to the region around the date line 
(Fig. 4.2b). The corresponding weekly SST indices 
for the Niño-4 (Fig. 4.3a) and Niño-3.4 (Fig. 4.3b) 
regions were above 0.8°C and 0.5°C, respectively 
(regions shown in Fig. 4.3e). The ONI for December 
–February 2014/15 (DJF) was +0.52°C, which is near 
the NOAA threshold for El Niño conditions (ONI ≥ 
0.5°C). However, this warmth was accompanied by 
little-to-no atmospheric response (Figs. 4.4a, 4.5a), 
indicating that El Niño had not fully developed.

SST anomalies then increased across the central 
and eastern equatorial Pacific during March–May 
(MAM; Figs. 4.2d, 4.3). This evolution, combined 
with a coupling of the SST anomalies to the atmo-
spheric wind and convection patterns (Figs. 4.4b, 

AUGUST 2016|S94



4.5b), resulted in the development of fully-coupled 
El Niño conditions during March 2015. The presence 
of El Niño during MAM was also indicated by an 
eastward shift of the 30°C isotherm to the date line, 
along with a weaker and reduced westward extent of 
the equatorial cold tongue (Fig. 4.2c). In fact, the SSTs 
were nearly uniformly warm (above 27°C) throughout 
the eastern half of the cold tongue, indicating that 
the normal east–west SST gradient in that region had 
nearly disappeared.

El Niño’s strengthening accelerated during June–
August (JJA; Figs. 4.2e,f) and September–November 
(SON; Figs. 4.2g,h), as SST anomalies increased 
sharply across the eastern half of the equatorial 
Pacific. The ONI for JJA was 1.23°C, increased to 
2.04°C during SON, and reached 2.25°C for the 
last three months of the year (October–December; 

Fig. 4.1a). These values are comparable to the stron-
gest El Niño episodes in the 1950–2015 record. 

This evolution is ref lected by large SST index 
values for all four Niño regions, with the weekly 
Niño-4 index reaching +1.8°C in November and 
+1.7°C in December (Fig. 4.3a). The average Niño-4 
index values for November and December 2015 were 
1.75°C and 1.64°C, surpassing the previous record 
highs of 1.28°C and 1.2°C set in November and De-
cember 2009, respectively. Also, the weekly Niño-3.4 
(Fig. 4.3b) and Niño-3 (Fig. 4.3c) indices reached 
+3.0°C by the end of 2015, while the weekly Niño-1+2 
index remained near +2.5°C (Fig. 4.3d). 

During the last half of the year, the anomalous 
warming largely reflected a weakening of the annual 
cycle in SSTs across the Pacific basin, with actual tem-
peratures remaining nearly constant instead of cool-
ing off as they would in a typical year, in association 
with a strengthening and expanding equatorial cold 
tongue. This cold tongue, which normally intensi-
fies during JJA and SON, was nearly absent in 2015 

Fig. 4.3. Time series during 2015 of weekly area-aver-
aged SST anomalies (°C) in the four Niño regions: (a) 
Niño-4 region [(5ºN–5ºS, 160ºE–160ºW, yellow box in 
(e)], (b) Niño-3.4 region [(5ºN–5ºS, 170º–120ºW, thick 
black box in (e)], (c) Niño-3 region [5ºN–5ºS, 150º–
90ºW, red box in (e)], and (d) Niño-1+2 region [0º–10ºS, 
90º–80ºW, blue box in (e)]. Values are departures from 
the 1981–2010 weekly adjusted OI climatology (Smith 
et al. 1998).

Fig. 4.4. Anomalous 850-hPa wind vectors and speed 
(contour interval is 2 m s−1) and anomalous OLR (shad-
ed, W m−2) during (a) DJF 2014/15, (b) MAM 2015, (c) 
JJA 2015, and (d) SON 2015. Anomalies are departures 
from the 1981–2010 period monthly means.
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(Figs. 4.2e,g), as was the typical westward advection 
of cooler waters toward the date line. Consistent with 
these conditions, the normal westward migration of 
the +30°C isotherm to New Guinea did not occur dur-
ing JJA and SON. Instead, these exceptionally warm 
temperatures actually migrated eastward, further 
strengthening El Niño and its associated atmospheric 
response.

Consistent with the evolution of the equatorial 
SSTs, positive subsurface temperature anomalies in-
creased east of the date line throughout the year 
(Fig. 4.6). A significant temperature increase occurred 
during MAM (Fig. 4.6b) in response to the combina-
tion of the evolving El Niño and the downwelling 
phase of a strong equatorial oceanic Kelvin wave (sec-
tion 4c) that was initiated by a westerly wind burst. 

Subsequent westerly wind bursts in late June/early 
July, early August, and early October also initiated 
downwelling equatorial oceanic Kelvin waves, which 
helped to maintain well-above-normal subsurface 
ocean temperatures through the end of the year 
(Figs. 4.6c,d). In contrast, in the western Pacific, 

subsurface temperature anomalies decreased during 
the year. These conditions reflected a progressive flat-
tening of the oceanic thermocline (indicated by the 
20°C isotherm, thick solid line), which is typical of 
a strong El Niño pattern of anomalous downwelling 
(upwelling) in the eastern (western) equatorial Pacific 
(Wang et al. 1999; Wang and Weisberg 2000).

2) at m O s p h e r i c c i rc u l at i O n: t rO p i c s a n d  
subtrOpics 

During DJF 2014/15, the atmospheric circulation 
across the tropical Pacific reflected ENSO-neutral 
conditions, with near-average low-level (850-hPa) 
winds (Fig. 4.4a) and no consistent El Niño signal in 
the upper-level winds (Fig. 4.5a). Also, convection 
was slightly suppressed over the east-central equato-
rial Pacific in the area of anomalously warm SSTs, 
indicating a lack of oceanic–atmospheric coupling. 

Fig. 4.5. Anomalous 200-hPa wind vectors and speed 
(contour interval is 4 m s−1) and anomalous OLR (shad-
ed, W m−2) during (a) DJF 2014/15, (b) MAM 2015, (c) 
JJA 2015, and (d) SON 2015. Anomalies are departures 
from the 1981–2010 period monthly means.

Fig. 4.6. Equatorial depth–longitude section of ocean 
temperature anomalies (°C) averaged between 5°N and 
5°S during (a) DJF 2014/15, (b) MAM 2015, (c) JJA 2015, 
and (d) SON 2015. The 20°C isotherm (thick solid line) 
approximates the center of the oceanic thermocline. 
The data are derived from an analysis system that as-
similates oceanic observations into an oceanic general 
circulation model (Behringer et al. 1998). Anomalies are 
departures from the 1981–2010 period monthly means. 
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In March, the atmospheric pressure, wind, and 
convection patterns became coupled to the increas-
ingly warm SST anomalies, signifying the develop-
ment of El Niño. The atmospheric response to El Niño 
was evident through the remainder of the year, inten-
sifying as El Niño strengthened. 

The tropical atmospheric response to El Niño dur-
ing MAM through SON featured an east–west dipole 
pattern of anomalous convection, with convection 
expanding and strengthening over the central and 
east-central equatorial Pacific while becoming more 
suppressed over Indonesia and the eastern Indian 
Ocean (Figs. 4.4b–d, 4.5b–d). This pattern reflected 1) 
a pronounced eastward extension of the primary area 
of tropical convection to well east of the date line and, 
at times, an actual shift of the main region of tropical 
convection to the eastern half of the tropical Pacific 
(not shown), and 2) a strengthening and equatorward 
shift of the intertropical convergence zone (ITCZ) in 
the Northern Hemisphere. 

A key El Niño–related feature of the low-level 
(850-hPa) winds during JJA through SON was an 
extensive area of anomalous westerlies that strength-
ened and expanded along the equator as the year pro-
gressed (Figs. 4.4b–d). This anomaly pattern reflected 
a marked weakening (3–6 m s−1 below normal) of the 
easterly trade winds, with departures exceeding 6 m 
s−1 near the date line in SON (Fig. 4.4d). 

An El Niño–related upper-level wind pattern also 
became established during MAM and strengthened 
as the year progressed. This pattern featured an 
extensive area of easterly wind anomalies across the 
central and east-central tropical Pacific (Figs. 4.5b–d), 
along with near-average winds over both the eastern 
equatorial Pacific and Indonesia. 

The overall circulation also featured a combi-
nation of anomalous upper-level convergence and 
low-level divergence over Indonesia and the western 
tropical Pacific, and a combination of anomalous 
upper-level divergence and low-level convergence 
over the central and east-central equatorial Pacific. 
The resulting vertical motion pattern was consistent 
with the observed east–west dipole pattern of tropi-
cal convection, as was also noted by Bell and Halpert 
(1998) for the 1997/98 El Niño. Collectively, these 
wind, convection, and vertical motion patterns reflect 
a markedly reduced strength of the equatorial Walker 
circulation typical of El Niño (Bjerknes 1969). 

In the subtropics, the upper-level winds during 
JJA–SON 2015 featured anticyclonic anomalies in 
both hemispheres straddling the area of enhanced 
equatorial convection. This anticyclonic couplet is a 
typical feature of El Niño (Arkin 1982). In the winter 

hemisphere, anomalous westerly winds along the pole-
ward flank of the anomalous anticyclonic circulation 
reflect major dynamical and kinematic changes in the 
jet stream over the Pacific basin. As seen during JJA 
and SON in the Southern Hemisphere (Figs. 4.5c,d), 
the westerly wind anomalies between 20° and 30°S 
reflected a strengthening and eastward extension of 
the wintertime jet steam to well east of the date line, 
along with an eastward shift of that jet’s exit region to 
the eastern South Pacific. This wintertime jet stream 
pattern represents a fundamental manner in which 
El Niño’s circulation impacts are communicated 
downstream and poleward into the extratropics.

3) rainfall impacts

Because of the rapid strengthening and expan-
sion of the El Niño–related convection and circula-
tion anomalies during MAM and JJA, many typical 
El Niño rainfall impacts (Ropelewski and Halpert 
1987) were evident during the year. The accumulated 
precipitation deficits and surpluses during June–
December, along with time series of area-averaged 
monthly precipitation totals and percentiles during 
the year, highlight these impacts (Fig. 4.7). 

Two main regions with above-average precipita-
tion during June–December 2015 were the central 
equatorial Pacific and within the Pacific ITCZ. The 
enhanced rainfall for both regions began in March 
and subsequently intensified with area-averaged 
monthly totals during May–December (red line, 
Fig. 4.7b) all being in the upper 10th percentile of 
occurrences (black bars). For the June–December 
period, rainfall surpluses in both areas exceeded 800 
mm, with the largest surpluses exceeding 1200 mm. 
During June–October, these conditions were associat-
ed with strong hurricane seasons for both the central 
and eastern Pacific hurricane basins (see section 4e3).

Two other regions that typically record above-
average precipitation during El Niño include south-
eastern South America and the Gulf Coast region 
of the United States. The extended South Pacific 
jet stream contributed to precipitation surpluses of 
100–200 mm in southeastern South America during 
June–December, with above-average precipitation 
recorded in nearly every month from July to De-
cember (Fig. 4.7c; section 7d). Along the U.S. Gulf 
Coast, above-average precipitation was recorded 
from October to December, with area-averaged to-
tals above the 90th percentile of occurrences during 
November–December (Fig. 4.7d).

Many other areas typically record below-average 
precipitation during El Niño. One such region is 
Indonesia, where cumulative deficits during June– 
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December 2015 exceeded 1000 mm. 
The most significant deficits oc-
curred during July–October, when 
monthly totals of less than 100 mm 
were generally half of normal and 
in the lowest 10th percentile of oc-
currences (Fig. 4.7e). Other regions 
with below-average precipitation 
during the period from June to 
December included: 
• The South African monsoon 

season (October–Apri l) is 
typically suppressed during 
El Niño, and from October–
December precipitation totals 
were well below average, with 
monthly totals in the lowest 
10th percentile of occurrences 
in all three months (Fig. 4.7f).

• The Amazon basin recorded 
significantly below-average 
rainfall throughout the year, 
with monthly totals generally 
in the lowest 10th percentile of 
occurrences (Fig. 4.7g). During 
June–December 2015, much of 
the region recorded deficits of 
400–600 mm. 

• The Central America/Caribbe-
an Sea region (Fig. 4.7h) and the 
tropical Atlantic (Fig. 4.7i) had 
rainfall that was below average 
during almost every month 
from April to December, with 
monthly totals in the lowest 
20th percentile of occurrences 
in most months. Below-average 
totals across the tropical Atlantic were also consis-
tent with the overall below-average strength of the 
2015 Atlantic hurricane season (see section 4e2).

c. Tropical intraseasonal activity—S. Baxter, C. J. Schreck, 
and G. D. Bell
Tropical intraseasonal variability was prominent 

during 2015 in both the atmosphere and ocean, 
even in the presence of strong lower-frequency vari-
ability associated with El Niño. In the atmosphere, 
two aspects of this intraseasonal variability were 
the Madden–Julian oscillation (MJO; Madden and 
Julian 1971, 1972, 1994; Zhang 2005) and convec-
tively coupled equatorial waves, which include 
equatorial Rossby waves and atmospheric Kelvin 
waves (Wheeler and Kiladis 1999; Kiladis et al. 2009; 

Roundy 2012a,b). There were three distinct periods 
of MJO activity during 2015 affecting a total of six 
months (Figs. 4.8–4.10), which were interspersed with 
the convectively coupled waves. Between these three 
periods, the intraseasonal variability was dominated 
by atmospheric Kelvin waves and tropical cyclone 
activity. Within the Pacific Ocean, strong intrasea-
sonal variability throughout the year was reflected 
in a series of upwelling and downwelling equatorial 
oceanic Kelvin waves (Fig. 4.11).

The MJO is a leading intraseasonal climate mode 
of tropical convective variability. Its convective anom-
alies often have the same spatial scale as ENSO, but 
differ in that they exhibit a distinct eastward propaga-
tion and generally traverse the globe in 30–60 days. 
The MJO impacts weather patterns around the globe 

Fig. 4.7. Precipitation during 2015: (a) Accumulated precipitation de-
partures during (b–i) Jun–Dec (mm), Time series of area-averaged 
monthly precipitation for regions indicated with red boxes in (a). Bars 
show monthly percentile percentiles (left y-axis), and red and blue lines 
show monthly observed and climatological mean precipitation (right y-
axis), respectively. Rainfall amounts are obtained by merging rain gauge 
observations and satellite-derived precipitation estimates (Janowiak and 
Xie 1999). Precipitation percentiles are based on a gamma distribution 
fit to the 1981–2010 base period. Anomalies are departures from the 
1981–2010 means.
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(Zhang 2013), including monsoons (Krishnamurti 
and Subrahmanyam 1982; Lau and Waliser 2012), 
tropical cyclones (Mo 2000; Frank and Roundy 
2006; Camargo et al. 2009; Schreck et al. 2012), and 
extratropical circulations (Knutson and Weickmann 
1987; Kiladis and Weickmann 1992; Mo and Kousky 
1993; Kousky and Kayano 1994; Kayano and Kousky 
1999; Cassou 2008; Lin et al. 2009; Riddle et al. 2012; 
Schreck et al. 2013; Baxter et al. 2014). The MJO is 
often quite variable in a given year, with periods of 
moderate-to-strong activity sometimes followed by 
little or no activity. The MJO tends to be most active 
during ENSO neutral and weak El Niño periods, and 
is often absent during strong El Niño events (Hendon 
et al. 1999; Zhang and Gottschalck 2002; Zhang 
2005). Given a background El Niño rivaling one of 
the strongest on record during 2015, the MJO events 
observed during the year are remarkable. 

Common metrics for identifying the MJO include 
time–longitude plots of anomalous 200-hPa velocity 
potential (Fig. 4.8) and outgoing longwave radiation 
(OLR, Fig. 4.9), as well as the Wheeler–Hendon (2004) 

Real-time Multivariate MJO (RMM) index (Fig. 4.10). 
In the time–longitude plots, the MJO exhibits east-
ward propagation. In the RMM, the MJO propaga-
tion and intensity are seen as large, counterclockwise 
circles around the origin. These diagnostics point to 
three main MJO episodes during 2015. MJO #1 was 
a strong episode from March into early April. MJO 
#2 was a strong event that began in late May and 
lasted through mid-July. MJO #3 was a moderately 
strong event that lasted from October through the 
end of the year. 

MJO #1 featured a zonal wave-1 pattern of strong 
convective anomalies, with a periodicity of approxi-
mately 40 days (Figs. 4.8, 4.9, 4.10a,b). The plot of 
anomalous velocity potential shows that this event 
circumnavigated the globe once (Fig. 4.8). The RMM 
index achieved record amplitude of 4.03 standard 
deviations on 16 March (Fig. 4.10a). Historically, the 

Fig. 4.8. Time–longitude section for 2015 of 5-day run-
ning anomalous 200-hPa velocity potential (× 106 m2 s−1) 
averaged for 5°N–5°S. For each day, the period mean 
is removed prior to plotting. Green (brown) shading 
highlights likely areas of anomalous divergence and 
rising motion (convergence and sinking motion). Red 
lines and labels highlight the main MJO episodes. 
Anomalies are departures from the 1981–2010 base 
period daily means.

Fig. 4.9. Time–longitude section for 2015 of anomalous 
outgoing longwave radiation (OLR; W m−2) averaged 
for 10°N–10°S. Negative anomalies indicate enhanced 
convection and positive anomalies indicate suppressed 
convection. Contours identify anomalies filtered for 
the MJO (black) and atmospheric Kelvin waves (red) 
as in Kiladis et al. (2006) and Straub and Kiladis (2002), 
respectively. Purple shaded ovals indicate hurricanes 
named on figure. Red labels highlight the main MJO 
episodes. Contours are drawn at ±10 W m−2, with 
the enhanced (suppressed) convective phase of these 
phenomena indicated by solid (dashed) contours. 
Anomalies are departures from the 1981–2010 base 
period daily means.
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only prior MJO event to eclipse 4.0 occurred 30 years 
ago in February 1985 (4.02). The 2015 event ended 
in April when the convective anomalies became 
dominated by a series of fast-propagating atmospheric 
Kelvin waves (Fig. 4.9).

One of the largest impacts from MJO #1 was the 
interaction with a high-amplitude downwelling 
equatorial oceanic Kelvin wave (Fig. 4.11b). This 
oceanic Kelvin wave was triggered during March 
by a westerly wind burst associated with enhanced 
convection over the western Pacific (Fig. 4.11a). This 
wave reached the eastern Pacific in May and produced 
a significant increase in the upper ocean heat content 
while El Niño was developing. MJO #1 also impacted 
the extratropical circulation, mainly during mid- to 
late March, when suppressed convection and anoma-
lous upper-level convergence were present over the 
eastern Indian Ocean, and enhanced convection and 
anomalous upper-level divergence were present over 
the western and central Pacific Ocean (Fig. 4.8). These 
conditions contributed to an eastward extension of 
the East Asian jet stream and a subsequent cold air 
outbreak over the continental United States. 

MJO #2 began in late May and lasted through 
mid-July, with its wave-1 signal also making a full trip 

around the globe. Its convective anomalies masked 
the strengthening El Niño in early and mid-June, 
then accentuated the El Niño signal during late June 
and early July (Fig. 4.9). The RMM index showed re-
markable amplitude in early July, again approaching 
four standard deviations (Fig. 4.10c). As is common 
with many MJO episodes (Straub et al. 2006; Sobel 
and Kim 2012), the convective signal of MJO #2 was 
partially masked by atmospheric Kelvin wave activity 
(Fig. 4.9). This MJO provided especially conducive 
conditions for producing tropical cyclones. Twelve 
storms, spanning from the Arabian Sea to the North 
Atlantic, developed in association with this event. 
These storms included “twin” tropical cyclones 
Raquel and Chan-hom that straddled the equator in 
the western Pacific and contributed to a particularly 
strong westerly wind burst (Fig. 4.11a). 

Following MJO #2, enhanced tropical cyclone 
activity across the central and eastern North Pacific 
from August through October contributed to the 
atmospheric intraseasonal variability. Some of these 
storms (named and purple shaded ovals, Fig. 4.9) 
can be identified as westward-moving patterns of 
anomalous upper-level divergence and enhanced 
OLR (storm names). 

MJO #3 lasted from mid-October through the end 
of the year. The periodicity of this event is difficult to 
assess, though it likely exceeded 60 days and is at the 
slower end of the MJO spectrum (Fig. 4.10d). After 
being initiated over the western Pacific, the area of 
enhanced convection associated with MJO #3 propa-
gated over the Indian Ocean, where it then became 
quasi-stationary for most of November. It could be 
argued that this event did not begin in earnest until 
its eastward propagation resumed in early Decem-
ber. Similar to MJO #2, this event at times masked 
the El Niño convection pattern and at other times 
accentuated it. Across the Pacific Ocean, intrasea-
sonal variability associated with equatorial oceanic 
Kelvin wave activity was seen throughout the year 
(Fig. 4.11b). All three MJO events featured westerly 
wind bursts (Fig. 4.11a) that triggered downwelling 
Kelvin waves. Overall, downwelling Kelvin waves 
tended to be strong, helping to strengthen and main-
tain the anomalous warmth associated with El Niño. 

In contrast, the upwelling Kelvin waves tended to 
be weak throughout the year and had little net impact 
on the surface and subsurface warmth associated with 
El Niño. This suppression of the upwelling waves is 
linked to sustained anomalous westerly winds over 
the central and western equatorial Pacific in associa-
tion with El Niño (see Figs. 4.4b–d). 

Fig. 4.10. Wheeler–Hendon (2004) Real-time Multivar-
iate MJO (RMM) index for (a) Jan–Mar, (b) Apr–Jun, (c) 
Jul–Sep, and (d) Oct–Dec 2015. Each point represents 
the MJO amplitude and location on a given day, and the 
connecting lines illustrate its propagation. Amplitude 
is indicated by distance from the origin, with points 
inside the circle representing weak or no MJO. The 
8 phases around the origin identify the region expe-
riencing enhanced convection, and counterclockwise 
movement is consistent with eastward propagation.
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d. Intertropical convergence zones
1) pacific—A. B. Mullan
The broad-scale patterns of tropical Pacific rainfall 

are dominated by two convergence zones, the inter-
tropical convergence zone (ITCZ) and the South Pa-
cific convergence zone (SPCZ). The ITCZ lies between 
5° and 10°N and is most active during the August to 
December period, when it lies at its northernmost po-
sition. The SPCZ extends diagonally from around the 
Solomon Islands (10°S, 160°E) to near 30°S, 140°W, 
and is most active in the November–April half-year. 
Both convergence zones are strongly influenced by 
the state of ENSO. 

During 2015, an El Niño event that had established 
itself in March continued to intensify through the end 
of the year. The monsoon of the western North Pacific 
extended far to the east to bring unusually strong and 
persistent westerly winds to the date line and beyond. 
Sea surface and subsurface temperatures were much 
warmer than normal, and the convergence zones were 
more active. For most months from May to December, 
the NASA ENSO Precipitation index (ESPI; Curtis 
and Adler 2000) was close to +2 or more, well above 
the +1 threshold associated with El Niño conditions. 

Figure 4.12 summarizes 
the convergence zone be-
havior for 2015 and allows 
comparison of the 2015 
seasonal variation against 
the longer term (1998–2014) 
climatology. Rainfall tran-
sects over 20°N to 30°S are 
presented for each quar-
ter of the year, averaged 
across successive 30-degree 
longitude bands, starting 
in the western Pacific at 
150°E–180°. 

With the demise of the 
TRMM satellite in mid-
2015, the rainfall data for 
this year’s chapter are taken 
from NOAA’s “CMORPH” 
global precipitation analy-
sis (Joyce et al. 2004). This 
dataset, derived from low 
orbiter satellite microwave 
observations (as is TRMM 
3B43), is available at the 
same 0.25° resolution as the 
TRMM 3B43 used previ-
ously (e.g., Mullan 2014). 

Although not identical, CMORPH and TRMM 3B43 
rainfall are similar in pattern and magnitude at the 
broad scale discussed here. 

In the western North Pacific, rainfall generally 
exceeded climatology from early in the year. The 
second quarter bulletin of the Pacific ENSO Applica-
tions Climate Center (www.weather.gov/media/peac 
/PEU/PEU_v21_n2.pdf) commented that: “In eastern 
Micronesia [5°–10°N, 140°–160°E,] … extraordinary 
amounts of rainfall occur[ed] in March and April.” As 
a result of the El Niño event, from March to December 
convection was greatly enhanced over climatology 
from the date line eastward, especially in the North-
ern Hemisphere for the ITCZ (Figs. 4.12b–d). Not 
only was the ITCZ closer to the equator, but the region 
of convection also had a broader latitude extent with 
a larger rainfall maximum. Convection at the equator 
itself was typically about double the climatological 
value for sectors 150°E–180° and 180°–150°W. Figure 
4.13 gives the 2015 annual average precipitation in the 
Pacific and clearly shows the broader ITCZ: rainfall is 
twice the climatology along a line a few degrees north 
of the equator and again near 15°N, while rainfall is 
close to climatology along 10°N. 

Fig. 4.11. (a) Time–longitude section for 2015 of anomalous 850-hPa zonal wind 
(m s−1) averaged for 10°N–10°S. Black contours identify anomalies filtered for 
MJO. Red labels highlight the main MJO episodes. Significant westerly wind 
bursts (WWB) are labeled. (b) Time–longitude section for 2015 of the anoma-
lous equatorial Pacific Ocean heat content, calculated as the mean tempera-
ture anomaly between 0 and 300 m depth. Yellow/red (blue) shading indicates 
above- (below-) average heat content. The relative warming (solid lines) and 
cooling (dashed lines) due to downwelling and upwelling equatorial oceanic 
Kelvin waves are indicated. Anomalies are departures from the 1981–2010 base 
period pentad means.
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Enhanced convection near 
the equator, around and east 
of the date line, is typical of 
El Niño conditions. However, 
the degree of enhancement 
was quite extreme in 2015, 
as was the extent of warm-
ing in equatorial sea surface 
temperatures. Figure 4.14 
shows precipitation transects 
for the last quarter of each 
year 1998–2015, averaged 
over the 180°–150°W sector. 
Rainfall within 5 degrees 
of the equator during 2015 
was well above that for any 
other year in the relative-
ly short CMORPH record 
(starting January 1998). It is 
likely, however, that October–
December 1997 was simi-
lar, given the high rainfall 
along the equator in Janu-
ary–March 1998 under the 
very intense 1997/98 El Niño.

The CMORPH analysis matches reasonably well 
with observed rainfall in the Pacific Islands, although 
there is much more variability at the island scale. 
For Hawaii, at the northern edge of the 180°–150°W 
sector, the third quarter rainfall varied from about 
twice the average at Hilo, to ten times the average 
in Honolulu (www.weather.gov/media/peac/PEU 
/PEU_v21_n4.pdf).

Christmas Island (or Kiritimati) in eastern Kiribati 
lies on the equator in the same sector as Hawaii; rain-
fall was above normal for each of the last nine months 
of 2015 (www.niwa.co.nz/climate/icu), and Kiritimati 
received about ten times its normal December rainfall 
(667 mm). In contrast, islands along the southern 
edge of the SPCZ experienced well-below-normal 
rainfall from about April 2015 onward (www.niwa 
.co.nz/climate/icu). For example, the islands of New 
Caledonia, Fiji, Niue, and Tahiti were generally drier 
than normal for 8 or 9 of the last nine months of 2015.

2) atlantic—A. B. Pezza and C. A. S. Coelho
The Atlantic ITCZ is a well-organized convective 

band that oscillates approximately between 5° and 
12°N during July–November and 5°N and 5°S during 
January–May (Waliser and Gautier 1993; Nobre and 
Shukla 1996). Equatorial Kelvin waves can modulate 
the ITCZ intraseasonal variability (Guo et al. 2014). 
ENSO is also known to influence the ITCZ on the 

Fig. 4.12. Rainfall rate (mm day−1) from CMORPH analysis for (a) Jan–Mar, (b) 
Apr–Jun, (c) Jul–Sep, and (d) Oct–Dec 2015. Each panel shows the 2015 rainfall 
cross section between 20°N and 30°S (solid line) and the 1998–2014 climatology 
(dotted line), separately for four 30° sectors from 150°E–180° to 120°–90°W. 

Fig. 4.13. Annual-average CMORPH precipitation for 
2015, as a percentage of the 1998–2014 average. The 
white areas have precipitation anomalies within 25% 
of normal. 

Fig. 4.14. CMORPH rainfall rate (mm day−1) for Oct–
Dec period for each year 1998 to 2015, averaged over 
the longitude sector 180°–150°W. The cross sections 
are color-coded according to NOAA’s ONI, except for 
2015 (an El Niño year) shown in black. 
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interannual time scale (Münnich and Neelin 2005). 
In 2015, weak positive SST anomalies prevailed in 
the equatorial Pacific until March, followed by the 
development of a strong El Niño event from March 
onward, with a marked signature in the annual aver-
age (Fig. 4.15).

Consistent with Münnich and Neelin (2005), these 
conditions were associated with relatively warmer 
waters in the North Atlantic sector after the establish-
ment of the El Niño, leading to a sharp negative peak 
in the Atlantic index (Fig 4.16a) in the second half of 
2015, as measured by the north–south SST gradient 
(Fig. 4.16a). As a consequence, the ITCZ oscillated 
well north of its climatological position for most of 
the year, with an overall suppression of any significant 
activity in the Southern Hemisphere. An exception 
occurred in March and April (Fig. 4.16b), when the 

Fig. 4.15. Spatial distribution of average global SST 
anomalies (°C, Reynolds et al. 2002) during 2015.

Fig. 4.16. (a) Atlantic ITCZ position inferred from 
outgoing longwave radiation during May 2014. The 
colored thin lines indicate the approximate position for 
the six pentads of the month. The black thick line in-
dicates the Atlantic ITCZ climatological position. The 
SST anomalies for May 2014 based on the 1982–2013 
climatology are shaded (°C). The two boxes indicate 
the areas used for the calculation of the Atlantic index 
in (b). (b) Monthly SST anomaly time series averaged 
over the South American sector (SA region, 10°–50°W, 
5°S–5°N) minus the SST anomaly time series averaged 
over the North Atlantic sector (NA region, 20°–50°W, 
5°–25°N) for the period 2010–14, forming the Atlantic 
index. The positive phase of the index indicates favor-
able conditions for enhanced Atlantic ITCZ activity.

Fig. 4.17. (a) Observed precipitation (mm day−1) during 
2015, (b) 1998–2014 precipitation climatology (mm 
day−1), and (c) observed anomaly (mm day−1) in 2015 
derived from CPC Morphing technique (CMORPH; 
Joyce et al. 2004).
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ITCZ moved south of the equator during a short gap 
before the air–sea teleconnection effects of the strong 
ENSO event became fully established. This southern 
burst was accompanied by a brief but sharp increase 
of the Atlantic index. 

Despite that, the effects of the southern passage 
of the ITCZ on potentially enhancing the convective 
activity over the drought-prone areas of northeast-
ern Brazil were only minor, with an overall annual 
balance of well-below-average precipitation in most 
of the region (Fig. 4.17a-c). This “lack of convective 
coupling” was associated with a widespread drought 
within most of the Amazon as well as in central 
Brazil. Persistent low vegetation health indices and 
reduced soil moisture likely contributed to lowering 
the rate of evapotranspiration and relative humidity, 
facilitating higher temperatures as observed during 
heat waves in Europe (Whan et al. 2015). This large-
scale drought pattern has also extended into south-
eastern Brazil in recent years (Coelho et al. 2015a,b) 
and was already established before the onset of the 
latest El Niño. Otto et al. (2015) explore whether 
droughts in different parts of Brazil could either be 
part of a longer-term natural oscillation or attribut-
able to anthropogenic forcing.

e. Tropical cyclones
1) Overview—H. J. Diamond and C. J. Schreck
The IBTrACS dataset comprises historical tropical 

cyclone (TC) best-track data from numerous sources 
around the globe, including all of the WMO Regional 
Specialized Meteorological Centers (RSMC; Knapp 
et al. 2010). To date, IBTrACS represents the most 
complete compilation of global TC data and offers a 
unique opportunity to revisit the global climatology 
of TCs. Using IBTrACS data (Schreck et al. 2014) a 
30-year average value for storms (from WMO-based 
RSMC numbers) is noted for each basin.

The global tallying of total TC numbers is chal-
lenging and involves more than simply adding up 
basin totals because some storms cross basin bound-
aries, some basins overlap, and multiple agencies are 
involved in the tracking and categorization of TCs. 
Compiling the activity using the IBTrACS dataset 
over all seven TC basins (Fig. 4.18), the 2015 season 
(2014/15 in the Southern Hemisphere) had 101 named 
storms [wind speeds ≥ 34 knots (kt; 1 kt = 0.51 m s−1) 
or 18 m s−1], which is well above the 1981–2010 aver-
age of 82 (Schreck et al. 2014) and 10 more than the 
2014 total of 91 (Diamond 2015). The 2015 season also 
featured 62 Hurricanes/Typhoons/Cyclones (HTC; 
wind speeds ≥ 64 kts or 33 m s−1), which is also well 
above the 1981–2010 average of 46 HTCs (Schreck 

et al. 2014). Of these, 36 storms reached major HTC 
status (wind speeds ≥ 96 kts or 49 m s−1; WMO 2015), 
which is well above the average of 21. To assist in 
tallying the basin totals, this year we normalized 
the counts by basing them on WMO-defined basin 
boundaries and by using the Saffir–Simpson scale 
to represent intensities for all basins, realizing that 
the Saffir–Simpson scale is not operationally used in 
all basins. Therefore, Fig. 4.18 depicts as close to an 
overall picture of global TCs as possible, and each of 
the basin sections (4e2–4e8) has a graphic reflecting 
those normalized basin totals. 

There were eight Saffir–Simpson level Category 5 
systems during the year (one more than in 2014, and 
three more than in 2013): Patricia in the eastern North 
Pacific; Super Typhoons Maysak, Noul, Dolphin, 
Soudelor, and Atsani in the western North Pacific; 
Cyclone Eunice in the south Indian Ocean; and Tropi-
cal Cyclone Pam in the southwest Pacific. Patricia, 
with maximum sustained surface winds of 174 kt 
(88 m s−1) and a minimum central pressure of 879 hPa, 
set records for these parameters for any tropical cy-
clone anywhere in the Western Hemisphere. Patricia 
was also characterized by an extraordinarily fast 
intensification, with a 100-hPa drop in its minimum 
central pressure within a 24-hour period. 

There were also several Saffir–Simpson Category 
3 and 4 intensity-level systems during 2015 that had 
major impacts: 1) Joaquin in the North Atlantic; 2) 
Hilda, Ignacio, and Kilo in the eastern North Pacific; 
3) Koppu, Chan-hom, and Melor in the western North 
Pacific; 4) Chapala and Megh in the north Indian 
Ocean; 5) Chedza, Fundi, and Haliba in the south 
Indian Ocean; and 6) Marcia in the southwest Pacific. 
It should be noted that although TCs in the south 
Indian Ocean impacted life and property, the great-
est impacts were caused by those storms that did not 
even become cyclones. This observation speaks to the 
damage that tropical cyclones can sometimes inflict 

Fig. 4.18. Global summary of TC tracks with respect 
to SST anomalies for the 2015 TC season.
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while not at the named storm level of intensity. The 
North Atlantic hurricane season was below normal 
(section 4e2), and both the central and eastern Pacific 
hurricane seasons were well above normal (section 
4e3), consistent with the El Niño conditions in place 
(section 4b). Sidebar 4.1 also provides analysis and a 
summary of the overall Northern Hemisphere TC 
seasons and highlights the special role that El Niño 
plays with respect to TCs. Sidebar 4.2 describes a rare 
and interesting subtropical cyclone that developed 
over the southeast Pacific, a region usually not con-
ducive to such development. 

2) atlantic basin—G. D. Bell, C. W. Landsea, E. S. Blake,  
J. Schemm, S. B. Goldenberg, T. B. Kimberlain, and R. J. Pasch

(i) 2015 seasonal activity 
The 2015 Atlantic hurricane season produced 11 

named storms, of which four became hurricanes and 
two became major hurricanes. These values are not 
far below the HURDAT2 30-year (1981–2010) sea-
sonal averages of 11.8 tropical storms, 6.4 hurricanes, 
and 2.7 major hurricanes (Landsea and Franklin 
2013). Many of the storms during 2015 were weak and 
short-lived, and the seasonal accumulated cyclone 
energy (ACE) value (Bell et al. 2000) was 67.8% of 
the 1981–2010 median (92.4 × 104 kt2; Fig. 4.19). This 
value is below NOAA’s upper threshold (71.4% of the 
median) for a below-normal season (see www.cpc 
.ncep.noaa.gov/products/outlooks/background 
_information.shtml), and consequently the season is 
classified as below-normal.

A single storm, Major Hurricane Joaquin, pro-
duced nearly one-half of the season’s total ACE value; 
the remaining ten storms produced an ACE value of 

only 36.1% of the median. This result highlights the 
large number of weak and short-lived storms during 
the season. Combined with a near-normal hurricane 
season in 2014 and a below-normal season in 2013 
(Bell et al. 2015), 2013–15 marks the first time since 
1992–94 in which three consecutive seasons were not 
above normal.

Since the current high-activity era for Atlantic 
hurricanes began in 1995, 13 of 21 seasons (62%) 
have been above normal, and four seasons (19%) have 
been near normal. The 2015 season marks only the 
fourth below-normal season since 1995. The 2015 
activity was well below the averages during the recent 
active period (1995–2014) of 15 named storms, 7.6 
hurricanes, 3.5 major hurricanes, and 141.6% of the 
1981–2010 median ACE. A yearly archive of condi-
tions during these seasons can be found in previous 
State of the Climate reports.

A main delineator between more- and less-active 
Atlantic hurricane seasons is the number of hurri-
canes and major hurricanes that originate as named 
storms within the Main Development Region (MDR; 
green boxed region in Fig. 4.20a) which spans the 
tropical Atlantic Ocean and Caribbean Sea between 
9.5° and 21.5°N (Goldenberg and Shapiro 1996; 
Goldenberg et al. 2001; Bell and Chelliah 2006). Only 
five named storms formed in the MDR during 2015, 
with two becoming hurricanes and one of those be-
ing a short-lived major hurricane. The resulting ACE 
value from these five storms was only about 27% of 
the median, which is comparable to the 1981–2010 
below-normal season average for the MDR of 18.1%. 
These values are well below the above-normal and 
near-normal season ACE averages for the MDR of 
151.1% and 57.9% of the median, respectively. 

(ii) Storm tracks
Two tropical storms made landfall in the United 

States during 2015: Tropical Storm Ana which made 
landfall in South Carolina in May, and Tropical Storm 
Bill which made landfall in Texas in June. No hur-
ricanes made landfall in the United States this season.

No hurricanes tracked through the Caribbean 
Sea during 2015. This region has seen only one hur-
ricane in the last three seasons: Gonzalo in 2014. As 
discussed below, and also by Bell et al. (2014, 2015), 
this dearth of hurricane activity over the Caribbean 
Sea has reflected a lack of storms forming in the re-
gion due to strong vertical wind shear and anomalous 
sinking motion, and also a lack of storms propagating 
westward into the region. 

Fig. 4.19. NOAA’s Accumulated Cyclone Energy (ACE) 
index expressed as percent of the 1981–2010 median 
value. ACE is calculated by summing the squares of 
the 6-hourly maximum sustained surface wind speed 
(knots) for all periods while the storm is at least 
tropical storm strength. Red, yellow, and blue shadings 
correspond to NOAA’s classifications for above-, near-
and below-normal seasons, respectively. The 165% 
threshold for a hyperactive season is indicated. Verti-
cal brown lines separate high- and low-activity eras. 
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(iii) Atlantic sea surface temperatures 
SST anomalies warmed across the MDR as 

the summer progressed, with below-average SSTs 
during June–July and above-average SSTs during 
August–November. For the MDR as a whole, the 
area-averaged SST anomaly for October (+0.64°C) 
was the warmest in the 1950–2015 record, and the 
area-averaged anomaly for November (+0.48°C) tied 
for the warmest on record. 

For the peak months (August–October, ASO) of 
the Atlantic hurricane season the mean SST depar-
ture in the MDR was +0.43°C (Fig. 4.20b), which ties 
for fifth warmest in the record (Fig. 4.20b). Consistent 
with the ongoing warmth in the MDR since 1995, 
objective measures of the Atlantic multidecadal oscil-
lation (AMO; Enfield and Mestas-Nuñez 1999), such 
as NOAA’s operational Kaplan AMO index, indicate 
a continuance of the AMO warm phase during ASO 
2015 (Fig. 4.21). In contrast, the AMO index for Janu-
ary–March has been near zero for the past two years. 

The warm AMO phase and the associated posi-
tive phase of the Atlantic Meridional Mode (Vimont 
and Kossin 2007; Kossin and Vimont 2007) are the 
primary climate factors associated with high-activity 
eras for Atlantic hurricanes (Goldenberg et al. 2001; 
Bell and Chelliah 2006; Bell et al. 2011, 2012). This 
warm phase features anomalously warm SSTs in the 
MDR compared to the remainder of the global tropics 
(Fig. 4.20c). However, the mean SST anomaly within 
the MDR during ASO 2015 was less than the mean 
anomaly for the entire global tropics, due partly to 
the intensifying El Niño (see section 4b).

(iv) Atmospheric conditions
a. Atlantic basin
The below-normal 2015 Atlantic hurricane season 

resulted mainly from a set of atmospheric conditions 
during ASO that made the central and western MDR 
extremely unfavorable for TC activity. These condi-
tions included: 1) anomalously strong vertical wind 
shear extending from the Caribbean Sea northeast-
ward to the central Atlantic (Fig. 4.22), 2) anomalous 
upper-level (200-hPa) convergence and lower-level 
(850-hPa) divergence (Fig. 4.23a), 3) anomalous sink-
ing motion throughout the troposphere (Fig. 4.23b) 
and, 4) midlevel drier air (Fig. 4.23c). 

The vertical wind shear averaged across the 
Caribbean Sea during ASO was the third strongest 
(12.4 m s−1) in the ASO 1970–2015 record (Fig. 4.22b). 
The two ASO seasons with larger shear values in this 
region were the El Niño years of 1972 and 1986. For 
the June–November hurricane season as a whole, 
the vertical wind shear over the Caribbean Sea was 

Fig. 4.20. (a) ASO 2015 SST anomalies (°C), with the 
MDR indicated by the green box. (b) Time series for 
1950–2015 of ASO area-averaged SST anomalies in the 
MDR. (c) Time series showing the difference between 
ASO area-averaged SST anomalies in the MDR and 
those for the entire global tropics (20°N–20°S). Red 
lines show a 5-pt. running mean of each time series. 
Anomalies are departures from the ERSST.v3b (Smith 
et al. 2008) 1981–2010 period monthly means. 

Fig. 4.21. Unfiltered index of the Atlantic multidecadal 
oscillation (AMO) during 1950–2015 averaged over 
ASO (red line) and JFM (blue line). Based on the Kaplan 
SST dataset (Enfield et al. 2001; www.esrl.noaa.gov 
/psd/data/timeseries/AMO).
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the strongest in the record (17.3 m s−1), exceeding the 
previous largest value of 15.4 m s−1 recorded in 1972. 
On monthly time scales, shear values greater than 
8–10 m s−1 are generally considered nonconducive to 
hurricane formation.

The main activity during the 2015 hurricane 
season reflected more conducive conditions over the 
eastern MDR and also over the western subtropical 
North Atlantic north of the MDR. In portions of 
the eastern MDR the combination of weak vertical 
wind shear (Fig. 4.22a), 
anomalous rising mo-
tion (Fig. 4.23b), and 
increased mid level 
moisture (Fig. 4.23c) 
cont r ibuted to  t he 
development of f ive 
named storms, includ-
ing two hurricanes. 
Over the western sub-
tropical North Atlantic, 
a similar combination 
of conditions contrib-
uted to the development 
of five named storms 
north of the MDR. Two 
of these storms became 
hurricanes, with one 

becoming the only long-lived major hurricane of the 
season (Joaquin). Together, these five storms produced 
about 60% of the total seasonal ACE value. 

b. El Niño impacts 
The 200-hPa circulation patterns during ASO 

2015 (Fig. 4.24) show that El Niño impacted atmo-
spheric conditions across the tropical Pacific and 
Atlantic Oceans in both hemispheres, so as to weaken 
the Atlantic hurricane season and simultaneously 
strengthen both the central and eastern Pacific hur-
ricane seasons (see section 4e3). 

The velocity potential, which is related to the 
divergent component of the wind, showed an anom-
aly pattern during ASO that is typical of El Niño 
(Fig. 4.24a). This pattern featured a core of negative 
anomalies across the eastern half of the Pacific ba-
sin, along with cores of positive anomalies over the 
western Pacific/Australasia and also over the Amazon 
basin and MDR. The associated pattern of divergent 
wind vectors shows a suppressive pattern for Atlantic 
hurricanes of anomalous upper-level convergence 
over the Caribbean Sea and central MDR. 

The 200-hPa streamfunction pattern also showed 
a typical El Niño signal, with anticyclonic anomalies 
across the subtropical Pacific Ocean in both hemi-
spheres f lanking the region of enhanced El Niño–
related convection (see Fig. 4.5c), along with cyclonic 
anomalies extending downstream from the Americas 
(Fig. 4.24b). 

Regionally, the streamfunction pattern included 
an anomalous upper-level subtropical trough that 
extended across the entire MDR. This feature re-
flected an amplification of the mean tropical upper 
tropospheric trough (TUTT; white dashed line) in 

Fig. 4.22. 200–850 hPa vertical wind shear during 
ASO 2015: (a) magnitude (m s−1) and (b) anomalous 
magnitude and vector. In (a), orange-red shading indi-
cates areas where the vertical wind shear magnitude 
is ≤10 m s−1. In (b), vector scale is below right of plot. 
Green box denotes the MDR. Anomalies are depar-
tures from the 1981–2010 means.

Fig. 4.23. ASO 2015: Atmospheric height–longitude sections averaged for 9.5°–
21.5°N, of (a) anomalous divergence (× 10−6 s−1), (b) anomalous vertical velocity  
(× 10−2 Pa s−1), and (c) percent of normal specific humidity. Green shading indi-
cates anomalous divergence, anomalous rising motion, and increased moisture, 
respectively. Brown shading indicates anomalous convergence, anomalous sinking 
motion, and decreased moisture. Zero lines are drawn on each panel. Anomalies 
are departures from the 1981–2010 means.
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the western MDR and a disappearance of the mean 
upper-level subtropical ridge normally located over 
the central and eastern MDR. These conditions 
contributed anomalous upper-level westerly winds, 
increased vertical wind shear, and anomalous sink-
ing motion across the MDR (Figs. 4.22, 4.23), the 
combination of which suppressed the 2015 Atlantic 
hurricane season. 

3) eastern nOrth pacific and central nOrth 
pacific basins—M. C. Kruk, C. J. Schreck, and T. Evans

(i) Seasonal activity
The eastern North Pacific (ENP) basin is offi-

cially split into two separate regions for the issuance 
of warnings and advisories by NOAA’s National 
Weather Service. NOAA’s National Hurricane Center 
in Miami, Florida, is responsible for issuing warnings 
in the eastern part of the basin (ENP) that extends 
from the Pacific Coast of North America to 140°W, 
while NOAA’s Central Pacific Hurricane Center in 
Honolulu, Hawaii, is responsible for issuing warnings 
in the central North Pacific (CNP) region between 
140°W and the date line. This section summarizes 
the TC activity in both warning areas using com-

bined statistics, along with information specifically 
addressing the observed activity and impacts in the 
CNP region.

The ENP/CNP hurricane season officially spans 
from 15 May to 30 November. Hurricane and tropical 
storm activity in the eastern area of the basin typically 
peaks in September, while in the central Pacific, TC 
activity normally reaches its seasonal peak in August 
(Blake et al. 2009). During the 2015 season, a total of 
26 named storms formed in the combined ENP/CNP 
basin. This total included 16 hurricanes, 11 of which 
were major hurricanes. The 1981–2010 IBTrACS sea-
sonal averages for the basin are 16.5 named storms, 8.5 
hurricanes, and 4.0 major hurricanes (Schreck et al. 
2014). The 2015 season’s 26 named storms is the high-
est storm count since the 1992 season. In late August, 
Hurricanes Kilo, Ignacio, and Jimena reached Category 
4 status at the same time (Fig. SB4.1a). This was the first 
time on record that three Category 4 or stronger TCs 
were present at the same time in any global TC basin.

Given that 68% of the ENP/CP hurricanes in 2015 
reached major hurricane status, it is no surprise that 

Fig. 4.24. 200-hPa circulation during ASO 2015: 
(a) anomalous velocity potential (× 106 m2 s−1) and 
anomalous divergent wind vector (m s−1), and (b) total 
(contours) and anomalous (shaded) streamfunction  
(× 106 m2 s−1). Divergent wind vector scale in (a) is 
below right of plot. In (b), white dashed line indicates 
amplified tropical upper tropospheric trough (TUTT). 
Anticyclonic anomalies are indicated by positive values 
(orange/red) in the NH and negative values (blue) in 
the SH. Cyclonic anomalies are indicated by negative 
values in the NH and positive values in the SH. Green 
boxes indicate the Atlantic hurricane MDR. Anomalies 
are based on the 1981–2010 climatology.

Fig. 4.25. Seasonal TC statistics for the full ENP/CNP 
basin over the period 1970–2015: (a) number of named 
storms, hurricanes, and major hurricanes, and (b) 
the ACE index (× 104 kt2) with the 2015 seasonal total 
highlighted in red. The time series shown includes the 
corresponding 1981–2010 base period means for each 
parameter.
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the ACE index for 2015 was high as well, with a sea-
sonal value of 251.6 × 104 kt2 (Fig. 4.25), which is nearly 
double the 1981–2010 mean of 132.0 × 104 kt2 (Bell et al. 
2000; Bell and Chelliah 2006; Schreck et al. 2014). A 
record-shattering 16 tropical cyclones developed in, or 
entered into, the CNP basin during 2015, with a dis-
tribution of eight hurricanes (five major), six tropical 
storms, and two depressions (Fig. 4.25); the previous 
record season was 1992 with a total of 12 TCs. The 
long-term 1981–2010 IBTrACS mean is 4.7 storms 
passing through the CNP per season.

(ii)	Environmental	influences	on	the	2015	season
Figure 4.26 illustrates the background conditions 

for TC activity in the ENP and CNP during 2015. 
Consistent with the strong El Niño conditions, the 
equatorial Pacific was dominated by anomalously 
warm SST anomalies (Fig. 4.26a). As in 2014, these 
warm SSTs extended throughout most of the sub-
tropical ENP, which would be exceptionally favorable 
for TC activity. The ITCZ was also strongly enhanced 
in association with the warm SSTs, but the strongest 
enhancement of convection was southward of where 
TCs form (Fig. 4.26b). Vertical wind shear magni-
tudes were slightly below their climatological values 

(Fig. 4.26c). The vertical wind shear anomalies were 
generally easterly from 120°E to the date line, which 
likely contributed to the record season in the CNP. 
The broad area of warm SSTs, enhanced convec-
tion, and moderate shear in 2015 all contributed to 
favorable conditions that resulted in above-normal 
hurricane activity.

Figure 4.26d shows a broad area of 850-hPa west-
erly anomalies near the equator. Similar patterns 
were seen in 2012–14 (Diamond 2013, 2014, 2015), 
although these years also featured stronger easterly 
anomalies to the north. Even on their own, the west-
erly anomalies produced the region of enhanced cy-
clonic vorticity within which most of the ENP storms 
developed. Many of these storms developed where the 
enhanced vorticity intersected the westerly anoma-
lies. The westerlies could have strengthened easterly 
wave activity in this region through barotropic energy 
conversion and wave accumulation (Maloney and 
Hartmann 2001; Aiyyer and Molinari 2008; Rydbeck 
and Maloney 2014). 

ENP TC activity is strongly influenced by the MJO 
(Maloney and Hartmann 2001; Aiyyer and Molinari 
2008; Slade and Maloney 2013), and recent studies 
have found a greater role for convectively coupled 

Fig. 4.26. May–Nov 2015 anomaly maps of (a) SST 
(ºC, Banzon and Reynolds 2013), (b) OLR (W m−2, Lee 
2014), (c) 200–850-hPa vertical wind shear (m s−1) vec-
tor (arrows) and scalar (shading) anomalies, and (d) 
850-hPa winds (m s−1, arrows) and zonal wind (shading) 
anomalies. Anomalies are relative to the annual cycle 
from 1981–2010, except for SST which is relative to 
1982–2010 due to data availability. Hurricane symbols 
with letters denote where each ENP TC attained 
tropical storm intensity. Wind data obtained from 
NCEP–NCAR reanalysis I (Kalnay et al. 1996).

Fig. 4.27. Longitude–time Hovmoller of OLR (W m−2, 
Lee 2014) averaged 5°–15ºN. Unfiltered anomalies 
from a daily climatology are shaded. Negative anoma-
lies (green) indicate enhanced convection. Anomalies 
filtered for Kelvin waves are contoured in blue at 
–10 W m−2. Hurricane symbols and letters indicate 
genesis of ENP TCs.
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Kelvin waves in modulating tropical cyclogenesis 
(Schreck and Molinari 2011; Ventrice et al. 2012a,b; 
Schreck 2015). Figure 4.27 uses OLR to examine the 
evolution of convection during the 2015 ENP hur-
ricane season. Following Kiladis et al. (2009), the 
blue contours identify the Kelvin-filtered anomalies. 
Easterly waves are also apparent in the unfiltered 
anomalies (shading) as westward moving features, 
such as the ones leading up to Hurricanes Norbert 
and Simon.

During the 2015 ENP hurricane season, intrasea-
onal variability was dominated by eastward moving 
signals that straddled the boundaries between Kelvin 
waves and the MJO (Roundy 2012a,b). Three events 
are particularly noteworthy: early July, late August, 
and October. These events were all prolific TC pro-
ducers, spawning strings of TC genesis from the north 
Indian Ocean to the North Atlantic. In the ENP/CNP 
alone, 5–7 TCs developed in association with each of 
these events, accounting for 18 of the 26 ENP/CNP 
TCs in 2015.

(iii) TC impacts
During the 2015 season, only 2 of the season’s 26 

combined ENP/CNP tropical storms made landfall 
along the western coast of Mexico or Baja California, 
while remarkably no storms in the CNP region made 
landfall in Hawaii. The long-term annual average 
number of landfalling storms on the western coast 
of Mexico is 1.8 (Raga et al. 2013). 

The first storm to make landfall along the Mexican 
coastline was Hurricane Blanca (31 May to 9 June), 
which had maximum sustained winds of 120 kt 
(61 m s−1) and a minimum central pressure of 936 hPa. 
Blanca weakened to a tropical storm before making 
landfall in Baja California and made the earliest 
landfall in that region on record. Even as the storm 
was weakening, strong rip currents associated with 
the storm claimed four lives off the coast of Mexico.

The second landfalling storm of 2015 was Major 
Hurricane Patricia from 20–24 October, with 
maximum sustained winds of 174 kt (88 m s−1) and 
a minimum central pressure of 879 hPa. The baro-
metric pressure and maximum sustained winds, both 
as measured by hurricane reconnaissance aircraft, 
are now the lowest on record for pressure and high-
est on record for winds anywhere in the Western 
Hemisphere. The hurricane also intensified extraor-
dinarily quickly, dropping 100 hPa in just 24 hours. 
Fortunately for the major cities and towns in coastal 
Mexico, Patricia made landfall as a Category 5 storm 
near Jalisco, Mexico, a relatively rural area, though 
it still caused a range of impacts. Many trees were 

completely defoliated, power outages were common, 
and torrential rains f looded roads and resulted in 
landslides. In the town of Tamaulipas, 193 mm of rain 
was recorded from the storm. Roughly 9000 homes 
were damaged or destroyed and many agricultural 
croplands, in particular banana crops, were wiped 
out by the wind and rain from Patricia.

Despite no direct landfalls, high surf, coastal 
f looding, f looding rains, and oppressive heat im-
pacted the Hawaiian Islands throughout the 2015 
season. The largest surf came from Hurricane Ignacio 
as it passed to the east and northeast of the main 
Hawaiian Islands. Ignacio produced large waves and 
a small storm surge resulting in water and debris 
on roadways along the Big Island’s (also known as 
Hawaii Island) and Oahu’s eastern coastline, causing 
road and beach park closures. Heavy rain associated 
with Ignacio fell across the main Hawaiian Islands 
causing widespread flooding, including in portions 
of Honolulu. Hurricanes Hilda and Kilo forced deep 
tropical moisture over the main Hawaiian Islands, 
which led to significant flooding rains. Impacts of 
this flooding included a massive sewage spill when 
the Honolulu drainage system was overwhelmed, 
flooded homes and businesses, and one flash flood 
fatality. Hurricane Guillermo had the closest ap-
proach to the main Hawaiian Islands and produced 
coastal flooding as large waves closed roads and beach 
parks. Portions of the northwest Hawaiian Islands, 
which are not populated but host research teams, 
were evacuated due to large waves associated with 
Hurricane Kilo and Tropical Storm Malia.

4) western nOrth pacific basin—S. J. Camargo
(i) Introduction
The WNP is unique in that TCs are tracked simul-

taneously by several agencies in that region. Among 
these are the United States military’s Joint Typhoon 
Warning Center (JTWC) and the WMO-sanctioned 
RSMC-Tokyo, Japan Meteorological Agency (JMA). 
Data from JTWC are used here; best-track dataset for 
the period 1945–2014 and from the JTWC’s prelimi-
nary operational data for 2015. The best-track data 
from the RSMC-Tokyo, Japan Meteorological Agency 
(JMA), was used in Fig. 4.28b. All other figures were 
produced using JTWC TC data. Climatology is de-
fined using the period 1981–2010, with the exception 
of landfall statistics, where 1951–2010 is used.

(ii) Seasonal activity
The TC season in the western North Pacific (WNP) 

in 2015 was above normal by most measures of TC 
activity considered. According to the JTWC, the 2015 
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season had 29 TCs form in the basin, with two addi-
tional TCs (Halola and Kilo) that formed in the central 
North Pacific (CNP) then crossed into the WNP. This 
total of 31 storms active in the basin is above the medi-
an of the climatological distribution (the climatologi-
cal median is 28.5, the 75th percentile is 33). Of these, 
28 TCs reached tropical storm intensity or higher (the 
climatological median is 26, the 75th percentile is 
29.5) and 27 of them were named (only one, 12W, was 
not formally named). There were 3 tropical depres-
sions (TDs; slightly below the climatological median 
of 3.5), 7 tropical storms (below the 25th percentile 

of 8), 21 typhoons (above 
the 75th percentile of 
20), 8 of which became 
super typhoons (winds 
≥ 137 kt; 71 m s−1; in 
the top 5th percentile, 
the 75th percentile is 5). 
In Fig. 4.28a, the num-
ber of tropical storms, 
typhoons, and super 
typhoons per year is 
shown for the period 
1945–2015. The number 
of super typhoons is one 
of the measures for the 
intensity of the 2015 sea-
son that was well above 
normal. A high num-
ber of super typhoons 
is a typical feature of 
El Niño events (Camar-
go and Sobel 2005). The 
percentage of typhoons 
that reached super ty-
phoon status in 2015 
(38%) was in the top 
10%. Climatologically, 
only 23% of typhoons 
reach super typhoon 
intensity each season.

The JMA total for 
2015 was 27 TCs (above 
JMA’s climatological 
median of 26), includ-
i ng Hu r r ic a nes/Ty-
phoons Halola and Kilo. 
Tropical Storms 12W 
and Vamco were only 
considered to be tropical 
depressions by JMA, and 
TDs are not included in 

the JMA database. Of those 27, nine were greater than 
tropical storm strength (equal to the 25th percentile 
for JMA), and 18 were typhoons (top quartile for JMA). 
The number of TCs (1951–76), or tropical storms, 
severe tropical storms, and typhoons (1977–2015) ac-
cording to the JMA are shown in Fig. 4.28b.1

1 It is well known that there are systematic differences between 
the JMA and the JTWC and the datasets, which have been 
extensively documented in the literature (e.g., Wu et al. 2006; 
Nakazawa and Hoshino 2009; Song et al. 2010; Ying et al. 
2011; Yu et al. 2012; Knapp et al. 2013; Schreck et al. 2014).

Fig. 4.28. (a) Number of tropical storms, typhoons, and super typhoons per year 
in the western North Pacific for the period 1945–2015 based on the JWTC best-
track dataset. (b) Number of TCs (all storms which reach tropical storm intensity 
or higher) for 1951–76; number of tropical storms, severe tropical storms, and 
typhoons for 1977–2015 based on the JMA best-track dataset. (c), (d) The number 
of TCs with tropical storm intensity or higher [named storms (c) and typhoons 
(d)] per month in 2015 (black line) and the climatological means (blue line). The 
blue plus signs denote the maximum and minimum monthly historical records, 
and the red error bars show the climatological interquartile range for each month 
(in the case of no error bars, the upper and/or lower percentiles coincide with the 
median). (e), (f) The cumulative number of named storms (e) and super typhoons 
(f) per month in the WNP in 2015 (black line) and climatology (1971–2010) as box 
plots [interquartile range: box; median: red line; mean: blue asterisk; values in the 
top or bottom quartile: blue crosses; high (low) records in the 1945–2015 period: 
red diamonds (circles)]. [Sources: 1945–2014 JTWC best-track dataset, 2015 JTWC 
preliminary operational track data for (a), (c), (d), (e), and (f); 1951–2015 RSMC-
Tokyo, JMA best-track dataset for panel (b).]
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The number of named storms and typhoons per 
month in 2015, compared with the climatological 
distribution, is shown in Figs. 4.28c,d. Super Typhoon 
Maysak was one of the strongest March storms in the 
historical record, reaching the same record intensity 
of Super Typhoon Mitag (February–March 2002) for 
that month. In May, two super typhoons formed in 
the WNP, Noul and Dolphin, while only Tropical 
Storm Kujira was active in June.2 July was an active 
month with six storms present in the WNP, includ-
ing Super Typhoons Nangka and Soudelor. On 9 July, 
three storms (Chan-hom, Nangka, and Linfa) were 
active simultaneously on the WNP, a rare event for 
July. September and October had five active storms 
each, including Super Typhoons Champi and Lando 
in October. 

Considering the number of TCs and named 
storms, the 2015 typhoon season had an active, early 
season (January–June), with 8 TCs (top quartile), an 
average peak season (July–October) with 20 TCs (me-
dian is 19), and a quiet late season with 3 TCs (bottom 
quartile), as can be seen in the cumulative number of 
named of storms per month in 2015 and the clima-
tological distribution (Fig. 4.28e). The occurrence of 
a high number of super typhoons, a typical feature 
of El Niño years, was clear in 2015, with 8 super ty-
phoons, 3 of which formed in the early season and 5 
during the peak season. The occurrence of three super 
typhoons in the early season is quite unusual, hav-
ing only occurred twice previously in the historical 
record, 2002 and 2004; these were also El Niño years. 
The cumulative number of super typhoons in 2015 
compared with the climatological baseline is shown 
in Fig. 4.28f. Previously, only one super typhoon had 
formed in March, in 1961 (while STY Mitag reached 
is lifetime maximum intensity in March, it formed 
in February). The 2015 season is the first time in the 
historical record that two super typhoons formed in 
May; the previous historical maximum for that month 
was one. An active July, with two tropical storms, two 
typhoons, and two super typhoons was followed by 
a relatively quiet August. The two typhoons (one of 
them a super typhoon) in August is in the bottom 
quartile for that month. Two more super typhoons 
occurred in October, in the top 10% for that month. 

Typical of El Niño years, the total ACE in 2015 
was high (Camargo and Sobel 2005), reaching the 

2 Here, if a storm forms in the two last days of a month, it is 
counted for the following month if it lasts more than two 
days in the next month. This was the case in 2015 of ty-
phoons Chan-hom (formed 29 June) and Mujigae (formed 
30 September).

Fig. 4.29. (a) ACE index per year in the western North 
Pacific for 1945–2015. The solid green line indicates 
the median for the climatology years 1971–2010, and 
the dashed lines show the climatological 25th and 
75th percentiles. (b) ACE index per month in 2015 
(red line) and the median during 1971–2010 (blue line), 
where the green error bars indicate the 25th and 75th 
percentiles. In case of no error bars, the upper and/or 
lower percentiles coincide with the median. The blue 
“+” signs denote the maximum and minimum values 
during the period 1945–2014. (Source: 1945–2014 
JTWC best-track dataset, 2015 JTWC preliminary 
operational track data.)

third highest value in the historical record, just be-
low the values in 2004 and 1997, both El Niño years 
(Fig. 4.29a). The bulk of the seasonal ACE occurred 
during July and August (Fig. 4.29b), contributing to 
21% and 24% of the total ACE, respectively. The ACE 
for May was the largest in the historical record for that 
month. Other high monthly values of ACE reached 
the third (February and August), fourth (July), and 
fifth (March) highest values in the historical record 
for those months. In contrast, the June ACE was in 
the bottom quartile. Eight TCs in 2015 were in the 
top 10% of the ACE per storm, together contributing 
a total of 58.5% of the total ACE for the season. With 
the exception of Typhoon Goni, the other seven TCs 
with highest ACE in 2015 reached super typhoon sta-
tus. The top ACE values in 2015 are from TCs Noul, 
Champ, Dolphin, Maysak, Soudelor, Atsani, Goni, and 
Nangka, in that order. Additionally, JTWC tracked the 
peak wind speed for Goni at 115 kt (59 m s−1), but it is 
noteworthy that 5.5 of its 11 days had winds ≥ 100 kts. 
The ACEs of each of the top three named storms (Noul, 
Champ, Dolphin) reached the top 5% and contributed 
25.7% of the total ACE in the season. Other storms in 
the top quartile of ACE per storm in 2015 were Koppu, 
Dujuan, Halola, In-fa, Kilo, and Chan-hom.
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There were 174.75 days with TCs in 2015, near 
the 75th percentile (176.75 days), and 148.75 days 
with storms that reached tropical storm or higher, 
in the top 5% (median 111.75 days). From those ac-
tive days, 90.75 days had typhoons, the third highest 
value in the historical record, less than only 1997 and 
2004. There were 36.75 days with intense typhoons 
(Categories 3–5), in the top 10% (median 20 days). 
In 2015, the percentage of days with typhoons and 
intense typhoons were 51.9% and 21.0%, in the top 
1% and 10%, respectively (median 37.9% and 12.2%, 
respectively). The median lifetime of named storms 
in 2015 was 8.75 days, slightly above the median of 
8 days. The two longest-living storms were Kilo and 
Halola, which lasted 22 days (20 August to 11 Septem-
ber) and 17.75 days (10–26 July), while crossing both 

the central and western North 
Pacific basins. The longest-living 
storm that formed in the WNP 
was Super Typhoon Nangka, 
which lasted a total of 15.75 days 
from 3–19 July. 

The mean genesis location for 
storms with genesis in the WNP 
in 2015 (13.4°N, 147.3°E) was 
slightly eastward from the clima-
tological mean of WNP storms 
(13.2°N, 141.6°E, with standard 
deviations of 1.9° and 5.6°). The 
mean track position (16.7°N, 
144.5°E) was also southeastward 
relative to the WNP climatologi-
cal mean (17.3°N, 136.6°E, with 
standard deviations of 1.4° and 
4.7°). Although a southeastward 
shift is typical of El Niño years 
(e.g., Chia and Ropelewski 2002; 
Camargo et al. 2007), this 2015 
shift was mostly eastward, with 
almost no change (mean first 
position) or a small southward 
shift (mean track) in the meridi-
onal direction. 

Figure 4.30 shows the envi-
ronmental conditions associ-
ated with the typhoon activity in 
2015. The warm SST anomalies 
during July–October (JASO; 
Fig. 4.30a) were large in the 
eastern and central Pacific, but 
small in the WNP. These large 
SST anomalies led to high values 
of potential intensity (Emanuel 

1988 and 1995; Fig. 4.30b) and 600-hPa relative 
humidity (Fig. 4.30c) anomalies on the eastern and 
central Pacific in two bands, the first in the equatorial 
region, the second near Hawaii. The genesis poten-
tial index (GPI; Emanuel and Nolan 2004; Camargo 
et al. 2007) had positive anomalies on the eastern 
part of the basin and negative on the western side 
(Fig. 4.30d), typical of El Niño years. The maximum 
extent of the monsoon reached the date line, as docu-
mented via the zonal winds depicted in Fig. 4.30e; this 
monsoonal extent helps explain the eastward shift of 
the location of cyclogenesis in the basin for the season. 

Fig. 4.30. (a) SST anomalies, (b) potential intensity anomalies, (c) relative 
humidity 600-hPa anomalies, (d) genesis potential index anomalies in JASO 
2015, and (e) zonal winds in Jul–Oct 2015 (positive contours are shown in 
solid lines, negative contours in dash dotted lines and the zero contour in a 
dotted line). [Source: atmospheric variables: NCEP–NCAR reanalysis data 
(Kalnay et al. 1996); sea surface temperature (Smith et al. 2008).]
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(iii) TC impacts
There were 18 storms that made landfall in 2015,3 

slightly above the 1951–2010 climatological median 
(17). Of these, three systems made landfall as a TD 
(median is three), seven storms made landfall as 
tropical storms (median is six), two struck as Category 
1–2 typhoons (median is five). Five storms made 
landfall as intense typhoons, among the top 10% of 
the 1951–2010 climatological distribution (the median 
is two): Dujuan, Goni, Koppu, Melor, and Mujigae.

Many storms led to social and economic impacts in 
2015. Typhoon Maysak made landfall in both Chuuk 
and Yap States of the Federated States of Micronesia 
in March and was responsible for four deaths and 
led to significant damage to homes and crops in 
both states. Typhoon Koppu (known as Lando in the 
Philippines) caused at least 58 deaths and flooding 
in the northern Philippines, as well as heavy agri-
cultural and economical damage across the country. 
The double hit of Typhoon Melor and a tropical de-
pression in December in the Philippines led to floods 
and at least 45 deaths. The storms with the largest 
economic impacts in 2015 were Typhoons Soudelor 
(3.2 billion U.S. dollars) and Chan-hom (1.5 billion 
U.S. dollars). Soudelor caused severe impacts in the 
Commonwealth of the Northern Mariana Islands, 
Taiwan, and eastern China (at least 38 deaths), as 
well as some lesser impacts in Japan, the Republic of  
Korea, and the Philippines. Chan-hom also affected 
many countries in the WNP basin, particularly Japan 
(Okinawa), Taiwan, China, the Republic of Korea 
(Jeju Island), and North Korea.

 
5) nOrth indian Ocean—M. C. Kruk
The north Indian Ocean (NIO) TC season typi-

cally extends from April to December, with two peaks 
in activity: during May–June and again in November, 
when the monsoon trough is positioned over tropical 
waters in the basin. TCs in the NIO basin normally 
develop over the Arabian Sea and Bay of Bengal be-
tween 8° and 15°N. These systems are usually short-
lived and relatively weak and often quickly move into 
the Indian subcontinent.

According to the JTWC, the 2015 TC season 
produced five tropical storms, two of which were 
major cyclones (Fig. 4.31a). The 1981–2010 IBTrACS 

3  Landfall is defined when the storm track is over land and the 
previous location was over ocean. In order not to miss land-
fall over small islands, first the tracks were interpolated from 
6-hourly to 15-minute intervals, before determining if the 
storm track was over land or ocean using a high-resolution 
land mask.

seasonal averages for the basin are 3.9 tropical storms, 
1.4 cyclones, and 0.6 major cyclones. The season pro-
duced its highest ACE index since 1972 with a value 
of 30.4 × 104 kt2, well above the 1981–2010 mean of  
12.5 × 104 kt2 (Fig. 4.31b). Typically, there is enhanced 
TC activity, especially in the Bay of Bengal, during the 
cool phase of ENSO (Singh et al. 2000); however, most 
of this season was characterized by a strong develop-
ing El Niño. Four of the five storms developed in the 
Arabian Sea, and only tropical storm Two (29–30 July) 
developed in the Bay of Bengal.

There were two noteworthy storms during the 
season: Cyclones Chapala and Megh. Chapala (28 
October–4 November) formed in the Arabian Sea 
and became a “severe cyclonic storm” (wind ≥ 96 kts) 
on 29 October with maximum sustained winds near 
114 kt (58 m s−1) and a minimum central pressure of 
940 hPa. What made these storms unique was how 
they tracked westward over the island of Socotra and 
into the Gulf of Aden—a very unusual track com-
pared to historical records. This resulted in extreme 
damage across Socotra and the country of Yemen, 
which rarely experiences tropical cyclone landfalls, 
much less the tremendous rains associated with them. 
In fact, these were not only the first tropical cyclones 
to strike Socotra since 1922, but most interesting was 
that they did so during the same week. Rainfall data 
are spotty for the region, but satellite estimates sug-
gest 610 mm of rainfall along the Yemeni coastline, 
which is 700% of the annual average for the region. 
Eight people died in Yemen, most by drowning, and 
several hundred homes and businesses were dam-
aged by flooding. A storm surge of nearly 10 m was 
observed in the coastal town of Al Mukalla, destroy-
ing the city’s seafront and inundating many coastal 
structures with saltwater.

The second major storm of the season was Very 
Severe Tropical Cyclone Megh, which occurred from 
5 to 10 November in the Arabian Sea, about a week 
after Cyclone Chapala. The track of Megh was similar 
to that of Chapala, moving over the island of Socotra 
and into the Gulf of Aden. Maximum sustained wind 
speeds reached 95 kt (48 m s−1) with a minimum 
central pressure of 964 hPa. Megh made landfall in 
Socotra as a Category 3 equivalent storm, causing 
extensive devastation, resulting in nearly 20 deaths. 
Additionally, upwards of 3000 homes were either 
completely destroyed or damaged by the cyclone, 
which also caused havoc with local fishing operations.
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6) sOuth indian Ocean—M. C. Kruk and C. Schreck
The south Indian Ocean (SIO) basin extends south 

of the equator from the African coastline to 90°E, 
with most cyclones developing south of 10°S. The SIO 
TC season extends from July to June encompassing 
equal portions of two calendar years (the 2015 season 
is comprised of storms from July to December 2014 
and from January to June 2015). Peak activity typi-
cally occurs during December–April when the ITCZ 
is located in the Southern Hemisphere and migrating 
toward the equator. Historically, the vast majority of 
landfalling cyclones in the SIO affect Madagascar, 
Mozambique, and the Mascarene Islands, includ-
ing Mauritius and Réunion Island. The RSMC on 
La Réunion serves as the official monitoring agency 
for TC activity within the basin.

The 2014/15 SIO storm season was much above 
average, with 14 tropical storms, of which 6 were 
cyclones and 4 were major cyclones (Fig. 4.32a). The 
1981–2010 IBTrACS seasonal median averages are 
eight tropical storms, four cyclones, and one major cy-
clone. The active season is also reflected in the 2014/15 

ACE index of 114.7 × 104 kt2, which was above the 
1981–2010 average of 91.5 × 104 kt2 (Fig. 4.32b). This 
is the second consecutive year with above-average 
ACE values for the SIO. As a result of warmer-than-
normal SSTs, coupled with generally below-average 
wind shear (Fig. 4.32), the overall season was above 
average. Figure 4.33a indicates that the seasonally av-
eraged SST anomalies were above normal, stretching 
between 10° and 30°S across the width of the southern 
Indian Ocean. Moreover, Fig. 4.33c demonstrates that 
deep-layer vertical wind shear was also anomalously 
low across the same latitude belt, on the order of 1– 
3 m s−1, below normal for the season. It appears likely 
that the combination of warm waters and a favorable 
low-shear environment helped to sustain not only the 
number of storms this season but also their above-
average intensities, as reflected by the ACE index.

During the 2014/15 season, the strongest storm 
was Cyclone Eunice (27 January–2 February), which 
reached Category 5 equivalency with peak maximum 

Fig. 4.31. Annual TC statistics for the NIO for 1970–
2015: (a) number of tropical storms, cyclones, and 
major cyclones and (b) the estimated annual ACE 
index (in kt2 × 104) for all TCs during which they were 
at least tropical storm strength or greater intensity 
(Bell et al. 2000). The 1981–2000 means (green lines) 
are included in both (a) and (b).

Fig. 4.32. Annual TC statistics for the SIO for 1980–
2015: (a) number of tropical storms, cyclones, and 
major cyclones and (b) the estimated annual ACE 
index (in kt2 × 104) for all TCs during which they were 
at least tropical storm strength or greater intensity 
(Bell et al. 2000). The 1981–2000 means (green lines) 
are included in both (a) and (b). Note that ACE index 
is estimated due to lack of consistent 6-h sustained 
winds for each storm.
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sustained winds of 139 kt (70 m s−1) and an estimated 
minimum central pressure of 900 hPa. The storm 
formed in the middle of the south Indian Ocean and 
remained there throughout its lifecycle, generally mov-
ing southeast before weakening over cooler waters.

Severe Tropical Storm Chedza (14–22 January 
2015) was the deadliest storm of the season. Chedza 
formed off the southeast coast of Africa and intensi-
fied over the Mozambique Channel where it attained 
maximum sustained winds of 57 kt (29 m s−1) and a 
minimum central pressure of 975 hPa. On 16 Janu-
ary, Chedza made landfall in western Madagascar, 

resulting in extensive f looding following weeks of 
extreme wet weather across the island. This resulted 
in widespread mudslides across the region, damaging 
roads and homes. Nearly 4400 homes were destroyed 
by the floods and unfortunately the storm resulted in 
80 fatalities, most of which were from landslides. The 
flooding rains inundated over 9000 ha (24 000 acres) 
of rice fields and displaced 1200 cattle.

In early February, Severe Tropical Storm Fundi de-
veloped over the southwestern shores of Madagascar, 
and by 6 February, the storm had reached maximum 
sustained winds of 55 kt (28 m s−1) and a minimum 
central pressure of 985 hPa. Fundi brought 109 mm 
of rainfall to the southwestern Madagascar town of 
Tulear and as far inland as Toliara where five people 
died due to floods. While the storm never made land-
fall, the damage to water and sewer infrastructure 
caused by weeks of antecedent heavy rains, including 
those from Chedza, hindered ongoing relief efforts 
and increased the number of personal health and 
hygiene risks.

The final notable storm of the season was Moder-
ate Tropical Storm Haliba (7–10 March), which was a 
tropical disturbance that formed east of Madagascar 
and tracked southeast near Réunion Island. During 
its development stages, Haliba produced heavy rains 
across eastern Madagascar, affecting over 95 000 peo-
ple and killing 26. The storm intensified on 8 March 
with maximum sustained winds of 43 kt (22 m s−1) 
and a minimum central pressure of 993 hPa. As it 
moved southeast, exceptional rain was recorded at 
Ganga Talao, with 135.6 mm falling in just 24 hours. 
The storm went on to produce 796 mm of rainfall 
over northern Réunion Island, and while that is a 
large amount of precipitation, it is not a particularly 
unusual amount for a tropical system at this latitude.

7) australian basin—B. C. Trewin
(i) Seasonal activity
The 2014/15 TC season was near normal in the 

broader Australian basin (areas south of the equa-
tor and between 90° and 160°E,4 which includes 
Australian, Papua New Guinea, and Indonesian 
areas of responsibility), with a slightly below-normal 
number of cyclones but an above-normal number of 
severe cyclones. The season produced 9 TCs, near the 
1983/84–2010/11 average5 of 10.8 and consistent with 
neutral to warm ENSO conditions. The 1981–2010 

4  The Australian Bureau of Meteorology’s warning area over-
laps both the southern Indian Ocean and southwest Pacific. 

5  Averages are taken from 1983/84 onwards as that is the start 
of consistent satellite coverage of the region. 

Fig. 4.33. Jul–Jun 2014/15 anomaly maps of (a) SST 
(°C, Banzon and Reynolds 2013), (b) OLR (W m−2, 
Lee 2014), (c) 200–850-hPa vertical wind shear  
(m s−1) vector (arrows) and scalar (shading) anomalies, 
and (d) 850-hPa winds (m s−1 arrows) and zonal wind 
(shading) anomalies. Anomalies are relative to the 
annual cycle from 1981–2010, except for SST which is 
relative to 1982–2010 due to data availability. Letter 
symbols denote where each SIO TC attained tropical 
storm intensity. Wind data obtained from NCEP–DOE 
Reanalysis 2 (Kanamitsu et al. 2002).
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IBTrACS seasonal averages for the basin are 9.9 NSs, 
7.5 TCs, and 4.0 major TCs, which compares with the 
2014/15 counts of 9, 7, and 5 respectively.

There were four TCs in the eastern sector6 of the 
Australian region during 2014/15, two in the northern 
sector, and five in the western sector.7 Four systems 
made landfall in Australia as tropical cyclones, one in 
Western Australia, two in the Northern Territory (one 
after an initial landfall in Queensland), and a fourth 
in Queensland (Fig. 4.34). Fig. 4.34 (as noted in sec-
tion 4e1) is standardized on the Saffir–Simpson scale.

6  The western sector covers areas between 90° and 125°E. 
The eastern sector covers areas east of the eastern Austra-
lian coast to 160°E, as well as the eastern half of the Gulf of 
Carpentaria. The northern sector covers areas from 125°E 
east to the western half of the Gulf of Carpentaria.

7  Lam and Nathan each passed through both the eastern and 
northern sectors. 

(ii)	Landfalling	and	other	significant	TCs
The most intense cyclone of the season was Mar-

cia. TC Marcia formed in the monsoon trough to 
the northeast of Cairns on 15 February and moved 
slowly east, reaching tropical cyclone intensity on 
18 February. It then intensified rapidly on 19 Febru-
ary, intensifying from Category 1 to Category 5 on the 
Australian scale (see www.bom.gov.au/cyclone/about 
/intensity.shtml for details) in the space of 15 hours 
on 19 February, with maximum 10-minute sustained 
winds of 110 kt (57 m s−1), as it moved southwest 
towards the central Queensland coast. Marcia made 
landfall at near peak intensity in Shoalwater Bay at 
2200 hours UTC on 19 February (0800 20 February 
local time), weakening rapidly as it tracked southward 
over land and falling below tropical cyclone intensity 
by 1500 hours UTC on 20 February near Monto. The 
remnant tropical low moved back out over water off 
southeast Queensland on 21 February and drifted 
in the Coral Sea for several days, but did not regain 
cyclone intensity. 

Marcia caused significant wind damage near the 
landfall point, especially in and around the towns 
of Yeppoon and Byfield, and less intense but more 
widespread damage in the major regional centre of 
Rockhampton, where it was the most significant cy-
clone impact since at least 1949. Some flooding also 
occurred in regions south of Rockhampton. Marcia 
is the southernmost known Category 5 landfall on 
the east coast of Australia. 

Cyclone Lam formed in the monsoon trough 
south of Papua New Guinea on 12 February. It moved 
westward as a tropical low, crossing Cape York Pen-
insula, and then intensified over the northern Gulf of 
Carpentaria, where it reached cyclone intensity on 16 
February. The system intensified steadily as it passed 
near the Wessel Islands, then turned southwest and 
reached Category 4 intensity west of Elcho Island 
early on 19 February, with maximum 10-minute 
sustained winds of 100 kt (51 m s−1). Lam crossed 
the coast between Milingimbi and Elcho Island at 
peak intensity later that day (early on 20 February 
local time). Lam caused significant wind damage to 
a number of Aboriginal communities along eastern 
parts of the northern Arnhem Land coast and nearby 
islands, with Ramingining on the mainland coast 
and Galiwin’ku on Elcho Island the most severely 
impacted. This was the first known instance of two 
tropical cyclones of Category 4 or greater intensity 
making landfall in Australia on the same day.

Cyclone Olwyn formed as a tropical low approxi-
mately 900 km north of Exmouth on 8 March, mov-
ing southward and slowly strengthening. It reached 

Fig. 4.34. Annual TC statistics for the Australian basin 
for 1980–2015: (a) number of tropical storms, cyclones, 
and major cyclones and (b) the estimated annual ACE 
index (in kt2 × 104) for all TCs during which they were 
at least tropical storm strength or greater intensity 
(Bell et al. 2000). The 1981–2000 means (green lines) 
are included in both (a) and (b). Note that ACE index 
is estimated due to lack of consistent 6-h sustained 
winds for each storm.
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tropical cyclone intensity at 0600 hours UTC on 11 
March, and continued to intensify as it approached 
the coast at North West Cape. It reached its peak in-
tensity of Category 3, with 10-minute sustained winds 
of 75 kt (39 m s−1), while it was located near North 
West Cape, just west of Exmouth, at 1800 hours UTC 
on 12 March. Olwyn then moved southward along 
the west coast with only minimal weakening, pass-
ing just to the west of Carnarvon at 0600 hours UTC 
on 13 March and crossing the coast in the Shark Bay 
area a few hours later. Reported wind gusts included 
97 kt (50 m s−1) at Learmonth and 79 kt (41 m s−1) 
at Carnarvon. It was the most significant cyclone 
impact in the Carnarvon area for many years, with 
major crop losses (including the near-total loss of the 
banana crop), substantial wind damage to buildings 
in the town, and power and water outages that lasted 
for several days. Damage in Exmouth, where cyclones 
are a more common occurrence, was much less severe. 

The fourth landfalling cyclone of the season was 
Nathan. Nathan formed on 10 March in the Coral Sea, 
south of the eastern tip of Papua New Guinea. It made 
an initial approach towards the east coast of Cape 
York Peninsula as a Category 1 system on 13 March 
before turning east again but then turned toward the 
coast again on 18 March and intensified, reaching its 
peak intensity of Category 4 on 19 March with maxi-
mum 10-minute sustained winds of 90 kt (46 m s−1). 
Nathan made landfall at near peak intensity near Cape 
Melville around 1800 hours UTC on 19 March and 
weakened to a tropical low as it crossed Cape York 
Peninsula. It reintensified as it reached the Gulf of 
Carpentaria, making a second landfall as a Category 
2 system near Nhulunbuy on 22 March. Nathan con-
tinued to track along the north coast before turning 
southwest and weakening. Minor to moderate damage 
was reported, principally to communities in northeast 
Arnhem Land and Elcho Island, and on Lizard Island 
off the Cape York Peninsula coast. 

Three other cyclones reached Category 4 intensity 
during the season, all in the Indian Ocean: Kate in 
December, Ikola in April, and Quang in late April 
and early May. Neither Kate nor Ikola approached the 
mainland coast, although Kate passed near the Cocos 
(Keeling) Islands on 25 December with some minor 
flooding reported. Quang weakened as it neared the 
coast, causing a brief period of storm-force winds and 
associated minor damage in the Exmouth area before 
weakening to a tropical low at landfall on 1 May. 

A noteworthy out-of-season cyclone was Raquel 
(a twin of Typhoon Chan-hom in the western North 
Pacific), which reached Category 1 intensity briefly 

from 1800 hours UTC on 30 June8 in the western 
South Pacific northeast of the Solomon Islands. It is 
the first instance in the satellite era of a July tropical 
cyclone in the Australian sector of the South Pacific, 
and the first instance since 1972 in the Southern 
Hemisphere winter months (June, July, or August). 

8) sOuthwest pacific basin—P. R. Pearce, A. M. Lorrey, 
and H. J. Diamond

(i) Seasonal activity
The 2014/15 TC season in the southwest Pacific 

began in late November. The first storm developed as 
a tropical depression near Wallis and Futuna, and the 
season concluded very late with TC Raquel affecting 
the Solomon Islands in late June-early July. Storm- 
track data for November 2014–July 2015 was gathered 
by the Fiji Meteorological Service, Australian Bureau 
of Meteorology, and New Zealand MetService, Ltd. 
The southwest Pacific basin as defined by Diamond 
et al. (2012) (135°E–120°W) had nine tropical cy-
clones, including five severe tropical cyclones (based 
on the Australian TC intensity scale). As noted in 
section 4e1, Fig. 4.35 shows the standardized TC dis-
tribution based on the basin spanning the area from 
160°E–120°W to avoid overlaps with the Australian 
basin that could result in double counting of storms. 
However, it is important to use the above definition 
of the southwest Pacific basin as that is how annual 
TC outlooks are produced and disseminated.

The 1981–2010 South Pacific Enhanced Archive 
of Tropical Cyclones (SPEArTC) indicates a seasonal 
average of 10.4 named tropical cyclones and 4.3 major 
tropical cyclones. The ratio of severe TCs relative to 
the total number of named TCs in 2014/15 was 56%, 
up from 36% during the previous season. Severe 
Tropical Cyclones Pam, Lam, and Marcia caused 
considerable damage and loss of life across the ba-
sin. Severe TC Pam, which devastated Vanuatu in 
March, was the most intense TC in the basin since 
Zoe in 2002. 

(ii)	Landfalling	and	other	significant	TCs
The first named TC of the 2014/15 season was re-

ported as a tropical disturbance on January 19 to the 
northeast of the island of Tahiti in French Polynesia. 
On 20 January, the disturbance was upgraded to a 
Category 1 storm and named TC Niko. Over the next 
two days the system gradually intensified further and 

8 By definition, the formal TC year in the Southern Hemi-
sphere goes from July to June, and any storm forming in 
June would be considered to be in the previous TC season 
(in this case the 2014/15 season).
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became a Category 2 TC early on 22 January. On 25 
January, Niko completed its extratropical transition. 
Severe Tropical Cyclone Ola was named on 30 Janu-
ary as a Category 1 storm. Over the next two days, 
the system intensified and became a Category 3 TC 
early on 1 February. Ola’s peak 10-minute sustained 
wind speed was 81 kt (42 m s−1) and central pressure 
was 955 hPa at its lowest.

The third TC of the season was Severe Tropical 
Cyclone Lam, which began as a tropical disturbance 
over the Gulf of Carpentaria on 13 February. See sec-
tion 4e7 for a detailed timeline of Lam’s development, 
landfall, decay, and impacts. Lam was the strongest 
storm to strike Australia’s Northern Territory since 
TC Monica in 2006. In its formative stages, Lam 
produced heavy rainfall and flooding in Far North 
Queensland, and later set daily precipitation records 
in the Northern Territory. Total damage in the North-
ern Territory reached at least 64 million U.S. dollars.

The first Category 5 TC of the season was Se-
vere Tropical Cyclone Marcia, which developed in 
the Coral Sea on 16 February. See section 4e7 for a 
detailed timeline of Marcia’s development, landfall, 
decay, and impacts. Due to explosive intensification, 
Marcia became a Category 5 TC early on 20 February, 
with a peak 10-minute sustained wind speed of 110 kt 
(57 m s−1) and a minimum central pressure of 930 hPa. 
The storm wrought extensive damage in Queensland, 
with losses amounting to 590 million U.S. dollars. 

The most significant TC of the 2014/15 season was 
Severe Tropical Cyclone Pam, which developed on 
6 March east of the Solomon Islands. On 9 March, 
Pam was named as a Category 1 storm. Located 
in an area of favorable conditions, Pam gradually 
intensified into a powerful Category 5 severe TC by 
12 March. Pam’s 10-minute maximum sustained 
wind speed peaked at 135 kt (69 m s−1), along with a 
minimum central pressure of 896 hPa, making Pam 
the most intense TC of the southwest Pacific basin 
since Zoe in 2002, and the third-most intense storm 
in the Southern Hemisphere, after Zoe in 2002 and 
Gafilo in 2004. In addition, Pam had the highest 
10-minute sustained wind speed (135 kt; 69 m s−1) 

recorded of any South Pacific TC, and it is tied with 
Orson in 1989 and Monica in 2006 for having the 
strongest winds of any cyclone in the Southern 
Hemisphere. 

Early in Pam’s history, a damaging storm surge 
was felt in Tuvalu, forcing a state of emergency 
declaration after 45% of the nation’s residents were 
displaced. Torrential rainfall occurred in the south-
east Solomon Islands, with trees and crops flattened. 
In the Santa Cruz Islands, a 24-hour rainfall total 
of 495 mm was recorded. The storm also struck the 
remote islands of Anuta and Tikopia on 12 March, 
causing extensive damage. Approximately 1500 
homes were damaged or destroyed, and Tikopia lost 
90% of its food crop and fruit trees. Several hours 
after being named a Category 5 TC on 12 March, the 
TC began to curve towards the south-southeast, pass-
ing by some islands in Vanuatu but making a direct 
hit on others. Pam caused catastrophic damage to 
Efate, the main island of Vanuatu where the capital, 
Port Vila, is located. The islands of Erromango and 
Tanna were also devastated. 

Pam became the single worst natural disaster in 
the history of Vanuatu, crippling its infrastructure. 
An estimated 90% of the nation’s buildings were 
impacted by the storm’s effects, telecommunica-
tions were paralyzed, and water shortages occurred. 
Communications with many islands were completely 

Fig. 4.35. Annual TC statistics for the southwest Pacific 
for 1980–2015: (a) number of tropical storms, cyclones, 
and major cyclones and (b) the estimated annual ACE 
index (in kt2 × 104) for all TCs during which they were 
at least tropical storm strength or greater intensity 
(Bell et al. 2000). The 1981–2000 means (green lines) 
are included in both (a) and (b). Note that ACE index 
is estimated due to lack of consistent 6-h sustained 
winds for each storm.
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severed during the storm, and four days after the 
storm nearly 60% of the nation’s inhabited islands 
remained cut off from the outside world. According 
to UNESCO, 268 million U.S. dollars was required for 
total recovery and rehabilitation of Vanuatu.

The storm’s winds gradually slowed afterwards as 
Pam tracked west of the Tafea Islands. However, the 
Fiji Meteorological Service indicated that the TC’s 
pressure dropped farther to 896 hPa on 14 March. 
As Pam travelled farther south, the storm’s eye faded 
away and Pam’s low-level circulation became dis-
placed from its associated thunderstorms, indicating 
a rapid weakening phase. Later on 15 March, Pam en-
tered a phase of extratropical transition and affected 
northeast New Zealand and the Chatham Islands 
with high winds, heavy rain, and rough seas. A state 
of emergency was declared in the Chatham Islands. 
At least 15 people lost their lives either directly or in-
directly as a result of Pam, with many others injured. 

Shortly after Pam was classified, its outer rain-
bands led to the formation of a tropical low east of 
Cape York Peninsula, Australia, on 9 March. The 
Category 1 TC Nathan was named later that day. 
It slowly executed a cyclonic loop over the next few 
days, moving across Arnhem Land, Northern Ter-
ritory, and into Western Australia. See section 4e7 
for a detailed timeline of Nathan’s development, 
landfall, decay, and impacts. On 19 March, a tropical 
disturbance developed about 375 km to the southwest 
of Apia, Samoa. From 20 to 22 March, the resulting 
tropical depression produced heavy rain and strong 
winds over Fiji’s Lau Islands. The system moved 
southward as it was classified as a tropical depression. 
Early on 22 March, Tropical Cyclone Reuben was 
named as a Category 1 storm, located about 220 km 
to the south of Nuku’alofa, Tonga. On 23 March, TC 
Reuben began extratropical transition. 

Tropical Cyclone Solo developed within the mon-
soon trough on 9 April, about 465 km to the south of 
Honiara, Solomon Islands. Due to ideal conditions, 
the system rapidly developed as it moved southward 
and was named a Category 1 storm. Solo peaked 
with winds of 54 kt (28 m s−1), making it a Category 
2 storm. As Solo turned to the south-southeast from 
11 to 12 April, it moved between mainland New Cale-
donia and the Loyalty Islands. Rainfall totals up to 
222 mm were recorded in New Caledonia. Significant 
damage was reported there, with roads impassable in 
places and contaminated drinking water in the mu-
nicipality of Pouébo. Finally, and as noted in section 
4e7, Tropical Cyclone Raquel, the last storm of the 
2014/15 season, developed as a tropical disturbance 
about 718 km to the northeast of Honiara, Solomon 

Islands, on 28 June. Over the next couple of days, the 
system moved westward into the Australian region, 
where it was named a TC. Raquel then moved east-
ward into the South Pacific basin, where it weakened 
into a tropical depression. On 4 July, the system 
moved south-westward and impacted the Solomon 
Islands with high wind gusts and heavy rain.

f. Tropical cyclone heat potential—G. J. Goni, J. A. Knaff, 
and I.-I. Lin 
This section summarizes the previously described 

tropical cyclone (TC) basins from the standpoint of 
tropical cyclone heat potential (TCHP) by focusing on 
vertically integrated upper ocean temperature condi-
tions during the season for each basin with respect to 
their average values. The TCHP (Goni and Trinanes 
2003), defined as the excess heat content contained 
in the water column between the sea surface and the 
depth of the 26°C isotherm, has been linked to TC 
intensity changes (Shay et al. 2000; Goni and Trinanes 
2003; Lin et al. 2014). The magnitude of the in situ 
TCHP was also identified as impacting the maxi-
mum potential intensity (MPI) through modulating 
near-eyewall SSTs (and heat fluxes) occurring when 
TC winds mechanically mix the underlying ocean 
(Mainelli et al. 2008; Lin et al. 2013). In general, fields 
of TCHP show high spatial and temporal variability 
associated mainly with oceanic mesoscale features, 
interannual variability (e.g., ENSO), or long-term 
decadal variability. This variability can be assessed 
using satellite altimetry observations (Goni et al. 
1996; Lin et al. 2008; Goni and Knaff 2009; Pun et 
al. 2013) or using a combination of altimetry and 
hydrographic data (Domingues et al. 2015), and has 
been used to assess meridional heat transport and 
the overturning circulation in the Atlantic Ocean 
(Dong et al. 2015).

Globally, the number of tropical cyclones was 
10% higher than the previous season; however, in the 
eastern North Pacific (ENP), the number increased 
significantly from an already high number in 2014. 
The 2014 and 2015 ENP hurricane seasons were the 
most active in recorded history. In the western North 
Pacific (WNP) basin, the 2015 number was similar to 
the long-term climatological average. Nevertheless, 
it is a ~40% increase as compared to the very low 
occurrence in 2014. 

The two following factors best illustrate the over-
all global TCHP interannual variability within and 
among the basins: 1) the TCHP anomalies (departures 
from the 1993–2014 mean values) during the TC sea-
sons in each hemisphere; and 2) differences in TCHP 
between the 2015 and 2014 seasons.
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Most basins exhibited positive TCHP anomalies 
(Fig. 4.36), except for the WNP and the western 
portion of the South Pacific basin. The WNP basin 
experienced a significant reduction in TCHP of ~20%, 
which is typical of El Niño years (Zheng et al. 2015). 
The TCHP in the Gulf of Mexico exhibited large 
positive anomalies due to the intrusion of the Loop 
Current and a long residence time of Loop Current 
rings. Despite these positive anomalies, there were no 
hurricanes in the Gulf of Mexico (just one tropical 
storm—Bill).

In the ENP basin, the positive TCHP anomalies 
were consistent with strong El Niño conditions and a 
continued positive phase of the Pacific decadal oscil-
lation. The combination of these two phenomena is 
manifest in positive SST anomalies in that region and 
extending to the date line. Consequently, the TCHP 
values in this region during the season were even 
higher than in previous years (Fig. 4.37). As in 2014, 
positive TCHP and SST anomalies contributed to 
elevated tropical cyclone activity, with 16 hurricanes 
in the ENP during 2015 (Fig. 4.36). 

The WNP basin also usually exhibits anomalies 
related to ENSO variability (Lin et al. 2014; Zheng 
et al. 2015). From the 1990s to 2013, it experienced a 
long-term decadal surface and subsurface warming 
associated with prevalent La Niña–like conditions 

(Pun et al. 2013; England et al. 2014). However, with 
the developing El Niño, the warming had stopped. 
With 2015 being the strongest El Niño event since 
1997, the TCHP over the WNP MDR (4°–19°N, 
122°E–180°) fell considerably, as characterized by 
evident negative anomalies (Figs. 4.36, 4.37; Zheng et 
al. 2015). With the relaxation of the trade winds dur-
ing El Niño, warm water returning from the western 
to the eastern Pacific produced a positive anomaly in 
the ENP while the WNP exhibited a negative anomaly 
(Figs. 4.36, 4.37; Zheng et al. 2015). 

For each basin, the differences in the TCHP values 
between the most recent cyclone season and the pre-
vious season (Fig. 4.37) indicate that the southwest 
Indian Ocean, the northwest Indian Ocean, and the 
western portion of the ENP continued to exhibit 
an increase in TCHP values. TC activity in terms 
of Category 4 and 5 storms was correspondingly 
elevated in these basins. The largest changes with re-
spect to the previous seasons occurred in the ENP and 
WNP basins, with differences greater in magnitude 
than 20 kJ cm−2. Compared to 2014, the percentage 
of Category 5 TCs in the WNP was quite low, with 
only two of 15 TCs (13%) attaining Category 5. In 
contrast, in 2014, though there were only eight TCs 
during the TC season, there were three Category 5 
TCs or 38%. The evident reduction in TCHP over the 
WNP may have acted as a damper by increasing the 
ocean cooling effect on restraining TC intensification 
(Zheng et al. 2015).

The 2015 season was noteworthy for several 
reasons with respect to intensification of TCs, in-
cluding Hurricane Patricia, the strongest Western 
Hemisphere hurricane ever recorded and Hurricane 
Joaquin, the most intense TC on record to strike the 
Bahamas. A summary of the ocean conditions for 
these and some other selected TCs are as follows.

• Typhoon Koppu (Lando; Fig. 4.38a) was a Cat-
egory 4 TC that formed east of the Commonwealth 

Fig. 4.36. Global anomalies of TCHP corresponding 
to 2015 computed as described in the text. The boxes 
indicate the seven regions where TCs occur, from left 
to right: Southwest Indian, North Indian, West Pacific, 
Southeast Indian, South Pacific, East Pacific, and North 
Atlantic (shown as Gulf of Mexico and tropical Atlantic 
separately). The green lines indicate the trajectories 
of all tropical cyclones reaching at least Category 1 
status (1-min average wind ≥64 kts, 33 m s−1) and above 
during Nov–Apr 2014/15 in the Southern Hemisphere 
and Jun–Nov 2015 in the Northern Hemisphere. The 
numbers above each box correspond to the number of 
Category 1 and above cyclones that travel within each 
box. The Gulf of Mexico conditions during Jun–Nov 
2015 are shown in the inset in the lower right corner. 

Fig. 4.37. Differences between the TCHP fields in 2015 
and 2014 (kJ cm−2).
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of the Northern Mariana Islands (CNMI) on 10 
October. This storm reached its peak intensity on 
17 October, with sustained winds of over 100 kt 
(51 m s−1), and 1-minute sustained winds of ap-
proximately 130 kt (67 m s−1). Though it eventually 
reached Category 4, Koppu did not intensify as 
rapidly as most intense TCs over the WNP (e.g., 
Haiyan in 2013; Lin et al. 2014). The negative 
TCHP may have slowed down its intensification 
rate (Zheng et al. 2015). However, since the TCHP 
over the WNP is among the highest globally in a 
climatological sense, even with reduced TCHP, 
it is possible for intense TCs to develop (Zheng 
et al. 2015). During El Niño 
years, TCs tend to form 
towards the southeast and 
closer to the date line. As 
a result, a TC can travel a 
longer distance across the 
ocean during intensifica-
tion, through over reduced 
TCHP conditions (Zheng 
et al. 2015). Koppu made 
landfall in the north of the 
Philippines and quickly 
weakened due to its inter-
action with land. The cool-
ing of SSTs caused by this 
typhoon was more evident 
west of 130°E, in both the 
surface and upper layer.

• Typhoon Chan-hom (Fal-
con; Fig. 4.38b) was char-
acterized by its large size 
and long duration over the 
ocean. Chan-hom devel-
oped on 29 June from an at-
mospheric system that also 
developed TC Raquel in the 
southwest Pacific Ocean. 
Chan-hom’s susta ined 
winds reached values up 
to 89 kt. (46 m s−1). This ty-
phoon continuously inten-
sified while traveling over 
warm waters with moderate 
(> 80 kJ cm−2) TCHP values. 
A cooling of the surface 
(−2°C) and the upper layer 
(40 kJ cm−2) under the track 
of this typhoon occurred 
when its intensity reached 
Category 1. 

• Category 5 typhoon Soudelor (Hanna; Fig. 4.38c) 
was the second-strongest tropical cyclone to 
develop in the Northern Hemisphere in 2015. 
Though not as intense as Haiyan in 2013 (Lin et al. 
2014), it was as intense as Vongfong in 2014 (Goni 
et al. 2015). This is in spite of the reduced TCHP 
in the WNP, associated with the 2015 El Niño year. 
This drop from the preexisting extremely high 
TCHP condition (Pun et al. 2013; Lin et al. 2014) 
was still able to provide favorable conditions for 
intensification. Soudelor intensified over a very 
favorable TCHP field of over 120 kJ cm−2, which 
may have contributed to its ability to attain wind 

Fig. 4.38. (left) Oceanic TCHP and surface cooling given by the difference 
between post- and pre-storm values of (center) tropical cyclone heat potential 
and (right) sea surface temperature, for 2015 Tropical Cyclones (a) Koppu (b) 
Chan-hom, (c) Soudelor, (d) Patricia, and (e) Joaquin. The TCHP values cor-
respond to two days before each storm reached its maximum intensity value.

AUGUST 2016|S122



speeds of 116 kt (60 m s−1) on 3 August. Its high 
translation speed (~5–8 m s−1) during intensifica-
tion helped to reduce the ocean cooling during the 
TC life cycle, thus supplying more air–sea flux for 
intensification (Lin et al. 2009). This was the most 
intense storm to strike Saipan, CNMI, in the last 
25 years. Cooling of the surface waters of over 5°C 
was observed under the full track of this typhoon, 
while cooling of the upper ocean layers (TCHP) 
was restricted to between 135° and 150°E.

• Hurricane Patricia (Fig. 4.38d) was the most 
intense tropical cyclone ever recorded in the 
Western Hemisphere in terms of barometric 
pressure, and the strongest ever recorded globally 
in terms of maximum sustained winds of 185 kt 
(95 m s−1; Kimberlain et al. 2016). Patricia started 
as a tropical depression off the coast of Mexico on 
20 October, and developed into a Category 5 storm 
within 66 hours. During its rapid intensification 
the TCHP values were higher than 80 kJ cm−2.

• Hurricane Joaquin (Fig. 4.38e) was an intense TC 
that evolved near the Bahamas on 26 September 
and was one of the strongest storms to affect these 
islands. Joaquin underwent rapid intensification 
and became a Category 3 hurricane on 1 October, 
exhibiting maximum sustained winds of approxi-
mately 135 kt (69 m s−1) on 3 October (Berg 2016). 
The upper ocean conditions were supportive of At-
lantic tropical cyclone intensification (Maineli et al. 
2008). This rapid intensification occurred during 
a short travel time over very high TCHP values 
(> 100 kJ cm−2). The cooling of the ocean waters was 
evident both in the upper layer and at the surface. 

g. Atlantic warm pool—C. Wang
The description and characteristics of the Atlantic 

warm pool (AWP), including its multidecadal vari-
ability, have been previously described (e.g., Wang 
2015). Figure 4.39 shows the extension of the AWP 
time series through 2015 varying on different time 
scales. 

While the AWP in 2015 showed similarities to 
2014, there were some key differences. As in 2014, 
the AWP in 2015 was larger than its climatological 
mean each month, with the largest AWP occurring 
in September (Fig. 4.40a). However, the AWP in 2015 
started in February and lasted through December, 
longer than its normal period of May to October, and 
had an anomalously larger value in November. After 
starting in February, the AWP appeared in the Gulf 
of Mexico in June (Fig. 4.40b). By July and August, the 
AWP was well developed in the Gulf of Mexico and 
Caribbean Sea and reached eastward into the western 

tropical North Atlantic (Figs. 4.40c,d). By September, 
the AWP had further expanded southeastward and 
the 28.5°C isotherm covered nearly the entire tropical 
North Atlantic (Fig. 4.40e). The AWP started to decay 
after October when the waters in the Gulf of Mexico 
began cooling (Fig. 4.40f). In November, the 28.5°C 
isotherm still covered the Caribbean Sea and part of 
the western North Atlantic Ocean (Fig. 4.40g).

The effect of the AWP on TC steering flows and 
tracks has been previously documented (Wang 2015). 
The TC steering flow anomalies were consistent with 
those of other observed large AWP years (Wang et 
al. 2011). The TC steering flow anomalies during the 
North Atlantic TC season are depicted in Fig. 4.41. 
With the exception of June and November, the TC 
steering f low anomalies were unfavorable for TCs 
making landfall in the United States. From July to 
October, the TC steering flow anomalies were mostly 
southward or eastward in the western tropical North 
Atlantic, and northward and northeastward in the 
open ocean of the North Atlantic. This distribution 

Fig. 4.39. The AWP index for 1900–2015. The AWP 
area index (%) is calculated as the anomalies of the 
area of SST warmer than 28.5°C divided by the cli-
matological Jun–Nov AWP area. Shown are the (a) 
total, (b) detrended (removing the linear trend), (c) 
multidecadal, and (d) interannual area anomalies. The 
multidecadal variability is obtained by performing a 
7-year running mean to the detrended AWP index. 
The interannual variability is calculated by subtracting 
the multidecadal variability from the detrended AWP 
index. The black straight line in (a) is the linear trend 
that is fitted to the total area anomaly. The extended 
reconstructed SST dataset is used.
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of these anomalies was consistent with the fact that 
for all TCs that formed in the Atlantic MDR, none 
made landfall in the United States. For the two land-
falling North Atlantic TCs (Ana and Bill), neither one 
formed in the Atlantic MDR (see section 4e2). 

h. Indian Ocean dipole—J.-J. Luo
Year-to-year climate variability in the tropical 

Indian Ocean (IO) is largely driven by local ocean–
atmosphere interactions and ENSO (e.g., Luo et al. 
2010). Among the former, the Indian Ocean dipole 
(IOD) represents one major internal climate mode in 
the IO, which may exert significant climate impacts 
on countries surrounding the IO. The IOD often 
starts to grow in boreal summer, peaks in Septem-
ber–November, and deteriorates rapidly in December 
in association with the reversal of monsoonal winds 
along the west coast of Sumatra. During late boreal 
summer to fall 2015, a positive IOD occurred for the 

first time since the last positive IOD event in 2012 
(Luo 2013). The positive IOD in 2015 is the 10th such 
event since 1981. 

SSTs and upper ocean (0–300 m) mean tempera-
ture in most of the tropical IO were warmer than 
normal throughout the year (Figs. 4.42, 4.43), in 
association with the influence of a strong El Niño 
in the Pacific and a pronounced long-term warming 
trend of the IO SST in recent decades (e.g., Luo et al. 
2012). During December–February 2014/15, surface 
westerly anomalies occurred across the equatorial 
IO, corresponding to the dry–wet contrast between 
the IO and the Maritime Continent–western Pacific 
(Figs. 4.42a, 4.43a). This is consistent with a central 
Pacific–El Niño condition. The westerly anomalies 
across the equatorial IO shallow (deepen) the oceanic 
thermocline in the western (eastern) IO, which helps 
induce cold (warm) SST anomalies in the equatorial 
western (eastern) IO (Figs. 4.42a, 4.43a). From March 
to November, in accordance with a rapid development 
of a strong El Niño in the Pacific (see Fig. 4.3), rainfall 
over the Indonesia–western Pacific decreased due to a 
weakened Walker Cell. Meanwhile, SSTs in the west-
ern IO increased quickly and reached ~0.8°C greater 
than the climatology (1982–2014) during Septem-
ber–November (Figs. 4.42, 4.44). Correspondingly, 
easterly anomalies developed in the IO beginning 
in boreal spring (Figs. 4.43, 4.44). Weak anomalous 
southeasterlies initially appeared along the west coast 

Fig. 4.40. (a) The monthly AWP area in 2015 (1012 m2; 
blue) and the climatological AWP area (red) and the 
spatial distributions of the 2015 AWP in (b) Jun, (c) 
Jul, (d) Aug, (e) Sep, (f) Oct, and (g) Nov. The AWP 
is defined by SST larger than 28.5°C. The black thick 
contours in (b)–(g) are the climatological AWP based 
on the data from 1971 to 2000 and the white thick con-
tours are the 2015 28.5°C SST values. The extended 
reconstructed SST dataset is used.

Fig. 4.41. The TC steering flow anomalies (103 hPa m 
s−1) in the 2015 Atlantic TC season of (a) Jun, (b) Jul, (c) 
Aug, (d) Sep, (e) Oct, and (f) Nov. The TC steering flow 
anomalies are calculated by the vertically averaged 
wind anomalies from 850 hPa to 200 hPa relative to 
the 1971–2000 climalogy. The NCEP–NCAR reanalysis 
field (Kalnay et al. 1996) is used.
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of Sumatra in May and then grew gradually with a 
westward expansion. This might have been largely 
driven by the surface divergence over the Indone-
sia–western Pacific due to the weakened Walker Cell. 
During June–August, considerable dry anomalies 
appeared west of Sumatra, consistent with a positive 
IOD index and easterly anomalies in the eastern IO 
(Figs. 4.42c, 4.43c, 4.44c). The positive IOD kept 
growing and reached a peak in September–November 
(Figs. 4.42d, 4.43d). In December, the eastern IO SST 
anomaly increased sharply, which reduced the IOD 
(Figs. 4.44a–d).

There is no clear evidence that supports local pro-
cesses generating the positive IOD in 2015. Rather, it 
appears that the development of a strong El Niño in 
the Pacific played an important, if remote, role. The 
2015 IOD shows distinct features compared to previ-

ous events (Fig. 4.44). Compared to the 1997 IOD that 
occurred with a similarly strong El Niño, the 2015 
IOD was much weaker. Although the western IO SST 
in 2015 is warmer than that in 1997, the eastern IO 
SST anomalies in 2015 are positive, in stark contrast 
to the strong cold anomalies in 1997. Indeed, both 
the western and eastern IO SSTs in 2015 are warmer 
than those in previous nine positive IOD events, in 
association with warmer general conditions across 
the tropical IO basin (Fig. 4.44f). While the 10 posi-
tive IOD occurred with either El Niño or La Niña, 
the probability of the occurrence of positive IOD 
during El Niño is about twice that during La Niña 
(Figs. 4.44c, e). 

In summary, the positive IOD event in 2015 was 
likely driven by the development of a strong El Niño 
in the Pacific. However, the intensity of this IOD is 
much weaker than that in 1997, mainly because of 
the absence of cold SST anomalies in the eastern IO 

Fig. 4.42. SST (°C, colored scale) and precipitation 
(contour interval: 0, ±0.5, ±1, ±2, ±3, ±4, and ±5 mm 
day−1; solid/dashed lines denote positive/negative  
values, and thick solid lines indicate zero contour 
anomalies during (a) Dec–Feb 2014/15, (b) Mar–May 
2015, (c) Jun–Aug 2015, and (d) Sep–Nov 2015. The 
anomalies were calculated relative to the climatology 
over the period 1982–2014. These are based on the 
NCEP optimum interpolation SST (Reynolds et al. 
2002) and monthly GPCP precipitation analysis (avail-
able at http://precip.gsfc.nasa.gov/). 

Fig. 4.43. Upper 300-m mean ocean temperature (°C, 
colored scale) and surface wind (m s−1) anomalies dur-
ing (a) Dec–Feb 2014/15, (b) Mar–May 2015, (c) Jun–Aug 
2015, and (d) Sep–Nov 2015. These are based on the 
NCEP ocean reanalysis (available at www.cpc.ncep 
.noaa.gov/products/GODAS/) and JRA-55 atmospheric 
reanalysis (Ebita et al. 2011).
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in 2015. It appears that the multidecadal basinwide 
warming trend of the tropical IO SST (partly due to 
increasing radiative forcing) might have affected and 
will continue to affect the evolution of IOD.

Fig. 4.44. Monthly SST anomalies in the (a) western IO (IODW, 50°–70°E, 10°S–10°N) 
and (b) eastern IO (IODE, 90°–110°E, 10°S–0°) and (c) the IOD index (measured by 
the SST anomaly difference between the IODW and the IODE) during 10 positive 
IOD events since 1981. (d) As in (c) but for the surface zonal wind anomaly in the 
central equatorial IO (70°–90°E, 5°S–5°N). (e)–(f) As in (a)–(b), but for the monthly 
SST anomalies in the Niño-3.4 region (190°–240°E, 5°S–5°N) and the tropical IO 
basin (40°–120°E, 20°S–20°N).
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SIDEBAR 4.1: THE RECORD-SHATTERING 2015 NORTHERN HEMI-
SPHERE TROPICAL CYCLONE SEASON—P. J. KLOTZBACH AND C. T. FOGARTY

The 2015 Northern Hemisphere tropical cyclone (TC) 
season was one for the record books. The Atlantic basin 
hurricane season recorded below-average activity with an 
ACE of 60 × 104 kt2. The 1981–2010 median ACE for the 
Atlantic is 92, and NOAA defines any season with less than 
66 ACE units as a below-average season. The remainder 
of the Northern Hemisphere basins (the eastern North 
Pacific, the western North Pacific, and the north Indian) 
were conversely quite active. Some of the most notable 
records set during this record-breaking year for these 
three basins individually, then collectively, for the North-
ern Hemisphere are documented. Table SB4.1 summarizes 
the statistics by basin and denotes records achieved in 
2015. All statistics described are based on operational 
advisories from the National Hurricane Center, Central 
Pacific Hurricane Center, and Joint Typhoon Warning 
Center, and are then compared with archived best-track 
data compiled by those agencies. The data in these basins 
date back to 1851 in the North Atlantic, 1949 in the 
northeast Pacific, 1945 in the northwest Pacific, and 1972 
in the north Indian; however, it should be noted that the 
data quality among these datasets is not uniform prior to 
about 1985 (Chu et al. 2002).

Eastern	North	Pacific
The eastern North Pacific (to 180°) season in 2015 

tied its record for number of hurricanes and set a record 
for major hurricanes. ACE for the eastern North Pacific 
in 2015 was also quite high, trailing only 1992. Two of 
the most notable storm events of 2015 occurred in this 
basin. In late August, Hurricanes Kilo, Ignacio, and Jimena 

Table SB4.1. Northern Hemisphere TC summary statistics by basin.

Basin Named 
Storms Hurricanes Major 

Hurricanes
Cat. 4–5 

Hurricanes ACE

North Atlantic 11 (12) 4 (6.5) 2 (2) 1 (1) 60 (92)
Eastern North 
Pacific

26 (17) 16* (9) 11 (4) 10 (2) 288 (119)

Western 
North Pacific

26 (26.5) 20 (17) 16 (9) 14 (7) 479 (305)

North Indian 5 (5) 2 (1) 2* (1) 1* (0) 36 (16)
Northern 
Hemisphere

68 (59) 42 (33.5) 31 (16.5) 26 (11) 865 (545)

The 1981–2010 median values are in parentheses. Record high values are highlighted in bold-faced font, while second highest 
values are italicized. An asterisk by a record means that several years tied for that record. A TC is counted based in the basin 
where the storm first achieved a specific intensity. Northern Hemisphere ACE does not exactly add as sum of four individ-
ual basins due to rounding. In the case of Halola, it was counted as a named storm in the northeast Pacific and a hurricane in 
the northwest Pacific. Hurricanes are used colloquially to refer to all hurricane-strength TCs in the Northern Hemisphere.

Fig. SB4.1. Satellite imagery showing (a) from left to 
right: Kilo, Ignacio, and Jimena at Category 4 intensity 
on 30 Aug 2015 and (b) Hurricane Patricia near time 
of peak intensity on 23 Oct 2015.
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CONT. SIDEBAR 4.1: THE RECORD-SHATTERING 2015 NORTHERN HEMI-
SPHERE TROPICAL CYCLONE SEASON—P. J. KLOTZBACH AND C. T. FOGARTY

reached Category 4 status at the same time (fig. SB4.1a). 
This was the first time on record that three Category 4 or 
stronger TCs were present at the same time in any global 
TC basin. On October 23, Hurricane Patricia became 
the strongest hurricane on record in the Western Hemi-
sphere when an aircraft reconnaissance plane estimated 
1-minute maximum sustained winds of 175 knots (Fig. 
SB4.1b). The central North Pacific (180°–140°W) portion 
of the eastern North Pacific was extraordinarily active 
(Collins et al. 2016, manuscript submitted to Geophys. 
Res. Lett.). Eight named storms formed in this portion 
of the basin, shattering the old record of four named 
storms set in 1982, and an additional eight storms spent 
some portion of their life in the basin. The central Pacific 
alone also accounted for an ACE level of 127 × 104 kt2, 
breaking the record of 107 × 104 kt2 set in 1994. The  
127 × 104 kt2 ACE level is especially impressive given that 
the 1981–2010 median for the full northeast Pacific basin 
was 119 × 104 kt2.

Western	North	Pacific
The western North Pacific was quite active from an 

ACE perspective, generating the third highest ACE value of 
all time for the basin. In addition, 16 major (Category 3–5) 
typhoons occurred, breaking the record of 15 × 104 kt2 set 
in 1958 and tied in 1965, both well before the era of reliable 
best track data (Chu 2002). As is typically the case in strong 
El Niño seasons, while ACE increases significantly, the num-
ber of storm formations changes little (Camargo and Sobel 
2005). The western North Pacific was extraordinarily active 
during the month of May. Two typhoons, Noul and Dolphin, 
reached Category 5 status (> 137 knots) in May. This was the 
first time on record that two typhoons reached Category 
5 status in May. 

North Indian
The north Indian Ocean also experienced well above-

average ACE in 2015, with 30 × 104 kt2 generated, which 
is over twice the median value for the basin. Cyclones 
Chapala and Megh were significant storms that resulted 
in serious impacts on the island of Socotra. This was the 
first time in recorded history that two cyclone-strength 
TCs made landfall on Socotra in the same year (see sec-
tion 4e5). Chapala also became the first cyclone-strength 
storm to make landfall in Yemen in recorded history, 
and just a week later Cyclone Megh also made landfall 
in Yemen.

Northern Hemisphere
The Northern Hemisphere shattered several records 

for intense TCs. A total of 31 major (Category 3–5) TCs 
occurred in 2015, breaking the old record of 23 major hur-
ricanes set in 2004. The previous record of 18 Category 
4–5 TCs, set in 1997 and tied in 2004, was also eclipsed in 
2015, with 26 Category 4–5 TCs occurring. In addition, 62% 
of all hurricane-strength TCs that formed in 2015 reached 
Category 4–5 intensity, breaking the old record of 50% that 
happened four different times (1994, 1997, 2002, and 2011). 
As noted in Klotzbach and Landsea (2015), significant under-
estimates in Category 4–5 TCs are likely prior to ~1990. In 
terms of integrated metrics, Northern Hemisphere ACE 
was at its second highest level on record. The 2015 season 
generated 821 × 104 kt2, trailing only the 876 × 104 kt2 value 
generated in 1992. In summary, the Northern Hemisphere 
TC season was extraordinarily active, due in large part to the 
strong El Niño conditions that prevailed throughout the year. 
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SIDEBAR 4.2: A SOUTHEAST PACIFIC BASIN SUBTROPICAL  
CYCLONE OFF THE CHILEAN COAST—S. H. YOUNG

Fig. SB4.2. Aqua satellite image of sub-TC Katie 
on 1 May 2015 at 2055 UTC.

TCs are formally defined by NOAA’s National Hur-
ricane Center as “a warm-core nonfrontal synoptic-scale 
cyclone, originating over tropical or subtropical waters, 
with organized deep convection and a closed surface wind 
circulation about a well-defined center.” However, closely 
related to TCs are subtropical cyclones, which derive a 
significant proportion of their energy from baroclinic 
sources and are generally cold core in the upper tropo-
sphere and are often associated with an upper-level low 
or trough. Additionally, maximum winds and convection 
are often at a distance generally more than 110 km from 
the center (see www.nhc.noaa.gov/aboutgloss.shtml#s).

Until recently, TCs were believed not to form in 
the Mediterranean Sea, the Atlantic basin south of the 
equator, and the far eastern Pacific basin south of the 
equator (Gray 1968). Here we describe a subtropical 
storm identified in the southeastern Pacific basin off the 
Chilean coast farther east than any in the historic record 
as documented in either the IBTrACS (Knapp et al. 2010) 
or SPEArTC (Diamond et al. 2012) datasets and outside 
of the responsibility of any global RSMC.

The formation of Hurricane Catarina off the coast 
of Brazil in 2004 (McTaggart et al. 2006; Gozzo et al. 
2014) demonstrated that TCs can occasionally form in 
previously unsuspected areas such as the South Atlantic. 
The existence of possible TCs in the Mediterranean Sea, 
which are overwhelmingly subtropical in nature, has also 
generated interest in recent years (Moscatello et al. 2008; 
Pantillon et al. 2013; and Cavicchia et al. 2014). 

In late April, Earth Observing (EOSDIS) satellite im-
agery showed a cyclonic circulation in the southeastern 
Pacific basin that appeared to meet the definition of a 
subtropical cyclone. Originating from a stalled frontal 
zone near 25°S, 102°W the storm developed into a clearly  
nonfrontal system with the majority of convection initially 
to the southeast of low-level circulation. This cyclonic 
storm was approximately 30° east of any previously re-
corded TC. ASCAT satellite derived winds were as much 
as 50 kt. The system was visible on imagery during the 
period from 30 April to 5 May (Fig. SB4.2).

The NCEP–NCAR reanalysis data (Kalnay et al. 1996) 
for 29 April at 1200 hours UTC showed a broad low 
pressure area located near 25°S, 102°W. As the system 
developed, it drifted toward the southeast before stalling 
near 28°S, 100°W for approximately 36 hours. From 2 to 
3 May, the system moved west then northwest, dissipating 
on 6 May near 18°S, 110°W. 

The location of the system was in a “no man’s land” of sorts 
as it is not within the forecast or warning area of responsibility 
of any RSMC. It was too far to the east of the Nadi RSMC’s 
area of responsibility, and while there is no formal RSMC cov-
ering the area east of 120°W, the system will be incorporated 
into the SPEArTC dataset under the informal name of Katie. 
Therefore, while the system will not necessarily be formally 
picked up by the IBTrACS dataset, which reflects RSMC tracks 
on behalf of the World Meteorological Organization’s TC 
Programme, the more research-oriented SPEArTC dataset, 
which focuses on the southwest Pacific, will include this storm 
in its listing of 2014/15 storms with appropriate notation of its 
unique subtropical nature. An upper air analysis using NCAR 
data shows a trough over the system at the 300-hPa surface and 
a possible warm core at the 850-hPa surface. This is consistent 
with the NHC definition of a subtropical system.

From 29 April to 4 May, the Chilean Navy Weather Service 
included the system in their high seas warnings, reporting an 
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CONT. SIDEBAR 4.2: A SOUTHEAST PACIFIC BASIN SUBTROPICAL  
CYCLONE OFF THE CHILEAN COAST—S. H. YOUNG

Fig. SB4.3. RapidScat Wind retrieval for 2 May 2015 
starting at 1038 UTC (m s−1 ).

Fig. SB4.4. System phase diagram for 3 May 2015 at 0600 UTC.

estimated minimum central pressure of 993 hPa on 1 
May at 0600 hours UTC. Using the method described by 
Knaff and Zehr (2007), this corresponds to a maximum 
sustained wind speed of approximately 40 kt (21 m s–1). 
Several RapidScat passes (W. L. Poulsen 2015, personal 
communication) from 1 to 2 May showed winds in excess 
of 40 kt (21 m s–1), with some returns of 50 kt (26 m s–1). 
These peak winds were at some distance from the center 
of circulation, which is also consistent with a subtropical 
nature of the system (Fig. SB4.3). Phase diagrams (Hart 
2003) using relative 900–600-hPa thickness symmetry 
and thermal winds for the system indicated that this 
system was warm core and symmetrical in early May 
(Fig. SB4.4), and the conditions described also support 
the identification of the system as either a tropical or 
subtropical cyclone.

Satellite imagery, phase diagrams, and surface analysis 
show that “Katie” was a tropical system located far from 
any previously identified TC listed in IBTrACS for the 
South Pacific basin. Although it may briefly have exhibited 
TC characteristics, and while the imagery is consistent 
with a subtropical cyclone, the system should be further 
examined for inclusion as a Southern Hemisphere tropical 
cyclone in the formal global archives.
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