4. THE TROPICS—H. J. Diamond and C. J. Schreck, Eds.
a. Overview—H. J. Diamond and C. J. Schreck
In 2016 the Tropics were dominated by a transition
from El Niño to La Niña. The year started with an ongoing El Niño that proved to be one of the strongest in
the 1950–2016 record. After its peak in late 2015/early
2016, this El Niño weakened until it was officially
declared to have ended in May. El Niño–Southern
Oscillation conditions were briefly neutral during the
transition period before a weak La Niña developed
in October. A negative Indian Ocean dipole is commonly associated with the transition from El Niño
to La Niña, and 2016 was one of the most strongly
negative on record. The transition was also reflected
in the dichotomy of precipitation patterns between
the first and second halves of the year. Rainfall was
well below average across the maritime continent in
early 2016 and above normal during the latter months.
Globally, 93 named tropical storms were observed
during 2016, as documented in the International Best
Tracks Archive for Climate Stewardship (IBTrACS;
Knapp et al. 2010). This overall tropical cyclone (TC)
activity is above the 1981–2010 global average of 82
storms, but 8% lower than the 101 TCs recorded in
2015 (Diamond and Schreck 2016). Three basins—
the North Atlantic, and eastern and western North
Pacific—experienced above-normal activity in 2016.
The Australian basin had significantly below-normal
activity and recorded its least active season since the
beginning of the satellite era in 1970. It should be
noted that for the Southern Hemisphere, the cyclone
season covers the period July 2015–June 2016.
Four TCs reached the Saffir–Simpson scale Category 5 intensity level—one each in the North Atlantic,
South Indian, western North Pacific, and Southwest
Pacific basins. This number was half the number
of category 5 storms recorded in 2015 (Diamond
and Schreck 2016). The United States experienced a
sharp increase in the number of landfalling storms
compared to the last three seasons. Five named storms
made landfall, including two hurricanes—the largest
number of US landfalling storms since 2008 (when
six storms struck). Regarding accumulated cyclone
energy (ACE; Bell et al. 2000), the North Atlantic
basin recorded its first above-normal season since
2012, producing more than 2.5 times the average ACE
value of the last three seasons from 2013–15. However,
category-5 Hurricane Matthew alone produced 35%
of the season’s ACE. The western North Pacific’s
activity was similarly dominated by two typhoons
(Lionrock and Meranti) accounting for about 25% of
the total seasonal ACE in that basin.
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b. ENSO and the Tropical Pacific—G. Bell, M. L’Heureux,
and M. S. Halpert
The El Niño–Southern Oscillation (ENSO) is a
coupled ocean–atmosphere climate phenomenon
over the tropical Pacific Ocean, with opposing phases
called El Niño and La Niña. For historical purposes,
NOAA’s Climate Prediction Center (CPC) classifies
and assesses the strength and duration of El Niño and
La Niña using the Oceanic Niño index (ONI; shown
for 2015 and 2016 in Fig. 4.1). The ONI is the 3-month
average of sea surface temperature (SST) anomalies
in the Niño-3.4 region (5°N–5°S, 170°–120°W; black
box in Fig. 4.3e) calculated as the departure from the
1981–2010 base period. El Niño is classified when
the ONI is at or warmer than 0.5°C for at least five
consecutive 3-month running periods. La Niña is
classified when the ONI is at or cooler than −0.5°C
for at least five consecutive 3-month running periods.
The time series of the ONI shows that 2016 featured both El Niño and La Niña episodes. The year
started with one of the strongest El Niños of the
1950–2015 record already underway (Bell et al. 2016;
L’Heureux et al. 2016). This El Niño began during
February–April (FMA) 2015 and ended during
April–June (AMJ) 2016. Strong El Niño conditions
were present from late 2015 through early 2016. The
largest ONI values ranged from 2.2°C to 2.3°C, and
were observed for the three consecutive seasons of
October–December (OND) 2015, November 2015–
January (NDJ) 2016, and December 2015–February
(DJF) 2016.
NOAA CPC officially declared that El Niño ended
in May. The ONI indicates that ENSO-neutral conditions were then present for the May–July (MJJ) and
June–August (JJA) periods, before dropping below
−0.5°C during July–September (JAS). La Niña subsequently developed in October 2016 as the atmospheric
wind and convection patterns became coupled to the

Fig. 4.1. Oceanic Niño index (ONI; °C) during 2015 and
2016. Three-month seasons are labeled according to
the first initial for each month (Jan–Mar is JFM, Mar–
May is MAM, etc.). El Niño and La Niña periods are
indicated. Weak, moderate, and strong classifications
are shown. ONI values are derived from the ERSST-v4
dataset (Huang et al. 2015).
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negative SST anomalies. This event remained weak
(ONI between −0.5° and −1.0°C) during the rest of
the year.
1) Oceanic conditions
The SST evolution across the tropical Pacific basin
during 2016 (Figs. 4.2, 4.3) is shown based on optimum interpolation sea surface temperature (OISST)
data (Smith et al. 2008). The strong El Niño conditions during DJF 2015/16 featured an extensive area
of SSTs exceeding 30°C across the central and eastcentral equatorial Pacific (Fig. 4.2a). Consistent with
this anomalous warmth, equatorial SST departures
exceeded 2°C from just east of the date line to near the
west coast of South America (nearly a quarter of the
distance around the globe), and the largest departures
(exceeding 3°C) extended from near 160° to 110°W.
As noted in L’Heureux et al. (2016), the far eastern
Pacific Ocean was cooler and the western Pacific
was warmer in this event relative to the two previous
major El Niños of 1997/98 and 1982/83.
Based on area-averaged weekly SST anomalies
(Fig. 4.3) calculated for four core regions of the
equatorial Pacific (called the Niño regions, shown

in Fig. 4.3e), the highest anomalies during 2016 occurred early in the year: 1.4°C in the Niño-4 region
(Fig. 4.3a), 2.6°C in the Niño-3.4 region (Fig. 4.3b),
2.8°C in the Niño-3 region (Fig. 4.3c), and 1.8°C in
the Niño-1+2 region (Fig. 4.3d).
Seasonal SST anomalies then decreased during March–May (MAM) 2016, with the most rapid
decreases observed in the eastern Pacific (Niño-3
and Niño-1+2 regions; Figs. 4.2c,d). This evolution
reflected an intensification and westward expansion
of the equatorial cold tongue and an increasing confinement of the anomalous warmth to the central and
east-central equatorial Pacific. Within this season,
SST anomalies in the eastern Pacific returned to nearzero in April (Figs. 4.3c,d), and those in the Niño-3.4
region returned to zero in mid-May (Fig. 4.3b).
During JJA 2016, negative SST anomalies had
developed across the eastern half of the equatorial
Pacific in association with a further strengthening
and westward expansion of the equatorial cold
tongue (Figs. 4.2e,f). The anomalies generally ranged
between −0.5° and −1.0°C, with some areas recording departures cooler than −1.0°C. This cooling was
reflected in all but the Niño-1+2 index (Fig. 4.3).

Fig. 4.2. (Left) Seasonal SST (°C ) and (right) SST anomaly (°C ) for (a),(b) DJF 2015/16; (c),(d) MAM
2016; (e),(f) JJA 2016; and (g),(h) SON 2016. Contour interval for seasonal SST is 1°C. For anomalous
SST: contour interval is 0.5°C for anomalies ±1°C and 1°C for anomalies >+1°C and <−1°C. Anomalies
are departures from 1981–2010 seasonal adjusted OI climatology (Smith and Reynolds 1998).
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Fig. 4.3. Weekly area-averaged 2016 SST anomalies (°C)
in the four Niño regions: (a) Niño-4 region [5°N–5°S,
160°E–160°W; yellow box in (e)], (b) Niño-3.4 region
[5°N–5°S, 170°–120°W; thick black box in (e)], (c) Niño3 region [5°N–5°S, 150°–90°W; red box in (e)], and
(d) Niño-1+2 region [0°–10°S, 90°–80°W; blue box in
(e)]. Values are departures from the 1981–2010 weekly
adjusted OI climatology (Smith and Reynolds 1998).

The ONI, which was −0.3°C during JJA, dropped
to −0.8°C during SON and OND as the negative SST
anomalies expanded westward to the date line (Figs.
4.2e,f). La Niña conditions began in October. However, by late December, La Niña had already begun
to weaken, as indicated by a modest warming of all
of the weekly Niño indices.
The equatorial subsurface temperature evolution
is examined using data from the Global Ocean Data
Assimilation System (GODAS), an analysis system
that assimilates oceanic observations into an oceanic
general circulation model (Behringer et al. 1998). The
subsurface temperature structure and evolution during 2016 were consistent with the transition from a
strong El Niño early in the year (Fig. 4.4a) to a weak
La Niña late in the year (Fig. 4.4d). Subsurface sigSTATE OF THE CLIMATE IN 2016

Fig. 4.4. Equatorial depth–longitude section of Pacific
Ocean temperature anomalies (°C) averaged between
5°N and 5°S during (a) DJF 2015/16, (b) MAM 2016, (c)
JJA 2016, and (d) SON 2016. The 20°C isotherm (thick
solid line) approximates the center of the oceanic
thermocline. The data are derived from the GODAS
analysis system that assimilates oceanic observations
into an oceanic general circulation model (Behringer
et al. 1998). Anomalies are departures from 1981–2010
monthly means.

nals preceding that transition were already evident
during MAM, as indicated by well-below-average
temperatures at depth across the entire equatorial
Pacific and by a confinement of the anomalously
warm waters to the near-surface (Fig. 4.4b). These
conditions reflected a progressive shoaling of the
oceanic thermocline which often precedes the end
of a strong El Niño, such as occurred during the end
of the 1997/98 event (Bell et al. 1999). The subsurface
cooling during MAM 2016 was reflected by a sharp
decrease in the upper-ocean heat content across the
equatorial Pacific, with negative heat content anomalies evident by early April (see Fig. 4.8).
The subsurface cooling became increasingly
focused east of the date line during JJA (Fig. 4.4c).
However, as La Niña developed and strengthened,
the negative subsurface temperature anomalies actuAUGUST 2017
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ally weakened (Fig. 4.4d), then disappeared from the
central and east-central equatorial Pacific during late
November and December (not shown).
As expected, ENSO conditions also impacted sea
level throughout the year. A full discussion on sea
level rise and variability around the globe may be
found in Chapter 3f.
2) Atmospheric circulation: Tropics and subtropics
Across the tropical Pacific, El Niño signals during DJF 2015/16 included the continuation of an
east–west dipole of anomalous convection from last
year, with enhanced convection across the central
and east-central equatorial Pacific and suppressed
convection over the central portion of the Maritime
Continent (shading in Figs. 4.5a and 4.6a). This pattern, indicated by the NOAA/NCEP gridded outgoing
longwave radiation (OLR) data (Liebmann and Smith
1996), reflected a pronounced eastward extension
of the primary area of tropical convection and deep
tropospheric heating to well east of the date line.

Fig. 4.5. Anomalous 850-hPa wind vectors and speed
(contour interval: 2 m s−1) and anomalous OLR (shaded,
W m−2) during (a) DJF 2015/16, (b) MAM 2016, (c) JJA
2016, and (d) SON 2016. Reference wind vector is below right of color bar. Anomalies are departures from
1981–2010 monthly means.
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The wind patterns as shown by the NCEP–NCAR
Climate Data Analysis System (CDAS; Kistler et al.
2001) were strongly coupled to these convection patterns and to the underlying anomalous SST warmth.
In the tropics, typical El Niño wind signals at 850 hPa
included anomalous westerlies (i.e., weaker easterly
trade winds) across the central and east-central Pacific (Fig. 4.5a), along with anomalous flow toward
the equator near the date line. At 200 hPa, the wind
anomalies were reversed, with easterly anomalies evident across the eastern half of the equatorial Pacific
and anomalous poleward flow extending into the
extratropics of both hemispheres (Fig. 4.6a). Collectively, these conditions reflected a weaker equatorial Walker circulation (Bjerknes 1969), a stronger
Hadley circulation over the central equatorial Pacific,
and a weaker Hadley circulation over the Maritime
Continent.
In the subtropics of both hemispheres, the uppertropospheric winds during DJF 2015/16 featured
anticyclonic anomalies flanking the area of enhanced
equatorial convection. This typical El Niño signal
(Arkin 1982) reflected an eastward extension of the

Fig. 4.6. As in Fig. 4.5, but for anomalous 200 hPa wind
vectors and speed (contour interval: 4 m s−1).

mean subtropical ridges in both hemispheres from
Australasia to at least the date line, along with a disappearance of the mid-Pacific troughs normally seen
in both hemispheres. In the Northern Hemisphere,
the enhanced westerlies reflected both an eastward
extension of the East Asian jet stream well east of
the date line, and an eastward shift in that jet’s exit
region to the eastern North 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
(Ropelewski and Halpert 1986, 1987, 1989; Harrison
and Larkin 1998; Higgins et al. 2002; Chiodi and
Harrison 2013).
The El Niño-related conditions were weaker and
less extensive in the MAM 2016 averages (Figs. 4.5b,
4.6b) and were no longer present in the JJA 2016
averages (Figs. 4.5c, 4.6c). During SON 2016, the
anomaly patterns were reversed from those seen
earlier in the year in response to the development
of La Niña (Figs. 4.5d, 4.6d). In the tropics, typical
La Niña-related signals during SON included: 1)
enhanced convection over the Maritime Continent
and suppressed convection near the date line, and
2) a Pacific circulation featuring a combination of
stronger easterly trade winds at 850 hPa (Fig. 4.5d)
and anomalous westerly winds at 200 hPa (Fig. 4.6d).
In the subtropics of both hemispheres, typical La Niña

impacts included a westward retraction of the mean
ridges to the Australasia region, along with enhanced
mid-Pacific troughs.
3) Effects on precipitation and temperature
Precipitation during January–April (Fig. 4.7a)
and October–December (Fig. 4.7b) showed many
typical El Niño and La Niña impacts, respectively
(Ropelewski and Halpert 1987, 1989). Over the central
and east-central equatorial Pacific, El Niño-related
rainfall totals were above the 90th percentile of occurrences during both January and February, and above
the 80th percentile of occurrences during March
and April (Fig. 4.7c). Overall, the largest precipitation surpluses during January–April were observed
near the date line and exceeded 1200 mm (Fig. 4.7a).
Below-normal rainfall then developed across the
eastern half of the tropical Pacific by August, and
precipitation deficits persisted in association with
La Niña during the remainder of the year (Fig. 4.7b).
The largest deficits during October–December were
centered near the date line and exceeded 400 mm.
The maritime continent (including Indonesia, the
Philippines, Papua New Guinea, parts of Malaysia,
and Singapore) recorded below-average precipitation
during January–April and above-average precipitation during September–December in response to the
differing phases of ENSO (Fig. 4.7d). Rainfall deficits

Fig. 4.7. Precipitation anomalies (mm) during 2016: Accumulated precipitation departures during (a) Jan–Apr
and (b) Oct–Dec. (c)–(g) Time series of monthly precipitation for each of averaging areas indicated by the red
boxes in (a) and (b). Bars show the monthly precipitation percentile percentiles (scale to left of plots), and red
and blue lines show monthly observed and climatological mean precipitation (scale to right of plots), respectively. These CAMS-OPI 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 1981–2010 means.
STATE OF THE CLIMATE IN 2016
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during January–April exceeded 200 mm over much of
the region, with many areas recording larger deficits
of 400 to 800 mm (Fig. 4.7a). Conversely, rainfall totals
during October–December were more than 200 mm
above average over much of the region (Fig. 4.7b).
Two other regions with consistent ENSO precipitation signals are southeastern South America
(Fig. 4.7e) and the Gulf Coast region of the United
States (Fig. 4.7f). Both regions during 2016 recorded
above-average precipitation during El Niño and
below-average precipitation during La Niña. For
southeastern South America, large areas recorded
totals in the upper 90th percentile of occurrences
during DJF 2015/16, followed by totals in the lowest
10th percentile of occurrences during SON 2016. For
the US Gulf Coast, totals exceeded the 70th percentile
of occurrences in many areas during DJF, and many
areas recorded totals in the lowest 10th percentile of
occurrences during SON.
The South African monsoon season (October–
April) is typically suppressed during El Niño. This
region recorded below-average precipitation from
October 2015 through February 2016 (Fig. 4.7g; see
also Bell et al. 2016).
In the tropical region, the annual temperature for
2016 was the highest on record for the latitude range
24°N–24°S (0.96°C above the 1951–80 average, according to the NASA GISS dataset) and for 30°N–30°S
(0.75°C above the 1961–90 average, according to the
HadCRUT4 dataset). Outside of the tropics, typical
El Niño surface temperature impacts (Halpert and
Ropelewski 1992) early in the year included aboveaverage temperatures across Canada and the northern
U.S., southern Africa, and eastern Australia. Typical
La Niña surface temperature impacts later in the
year included above-average temperatures across the
southeastern U.S. and below-average temperatures
in Australia.
For more detailed information about region-specific physical and societal impacts caused by ENSO,
please refer to Chapter 7.
c. Tropical intraseasonal activity—S. Baxter, C. Schreck, and
G. D. Bell
Within the Pacific Ocean, the intraseasonal variability during 2016 was dominated by the springtime
demise of a strong El Niño, and by three distinct
periods of equatorial oceanic Kelvin wave activity
(Fig. 4.8). The first period featured an early-year
strengthening of El Niño in response to a strong
downwelling equatorial oceanic Kelvin wave in January. The second period occurred during July–October
as the ocean–atmosphere system was transitioning
S98 |
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F i g . 4.8. GODAS (Behringer et al. 1998) Time –
longitude section for 2016 of the anomalous equatorial Pacific Ocean heat content, calculated as the
mean temperature anomaly between 0–300 m depth
and 5°N –5°S. 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
1981–2010 pentad means.

into La Niña; fluctuations in the oceanic heat content
were directly related to these Kelvin waves depicted
in Fig. 4.8. The third period occurred in December,
when a downwelling Kelvin wave contributed to a
weakening of La Niña. A notable period with no
equatorial oceanic Kelvin wave activity occurred
during mid-March–June, when the Pacific Ocean
thermocline was at its shallowest (see Fig. 4.4b).
In the atmosphere, tropical intraseasonal variability was prominent especially during the first half of the
year. Two aspects of this intraseasonal variability were
the Madden–Julian oscillation (MJO; Madden and
Julian 1971, 1972, 1994; Zhang 2005) and convectively
coupled equatorial waves (Wheeler and Kiladis 1999;
Kiladis et al. 2009), which include equatorial Rossby
waves and atmospheric Kelvin waves. There were
three distinct periods of MJO activity spanning a total
of seven months (Fig. 4.9), which were interspersed
with the convectively coupled waves (Fig. 4.10).

Fig . 4.9. NCEP–NCAR reanlysis (Kalnay et al. 1996)
time–longitude section for 2016 of 5-day running
anomalous 200-hPa velocity potential (× 10 6 m2 s −1)
averaged between 5°N and 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 1981–2010
daily means.

The MJO is a leading intraseasonal climate mode
of tropical convective variability. Its convective
anomalies often have the same spatial scale as ENSO
but differ in that they exhibit a distinct eastward
propagation and generally traverse the globe in 30–60
days. The MJO affects weather patterns around the
globe (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. 2013;
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). Its convection also tends to propagate
farther eastward in the Pacific during El Niño events
(Picaut et al. 1996).
Common metrics for identifying the MJO include
time–longitude plots of anomalous 200-hPa velocity
potential (Fig. 4.9) and outgoing longwave radiation
(OLR; Fig. 4.10a), as well as the Wheeler–Hendon
(2004) real-time multivariate MJO (RMM) index
(Fig. 4.11). In the time–longitude plots, the MJO
exhibits eastward propagation. In the RMM, the
MJO propagation and intensity are seen as large,
counterclockwise circles around the origin. Each of
these diagnostics points to three main MJO episodes
during 2016. MJO #1 was a strong episode that began
Fig . 4.10. Time–longitude sections for
2016 averaged between 10°N and 10°S of
(a) anomalous OLR (shaded, W m−2; Lee
2014) with negative anomalies indicating
enhanced convection and positive anomalies indicating suppressed convection,
and (b) anomalous 850-hPa zonal wind
(shaded, m s−1) from CRSR (Saha et al.
2014). In both panels, contours (drawn
at ±10 W m−2) identify anomalies filtered
for the MJO (black) and atmospheric
Kelvin waves (red) with the enhanced
(suppressed) convective phase of these
phenomena indicated by solid (dashed)
contours. Red labels highlight the main
MJO episodes. In (b) significant westerly
wind bursts (WWB) that resulted in
notable downwelling Kelvin waves are
labeled. Anomalies are departures from
1981–2010 daily means.
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Fig. 4.11. Wheeler–Hendon (2004) RMM index during
2016 for (a) Jan–Mar, (b) Apr–Jun, (c) Jul–Sep, and (d)
Oct–Dec. 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 eight phases around
the origin identify the region experiencing enhanced
convection, and counter-clockwise movement reflects
eastward propagation. (Source: Australian Bureau of
Meteorology.)

in 2015 and continued from January through March
2016. Given that a strong El Niño lasted into early
spring 2016, the pronounced MJO activity during this
period is notable. MJO #2 was a weaker but long-lived
event that began in May and lasted through July. MJO
#3 was a short-lived event centered on November.
The first two MJO events were associated with either
westerly wind bursts or trade wind surges over the
central Pacific (Fig. 4.10b). These became much less
prevalent during the second half of the year, partly
due to a strengthening of the easterly trade winds in
association with the evolution toward La Niña.
MJO #1 featured a zonal wave-1 pattern of
strong convective anomalies and had a periodicity
of approximately 45–50 days (Fig. 4.9). The plot of
anomalous velocity potential shows that this event
circumnavigated the globe twice, while the RMM
index (Fig. 4.11a) indicates that the event was gradually weakening with time. The event ended in April
when the convective anomalies became dominated by
a series of fast propagating atmospheric Kelvin waves
(Fig. 4.10a). This was also when the low-frequency
state transitioned out of the El Niño event.
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One of the largest impacts from MJO #1 was its
interaction with two high-amplitude equatorial oceanic Kelvin waves (Fig. 4.8). This oceanic Kelvin wave
was triggered during January by a westerly wind burst
associated with enhanced convection over the central
Pacific (Fig. 4.10b). This wave reached the eastern Pacific in late February and March, and it was the last of
the strong downwelling Kelvin waves associated with
the 2015/16 El Niño. In its wake, MJO #1’s easterly
anomalies contributed to the subsequent upwelling
Kelvin wave that began the transition toward La Niña.
MJO #1 also impacted the extratropical circulation, mainly during January, when suppressed convection and anomalous 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. 4.9). These conditions contributed to
a circulation pattern change over North America,
wherein the record warmth observed in December
2015 across the southeastern U.S. was replaced with
near- to below-normal temperatures for January.
MJO #1 also led to an active period of Southern
Hemisphere tropical cyclone activity. Seven storms
developed, beginning with Cyclone Corentin in the
South Indian Ocean on 21 January and ending with
Tropical Storm Yalo in the eastern South Pacific
Ocean on 25 February.
MJO #2 during May–July had its wave-1 signal
circumnavigating the globe three times (Figs. 4.9,
4.11b,c). The phase speed of this event was on the
fast side of the MJO envelope, with a period of about
30 days. This event terminated when the anomalous
convective pattern became more dominated by lowfrequency variability associated with developing
La Niña conditions and a negative phase of the Indian
Ocean dipole (Figs. 4.9, 4.10a; Section 4h). This persistent pattern consisted of enhanced convection over
the Maritime Continent and suppressed convection
over the western and central Pacific.
MJO #2 played a particularly large role in the
tropical cyclone activity over the eastern North
Pacific. The convectively suppressed phase of MJO
#2 inhibited tropical cyclone activity during June,
while its convectively active phase was associated
with a record seven storms during July. Even as MJO
#2 was weakening in August, its remnant convective
signal may have played a role in the record-breaking
11 storms that formed over the western North Pacific.
August–October was a period of marked intraseasonal variability in the ocean, if not the atmosphere.
A series of alternating upwelling and downwelling
oceanic Kelvin waves dominated the oceanic vari-

ability (Fig. 4.8). The atmospheric variability was
less organized in the absence of any significant MJO
activity. Nonetheless, periods of sustained westerly
anomalies tended to coincide with the downwelling
Kelvin waves and easterly anomalies with the upwelling ones (Fig. 4.10b). Finally, November brought
the short-lived MJO #3. The periodicity of this event
was also on the shorter end for MJO events at about
30–35 days (Fig. 4.11d). During this period, strong
atmospheric Kelvin waves were also present over the
eastern Hemisphere (Fig. 4.10a).

2014). Although not identical, CMORPH and TRMM
3B43 rainfall are very similar in pattern and magnitude at the broad scale discussed here.
Figures 4.13 and 4.14 extend the comparison for
the 180°–150°W sector, showing smoothed rainfall
transects for all years of the CMORPH data from
1998, for January–March and October–December
when ENSO influences are largest as documented in
Section 4b. Additionally, after an erratic start, La Niña
conditions eventually established themselves by the
end of October 2016, with the NASA ENSO precipitation index (ESPI; Curtis and Adler 2000) reaching
−1.8 at this time.
Figures 4.12, 4.13, and 4.14 show typical ENSO displacement of the convergence zones, well-supported
by rainfall observations from Pacific Islands (not
shown). In January–March (Figs. 4.12, 4.13), both the
ITCZ and SPCZ were located closer to the equator
than normal, with substantially higher-than-normal
rainfall at the peak latitude; this was especially
marked from the date line eastward to 120°W in both
hemispheres. Conversely, rainfall was reduced on the
poleward side of both convergence zones. Figure 4.13
shows that January–March had the steepest rainfall
decline with latitude, north of the equator, of any year
in the CMORPH dataset. The Northern Hemisphere
peak rainfall, between approximately 3°–4°N in this
smoothed representation, was also higher than any

d. Intertropical convergence zones
1) Pacific—A. B. Mullan
Tropical Pacific rainfall patterns are dominated by
two convergence zones: the intertropical convergence
zone (ITCZ; Schneider et al. 2014) and the South
Pacific convergence zone (SPCZ; Vincent 1994). The
North Pacific ITCZ lies between 5° and 10°N and is
most active from August to December. During this
period, it lies at its northernmost position and also
displays more of an east-northeastward tilt. The SPCZ
extends southeastward from around Solomon Islands
(10°S, 160°E) to near 30°S, 140°W and is most active
in November–April. The two convergence zones,
which merge into the monsoon trough west of 150°E,
are strongly influenced by ENSO; the 2016 transition
from strong El Niño to weak La Niña provides a classic example of this influence.
Figure 4.12 summarizes the
convergence zone behavior for
2016 and compares the 2016
seasonal variation against
the longer-term (1998–2015)
climatology. Rainfall transects from 20°N to 30°S are
presented for each quarter of
the year, averaged across successive 30° longitude bands,
starting in the western Pacific at 150°E–180°. Due to
the end of the availability of
TRMM satellite in mid-2015,
the rainfall data analyzed are
from NOAA’s CPC morphing
technique (CMORPH) global
precipitation analysis (Joyce
et al. 2004). This dataset, derived from low orbiter satel−1
lite microwave observations, Fig. 4.12. (a)–(d) Rainfall rate (mm day ) from CMORPH analysis for the
four quarters of 2016. The separate panels for each quarter show the 2016
is available at the same 0.25° rainfall cross-section between 20°N and 30°S (solid line) and the 1998–2015
resolution as the TRMM 3B43 climatology (dotted line), separately for four 30° sectors from 150°E–180°
used previously (e.g., Mullan to 120°–90°W.
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Fig. 4.13. CMORPH rainfall rate (mm day−1) for Jan–
Mar quarters for each year 1998 to 2016, averaged over
the longitude sector 180°–150°W. The cross-sections
are color-coded according to NOAA’s ONI, except for
2016 (an El Niño quarter) shown in black.

Fig. 4.14. CMORPH rainfall rate (mm day−1) for Oct–
Dec quarters, for each year 1998 to 2016, averaged over
the longitude sector 180°–150°W. The cross-sections
are color-coded according to NOAA’s ONI, except for
2016 (a La Niña quarter) shown in black.

other year in the dataset (although close to the peak
rainfall of January–March 2010, another El Niño
season).
Not surprisingly, many off-equator islands in the
Pacific experienced drought conditions during the
early part of 2016 (Fig. 4.7). In the Northern Hemisphere, very dry conditions were experienced in
January through April across much of Micronesia and
into Hawaii, which is typical of the post-peak phase
of a strong El Niño. The more northern islands fared
worse than those closer to the equator. For example,
April 2015 to March 2016 was the driest on record
in parts of Palau (Koror; 7.3°N, 134.5°E), Yap State
(Woleai; 7.4°N, 143.9°E), and the Marshall Islands
(Jaluit; 6.0°N, 169.5°E), as reported in the May 2016
Pacific ENSO Update (www.weather.gov/media/peac
/PEU/PEU_v22_n2.pdf).
In the Southern Hemisphere, rainfall was much
lower than normal in many of the early months of the
year as documented in more detail in Chapter 7. With
the collapse of El Niño conditions in April–June, the
two convergence zones behaved differently. The ITCZ
showed a poleward displacement from May onwards
(a La Niña signature), whereas the SPCZ remained
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unusually active for the time of year and maintained
its equatorward displacement through the season
(Fig. 4.12b). In July–September (Fig. 4.12c), the SPCZ
convection had subsided and the ITCZ continued a
more pronounced poleward displacement from its
climatological position as weak La Niña conditions
developed (see Section 4b).
In October–December (Figs. 4.12d, 4.14) the poleward displacement of the ITCZ was quite marked.
Despite of the La Nina being categorized as weak,
Fig. 4.14 suggests that the peak rainfall (near 8°N)
in the 180°–150°W sector was the highest in the
CMORPH dataset, with the ITCZ also displaced
farther north between 10°N and 15°N than in any
other year. The prolonged El Niño-related dry spell
was finally broken in the Marshall Islands during
October–December, with well-above-average rainfall in the northern atolls such as Kwajalein (8.7°N,
167.7°E).
2) Atlantic—A. B. Pezza and C. A. S. Coelho
The Atlantic ITCZ is a well-organized convective
band that oscillates approximately between 5°–12°N
during July–November and 5°N–5°S during January–
May (Waliser and Gautier 1993; Nobre and Shukla
1996). Equatorial atmospheric Kelvin waves can
modulate the ITCZ intraseasonal variability (Guo
et al. 2014). ENSO and the southern annular mode
(SAM) also influence the ITCZ on the interannual
time scale (Münnich and Neelin 2005). The SAM is
typically negative during El Niño events, but it was
generally positive in 2016 despite the strong El Niño
in 2015/16. This disconnect helps explain the mixed
hemispheric response (L’Heureux et al. 2016).
In South America, extensive dry conditions occurred in southern Brazil in January. Meanwhile,
excessive rain fell over the northeastern sector, which
typically experiences rainfall deficits during El Niño
events. Abnormally dry conditions returned for most
of the tropical basin from February onwards as the
El Niño dissipated (Figs. 4.15, 4.16). These dry conditions were associated in part with relatively warmerthan-normal waters in the western half of the North
Atlantic sector (see Münnich and Neelin 2005). As a
result, the Atlantic index, defined in Fig. 4.17 as the
north–south sea surface temperature gradient, was
moderately positive (Fig. 4.17a). The ITCZ tends to
shift toward the warmer side of this gradient, and
indeed it was generally north of its climatological position during 2016. The Southern Hemisphere lacked
organized deep convection even during the sporadic
southerly ITCZ bursts in early April (Fig. 4.17b).
However, given the modest magnitude of the Atlantic

Fig . 4.15. Spatial distribution of 2016 average global
SST anomalies (°C; Reynolds et al. 2002) for (a) Jan–
Apr and (b) May–Dec.

Fig. 4.16. Observed 2016 precipitation anomalies for
(mm day−1) tropical and subtropical South America
during (a) Jan and (b) Feb–Dec 2016. Anomalies calculated based on a 1998–2015 climatology derived from
CMORPH (Joyce et al. 2004).
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Fig. 4.17. (a) Monthly OISST (Smith et al. 2008) 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
2012–16, forming the Atlantic index. The positive
phase of the index indicates favorable conditions for
enhanced Atlantic ITCZ activity. (b) Atlantic ITCZ
position inferred from OLR (Liebmann and Smith
1996) during Apr 2016. The colored thin lines indicate
the approximate position for the six pentads of the
month. The black thick line indicates the Atlantic ITCZ
climatological position for April. The SST anomalies
for Apr 2016 based on the 1982–2015 climatology are
shaded (°C). The two boxes indicate the areas used for
the calculation of the Atlantic index in (a).

index, other factors likely contributed to the magnitude and extent of the drought.
Precipitation deficits across much of tropical and
equatorial South America persisted after widespread
drought within most of the Amazon and central
Brazil, a feature already noted in Blunden and Arndt
(2016) and in preceding editions of this chapter
(Fig. 4.7). Persistently low vegetation health indices
and reduced soil moisture most likely contributed to
lowering the evapotranspiration and relative humidity, facilitating higher temperatures. This large-scale
drought pattern extended into southeastern Brazil in
recent years (Coelho et al. 2016a,b). Remarkably, this
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dry pattern was already established before the latest
El Niño event onset and remained in place after its
termination. Recent research has attempted to assess
if droughts in different parts of Brazil could be either
part of a longer-term natural oscillation or attributed
to anthropogenic forcing associated with climate
change (Otto et al. 2015).
e. Global monsoon summary—B. Wang
The global monsoon is the dominant mode of annual variation of tropical–subtropical precipitation
and circulation (Wang and Ding 2008) and thus a
defining feature of seasonality and a major mode of
variability of Earth’s climate system. Figure 4.18 summarizes the monsoon rainfall anomalies for November 2015–October 2016—the global monsoon year
that includes both the Southern Hemisphere summer
monsoon from November 2015 to April 2016, and the
Northern Hemisphere summer monsoon from May
to October 2016.

Fig . 4.18. Precipitation anomalies averaged for (a)
Nov 2015–Apr 2016 and (b) May–Oct 2016. The red
lines outline the global monsoon precipitation domain
that is defined by (a) the annual range (local summer
minus winter) precipitation exceeding 300 mm and (b)
the summer mean precipitation
Table 4.1. (Modified from Yim et al. 2014). Definition of the regional
exceeding 55% of the total annual
summer monsoon circulation indices and their correlation coefficients
precipitation amount (Wang and
(CCs) with the corresponding regional summer monsoon precipitaDing 2008). Here the local sumtion indices for the period 1979–2015. All circulation indices are demer denotes May– Sep for the
fined by meridional shear of zonal winds at 850-hPa which measures
NH and Nov– Mar for the SH .
the intensity (relative vorticity) of the monsoon toughs at 850 hPa
The precipitation indices for each
except for the northern African (NAF) and East Asian (EASM). The
regional monsoon are defined by
NAF monsoon circulation index is defined by the westerly monsoon
the areal mean precipitation in the
strength: U850 (0°–15°N, 60°–10°W) and the EASM circulation index is
corresponding rectangular regions
defined by the meridional wind strength: V850 (20°–40°N, 120°–140°E)
(dashed blue), which are highly
which reflects the east-west thermal contrast between the Asian concorrelated with the precipitation
tinent and western North Pacific. The precipitation indices are defined
averaged over the corresponding
by the areal mean precipitation over the blue box regions shown in
real regional monsoon domains
Fig. 4.18. The correlation coefficients were computed using monthly
(Table 4.1 in Yim et al. 2014). The
time series (148 summer months) (June to September (JJAS) in NH
rainfall data were taken from the
(1979–2015) and December to March (DJFM) in SH (1979/80–2015/16).
GPCP analysis from Jan 1979 to
The bolded numbers represent significance at 99% confidence level.
Aug 2016 (Huffman et al. 2009) and
Definition of the Circulation
CMAP from Sep to Oct 2016 (Xie
Region
CC
Index
and Arkin 1997).
Indian (ISM)
Western North
Pacific (WNPSM)
East Asian (EASM)
North American
(NASM)
Northern African
(NAFSM)
South American
(SASM)
Southern African
(SAFSM)
Australian (AUSSM)
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U850 (5°–15°N, 40°–80°E) minus

U850 (25°–35°N, 70°–90°E)
U850 (5°–15°N, 100°–130°E) minus
U850 (20°–35°N, 110°–140°E)
V850 (20°–40°N, 120°–140°E)
U850 (5°–15°N, 130°–100°W) minus
U850 (20°–30°N, 110°–80°W)
U850 (0 °–15°N, 60°–10°W)
U850 (5°–20°S, 70°–40°W) minus
U850 (20°–35°S, 70°–40°W)
U850 (0°–15°S, 10°–40°E) minus
U850 (10°–25°S, 40°–70°E)
U850 (0°–15°S, 90°–130°E) minus
U850 (20°–30°S, 100°–140°E)

0.73
0.76
0.73
0.85
0.71
0.80
0.56
0.89

The global land monsoon
precipitation is strongly influenced by ENSO, especially the
land areas of Asia, Australia,
northern Africa, and Central
America (Wang et al. 2012).
From November 2015 to October
2016, the equatorial Pacific SSTs
evolved from a peak phase of the
strong El Niño 2015/16 to the
weak La Niña in October 2016.
Du ri ng Sout hern Hemisphere summer (November
2015–April 2016), correspond-

ing to the peak phase of the
El Niño, the Southern Hemisphere summer monsoon precipitation was severely suppressed.
Deficient rainfall prevailed over
the Maritime Continent and
Australian monsoon region
(except for a narrow band along
the equator), the ITCZ in the
western and central Pacific, the
South Pacific convergence zone,
Brazil, and the western Atlantic
ITCZ. On the other hand, enhanced precipitation occurred
over the equatorial Pacific from
160°E to 100°W, central Indian
Ocean, and southeastern China
(Fig. 4.18a). The Southern Hemisphere summer monsoon was
deficient, mainly due to the
drought conditions over the
Australian and South American
monsoon regions.
During Nor t hern Hemisphere summer (May–October
2016), the precipitation in the
equatorial region tended to be
reversed. Enhanced rainfall Fig. 4.19. Normalized summer mean precipitation (green) and circulation
is found over the Maritime (red) indices in each of eight regional monsoons defined in Table 4.1. The
Continent, east Asian subtropi- indices are normalized by their corresponding std. dev. The numbers shown
in the corner of each panels denote the correlation coefficient between
cal region, eastern equatorial seasonal mean precipitation and circulation indices. Here the summer
Indian Ocean, and the ITCZ in denotes May–Oct for the NH and Nov–Apr for the SH. [Source: GPCP
the North Pacific. Meanwhile (Jan 1979–Aug 2016) and CMAP (Sep–Oct 2016).]
suppressed rainfall was seen
in the equatorial Pacific from 150°E to 80°W, the to October, the North American summer monsoon,
central-western Indian Ocean, South Pacific con- mainly over Central America and Venezuela, shows
vergence zone, and the North and Central Ameri- moderate negative anomalies (Fig. 4.19d); while the
can, Venezuelan, and South Asia monsoon regions East Asian and northern African summer monsoon
(Fig. 4.18b).
are stronger than normal (Figs. 4.19c,e). China exFigure 4.19 shows the time series of the monsoon perienced heavy flooding from south to north as
precipitation and lower tropospheric circulation reflected by the conspicuous positive May–October
indices for each regional monsoon season. Note that mean rainfall anomalies (Fig. 4.19c). Over India,
the precipitation indices represent the total amount the circulation index is high but the rainfall index
of precipitation over both land and ocean. The is normal (Fig. 4.19a). The total strength of the
definitions of circulation indices for each monsoon Northern Hemisphere summer monsoon is slightly
region are shown in Table 4.1. The precipitation and above normal. Note that these results pertain to the
circulation indices together represent the strength summer mean monsoon strength. Over the Indian
of each regional monsoon system. As discussed and western North Pacific summer monsoon regions,
above, from November 2015 to April 2016 during there were large month-to-month fluctuations due to
the peak El Niño, all three Southern Hemisphere intraseasonal oscillations.
regional monsoons were weak and rainfall was
deficient, especially, for the Australian and South
American monsoons (Figs. 4.19f–h). During May
STATE OF THE CLIMATE IN 2016
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f. 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). 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 tallying of the global TC numbers is challenging and involves more than simply adding up basin
totals, because some storms cross TC basin boundaries, some TC basins overlap, and multiple agencies
are involved in tracking and categorizing the TCs.

Fig. 4.20. Global summary of TC tracks with respect to
SST anomalies (°C) for the 2016 TC season.

Compiling the activity using preliminary IBTrACS
data over all seven TC basins (Fig. 4.20), the 2016
season (2015/16 in the Southern Hemisphere) had 93

RECORD-SETTING NORTH ATLANTIC HURRICANE
MATTHEW—P. J. KLOTZBACH
SIDEBAR 4.1:

The 2016 North Atlantic hurricane season was the first
above-average Atlantic hurricane season based on the NOAA
definition since 2012. The most notable storm of 2016, in
terms of intensity, longevity, damage, and fatalities was Hurricane Matthew. Matthew formed from a tropical wave as it
neared the Lesser Antilles, and over the course of the following 12 days, it cut a path of devastation across portions of Hispaniola, Cuba, the Bahamas, and then along the U.S. southeast
coast before finally becoming post-tropical. In this sidebar,
several of Hurricane Matthew’s most notable meteorological
records are highlighted. All statistics for Matthew listed are
from the operational b-decks, which are utilized to initialize
the numerical model guidance on tropical cyclones in real-time
every six hours. The b-decks are available at http://ftp.nhc
.noaa.gov/atcf/btk. Historical statistics are calculated from the
HURDAT2 database, which provides six-hourly estimates of
historical Atlantic tropical cyclone wind speeds, pressures, and
locations since 1851 (Landsea and Franklin 2013).
After being named a tropical storm on 28 September, Matthew steadily intensified. Beginning 30 September, however,
Matthew rapidly intensified, reaching category 5 strength with
one-minute sustained winds of 140 kt (72 m s−1) on 1 October
(Fig. SB4.1). In the 24 hours leading up to reaching category
5 strength, Matthew intensified by 70 kt (36 m s−1), the third
fastest 24-hour intensification in the Atlantic basin on record,
trailing only the 24-hour rapid intensification rates of Hurricane Wilma (2005) and Hurricane Felix (2007). Matthew
was also the first category 5 hurricane in the Atlantic basin
since Hurricane Felix (2007). In addition, it reached category 5
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Fig . SB4.1. Infrared satellite image of Hurricane
Matthew from GOES-East at near peak intensity at
0800 UTC 1 Oct 2016.
intensity at an unusually low latitude for an Atlantic hurricane:
Matthew became a category 5 at 13.3°N, the lowest latitude
Atlantic category 5 hurricane on record, breaking the old
record of 13.7°N set by Hurricane Ivan (2004).
While Matthew only maintained category 5 intensity for
12 hours, it was notable for its longevity at category 4–5
strength, especially during the latter part of the Atlantic
hurricane season. Matthew was a category 4–5 hurricane for
102 hours in October, the longest an Atlantic hurricane has
maintained that intensity on record during October. Due to
its intense nature and slow movement, Matthew generated the
most ACE (Bell et al. 2000) by any Atlantic tropical cyclone
on record in the eastern Caribbean (≤20°N, 75°–60°W).
Matthew was also a major hurricane for over seven days, the

named storms (wind speeds ≥ 34kt or 17 m s−1), which
is above the 1981–2010 average of 82 TCs (Schreck
et al. 2014), but eight fewer than the 2015 total of 101
TCs (Diamond and Schreck 2016). The 2016 season
also featured 58 hurricanes/typhoons/cyclones (HTC;
wind speeds ≥ 64kt or 33 m s−1), which is above the
1981–2010 average of 46 HTCs (Schreck et al. 2014).
Twenty storms reached major HTC status (wind
speeds ≥ 96kt or 49 m s−1), which is near the long-term
average of 21. In Sections 4f2–4f8, the 2016 seasonal
activity is described and compared to the historical
record for each of the seven WMO-defined hurricane
basins. For simplicity, all counts are broken down
by the United States’ Saffir–Simpson scale. Figure
4.20 depicts the overall picture of global TCs during
2016. The North Atlantic hurricane season was above
normal (Section 4f2), and both the central and east-

F ig . SB4.2. Infrared satellite image of Hurricane
Matthew from GOES-East near its closest approach
to the east coast of Florida at 0445 UTC 7 Oct 2016.
longest-lived major hurricane to form in the Atlantic after 25
September on record.
Matthew made landfall in Haiti as a category 4 hurricane
on 4 October, becoming the first category 4 storm to hit Haiti
since Cleo in 1964. While the final death toll from Matthew in
Haiti may never be fully known, the National Hurricane Center
reports (www.nhc.noaa.gov/data/tcr/AL142016_Matthew.pdf)
that Matthew was responsible for 585 direct fatalities across
four countries with 546 of those occurring in Haiti. Matthew
then made landfall in Cuba as a category 4 hurricane, becoming
the first category 4 hurricane to hit Cuba since Ike in 2008.
Next, Matthew struck the Bahamas, battering the island
chain also as a category 4 hurricane. In the process, Matthew
became the first hurricane in the historical record (back to
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ern North Pacific hurricane seasons were well above
normal (Section 4f3).
Globally, four storms achieved Saffir–Simpson
category 5 during the year (four fewer than in 2015,
and three fewer than in 2014): (a) Hurricane Matthew
in the North Atlantic; (b) Supertyphoon Meranti in
the western North Pacific; (c) Cyclone Fantala in
the South Indian Ocean; and (d) Tropical Cyclone
Winston in the Southwest Pacific. Matthew was
the costliest hurricane ($10 billion U.S. dollars in
damages) to strike the U.S. since Hurricane Sandy
in 2012. Sidebar 4.1 recounts several of the records
that Matthew broke. Supertyphoon Meranti, with
maximum sustained winds of 165 kt (85 m s−1), was
the most intense tropical cyclone of the year globally.
Sidebar 4.2 describes an unusual situation where Taiwan was impacted by four major typhoons, including

1851) to make landfall at category 4 intensity in Haiti, Cuba,
and the Bahamas.
Matthew tracked within 100 miles of the east coast of
Florida (Fig. SB4.2), threatening to break the record-long
U.S. landfalling major hurricane drought that has existed since
October 2005 when Hurricane Wilma made landfall (Hart
et al. 2016). It eventually made landfall along the central South
Carolina coast as a weakening category 1 hurricane. Matthew
was the first hurricane to make landfall in South Carolina since
Gaston in 2004 and the first to make landfall north of Georgia
during October since Hazel in 1954.
While the center of Matthew remained offshore of both
Florida and Georgia, storm surge and heavy rainfall caused
significant flooding in northeast Florida and along the entire
coastline of Georgia. The eastern portions of both South
and North Carolina suffered significant damage due to the
combination of storm surge and heavy rainfall. Matthew was
responsible for nearly 50 deaths in the United States, and total
insured and uninsured damage from the storm was estimated
at approximately $10 billion (U.S. dollars; www.ncdc.noaa
.gov/billions).
Matthew was certainly the most notable storm in the
Atlantic in 2016, as it was the longest-lived hurricane, the
most intense storm, and the most damaging and destructive
storm of the season. To put its longevity and intensity into
perspective, while Matthew was one of 15 storms that formed
in the Atlantic in 2016, it singlehandedly was responsible for
35% of the total amount of ACE generated by Atlantic tropical
cyclones in 2016.
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Meranti—three of which struck during September
alone. Several other Saffir–Simpson category 3 and
4 intensity level systems during 2016 had major impacts: (1) Hurricane Nicole in the North Atlantic; (2)
Typhoons Chaba, Haima, Malakas, Megi, Lionrock,
Nepartik, and Nock-Ten in the western North Pacific;
and (3) Typhoon Victor in the Southwest Pacific. Also
noteworthy was that 2015/16 was the first year since
the onset of the satellite era in 1970 that no major
HTCs were observed in the Australian basin.

Fig. 4.21b), which is above NOAA’s lower threshold
(120% of the median) for an above-normal season (see
www.cpc.ncep.noaa.gov/products/outlooks). Based
on this ACE value, combined with above-average
numbers of named storms, hurricanes, and major
hurricanes, NOAA officially classified the 2016 Atlantic hurricane season as above normal. This was
the first above-normal season since 2012, producing
more than 2.5 times the average ACE value of the last
three seasons 2013–15.

2)	Atlantic basin —G. D. Bell, E. S. Blake, C. W. Landsea, C. Wang, J. Schemm, T. Kimberlain, R. J. Pasch, and
S. B. Goldenberg
(i) Seasonal activity
The 2016 Atlantic hurricane season produced 15
named storms, of which 7 became hurricanes and 4
became major hurricanes (Fig. 4.21a). The HURDAT2
30-year (1981–2010) seasonal averages (as embodied
in IBTrACS) are 11.8 tropical (named) storms, 6.4
hurricanes, and 2.7 major hurricanes (Landsea and
Franklin 2013).
The 2016 seasonal ACE value (Bell et al. 2000) was
about 148% of the 1981–2010 median (92.4 × 104 kt2;

(ii) Storm tracks and landfalls
The Atlantic hurricane main development region
(MDR; green boxed region in (Fig. 4.22a) 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). A
main delineator between more- and less-active Atlantic hurricane seasons is the number of hurricanes
and major hurricanes that first become named storms
within the MDR during the peak months (August–
October; ASO) of the hurricane season.
During ASO 2016, eight named storms formed in
the MDR (Fig. 4.20), with five becoming hurricanes
and four of those becoming major hurricanes. Three
hurricanes were observed over the Caribbean Sea, a
region with only one hurricane during the past three
seasons (2013–15). The MDR activity during 2016 is
comparable to the above-normal season averages for
the MDR of 8.2 named storms, 6.0 hurricanes, and
3.0 major hurricanes. In contrast, the MDR averages
for the last three seasons were 5.0 named storms with
2.3 becoming hurricanes and 1.0 becoming a major
hurricane. These values are near the MDR averages
for seasons that are not classified as above normal:
3.3 named storms, 2.0 hurricanes, and 1.0 major
hurricanes.
Another feature of the 2016 season was that two
major hurricanes (Matthew and Nicole) formed during October and accounted for more than 50% of the
seasonal ACE value. The October 2016 ACE value was
more than 50% larger than that of any other October
since at least 1981 (Schreck et al. 2014).
The 2016 Atlantic hurricane season included a
sharp increase in the number of landfalling storms
compared to the last three seasons. In the United
States, five named storms made landfall, including
two hurricanes: Tropical Storm Bonnie and Hurricane Matthew struck South Carolina; Tropical
Storms Colin and Julia, and Hurricane Hermine
made landfall in Florida. This was the most U.S. landfalling storms since 2008 (six storms). Hermine was
not only the first landfalling hurricane in the United

Fig. 4.21. Seasonal Atlantic hurricane activity during
1950–2016. (a) Numbers of named storms (green), hurricanes (red), and major hurricanes (blue), with 1981–2010
seasonal means shown by solid colored lines. (b) 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. Vertical brown
lines separate high- and low-activity eras. High and low
activity eras are defined per Goldenberg et al. (2001).
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States since 2014, but also the first hurricane to make
landfall in Florida since Hurricane Wilma in 2005.
Several storms during 2016 also made landfall
outside of the United States. The most significant of
these was major Hurricane Matthew, which reached
maximum sustained surface wind speeds of 140 kt
(72 m s−1) over the Caribbean Sea and remained at
major hurricane status for eight days (30 Septem-

ber–7 October). Matthew made landfall as a category
4 storm in Haiti, Cuba, and the Bahamas, causing
extensive damage and loss of life in all three countries, before making landfall in South Carolina as a
category 1 hurricane. Matthew is discussed further
in Sidebar 4.1. Other landfalling storms included
Tropical Storm Danielle in Mexico, Hurricane Earl
in Belize, and Hurricane Otto in Nicaragua.
(iii) Atlantic sea surface temperatures
Within the MDR, SST anomalies during ASO 2016
(Fig. 4.22a) were +0.45°C above the 1981–2010 average (Fig. 4.22b), and they were also warmer (+0.14°C
warmer) than the average departure for the global
tropics (Fig. 4.22c). Over the Caribbean Sea, SSTs
were +0.71°C above average, which is the highest
value in the 1950–2016 record (Fig. 4.22d).
The warm phase of the Atlantic multidecadal
oscillation (AMO; Enfield and Mestas-Nuñez 1999)
and the associated positive 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 high SSTs in the MDR compared to the
remainder of the global tropics, as can be seen during
the high-activity era of 1950–70 and that which began
in 1995 (Fig. 4.22c). NOAA’s detrended Kaplan AMO
index for ASO 2016 was +0.44 (see report Appendix
for link) and has been positive for the ASO season
since 1995 (Bell et al. 2016).
The Atlantic warm pool (AWP) reflects the area
of SSTs greater than 28.5°C (Wang 2015). The AWP
during ASO 2016 extended eastward across the entire
southern MDR (black contour; Fig. 4.22a), which far
exceeds its climatological extension to the central
MDR (brown contour). The AWP during ASO 2016
also extended farther north than normal over the
western North Atlantic. As a result, the average size

Fig. 4.22. (a) ASO 2016 SST anomalies (°C), with the
observed (black contours) and climatological (brown
contours) 28.5°C SST isotherms shown. (b) 1950–2016
of ASO area-averaged SST anomalies (°C) in the MDR
[green box in (a)]. (c) Difference between ASO areaaveraged SST anomalies (°C) in the MDR and those for
the entire global tropics (20°N–20°S). (d) ASO areaaveraged SST anomalies (°C) in the Caribbean Sea [red
box in (a) spanning 60°–87.5°W and 10°–21.5°N]. Red
lines in (b)–(d) show a 5-pt. running mean of each time
series. Anomalies are departures from the ERSST-v4
(Huang et al. 2015) 1981–2010 monthly means.
STATE OF THE CLIMATE IN 2016

F ig . 4.23. Monthly size of the Atlantic warm pool
(AWP) in 2016 (1012 m2 ; blue) and the climatological AWP area (red). Climatology is the 1971–2000
ERSST-v4 (Huang et al. 2015) mean area of the 28.5°C
SST isotherm.
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a transition to the warm phase of the AMO (e.g., Bell
et al. 2016).

Fig. 4.24. AWP index (%) for 1900–2016, calculated as
the anomalous area of SST warmer than 28.5°C during Jun–Nov divided by the climatological AWP area.
Shown are the (a) total, with linear trend indicated
(black line), (b) detrended (removing the linear trend),
(c) multidecadal, and (d) interannual area anomalies.
The multidecadal variability is obtained by performing a seven-year running mean to the detrended
AWP index. The interannual variability is calculated
by subtracting the multidecadal variability from the
detrended AWP index. [Source: ERSST-v4 (Huang
et al. 2015) dataset.]

of the AWP during ASO 2016 was more than double
its climatological mean (Fig. 4.23).
The 2016 AWP was bigger and lasted longer than
the climatological mean throughout nearly the entire
year. It persisted for 10 months during 2016 (February
through November), while the climatological mean
warm pool is present for just five months (June–
October). By July, the 2016 warm pool had already
exceeded its September climatological peak.
The description and characteristics of the AWP,
including its multidecadal variability, have been
previously described (Wang 2015). Figure 4.24 shows
the extension of the annual AWP time series through
2016, along with its variability on different time
scales. Overall, the time series shows an upward trend
since 1900 (Fig. 4.24a), along with significant multidecadal and interannual variability (Figs. 4.24b–d).
Its multidecadal fluctuations coincide with those of
the AMO (Fig. 4.24c). The transition to an anomalously large size of the AWP in 1995 coincided with
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(iv) Atmospheric conditions
The atmospheric circulation during ASO featured
an extensive and persistent ridge of high pressure in
the middle and upper troposphere over the western
half of the subtropical and tropical North Atlantic
Ocean and Caribbean Sea (Fig. 4.25a). Within the
MDR, the southern f lank of this ridge featured
anomalous upper-level easterly winds (see Fig. 4.6c)
and anomalous lower-level westerly winds (see Figs.
4.5c,d). The ridge was also associated with a northward shift of the extratropical westerly winds along its
northern flank. This wind pattern contributed to an
extensive area of weak vertical shear across the western half of the Atlantic basin and the southeastern
United States (shading, Fig. 4.25a), with anomalously
weak shear spanning the central MDR and the eastern
half of the United States (Fig. 4.25b). On monthly time
scales, shear values less than 8–10 m s−1 are generally
considered conducive to hurricane formation (Gray
1968; DeMaria et al. 2005; Tippett et al. 2011).
The anomalous ridge was also associated with
enhanced midlevel moisture and anomalous upperlevel divergence over the western subtropical North
Atlantic (Fig. 4.26). At 600 hPa, area-averaged moisture in that region during ASO was the third largest in
the 1970–2016 record (Fig. 4.26a). The area-averaged
anomalous divergence during September–October
was the largest since the record-breaking Atlantic
hurricane season of 2005 (Fig. 4.26b).
All of the above conditions were main contributors
to the increased strength of the 2016 Atlantic hurricane season compared to the past three seasons and
also to the increased activity over the Caribbean Sea.
Those conditions also allowed more storms to track
farther westward, increasing the number of landfalls
in both the United States and the region around the
Caribbean Sea. For example, they were especially
prominent during the lifecycle of major Hurricane
Matthew, which developed in late September while
tracking westward over record-warm waters of the
Caribbean Sea (Fig. 4.22d) and then spent its entire
life-cycle beneath the upper-level ridge while making
landfall in several nations.
The conditions over the western half of the Atlantic basin during ASO 2016 differ notably from the
climatological mean. Normally, a tropical upper tropospheric trough (TUTT) is present over the western
subtropical North Atlantic and extends southward
into the western and central MDR. An enhanced
TUTT, along with its associated patterns of strong

Fig . 4.25. NCEP–NCAR reanalysis (Kistler et al. 2001) 200–850-hPa vertical wind shear (a),(c) magnitude
(shaded, m s −1) and (b),(d) anomalous magnitude and vector. (a),(b) ASO 2016 conditions and (c),(d) ASO
2013–15 averages. In (a),(c), the 200-hPa streamfunction field is overlaid (contours; interval: 5 × 106 m2 s−1), the
upper-level ridge and TUTT discussed in the text are labeled, and orange-red shading indicates areas where
the vertical wind shear magnitude is ≤ 10 m s−1. In (b),(d) anomalous shear vector scale is below right of color
bar. Blue box in (a),(b) shows the averaging region for Fig. 4.26. Green boxes denote the MDR. Anomalies are
departures from 1981–2010 means.

vertical wind shear (Figs. 4.25c,d), anomalously
dry air, and anomalous sinking motion across the
Caribbean Sea, was an important contributor to the
reduced hurricane activity observed during 2013–15
(Bell et al. 2014, 2015, 2016).

Fig. 4.26. NCEP–NCAR reanalysis (Kistler et al. 2001)
time series for 1970–2016 showing (a) ASO percent
of normal area-averaged specific humidity and (b)
Sep–Oct area-average 200-hPa divergence anomalies
(× 106 m2 s−1). Area averages are calculated for the blue
boxed region (57.5°–80°W and 17.5°–30°N) in Fig. 4.25a.
Anomalies are departures from 1981–2010 means.
STATE OF THE CLIMATE IN 2016

During October and November, the upper-level
ridge over the western part of the basin was linked
to La Niña, whose larger-scale circulation pattern
extended across the entire subtropical Pacific Ocean
in both hemispheres (Fig. 4.27a). As indicated in

Fig. 4.27. 200-hPa streamfunction (contours; interval:
is 5 × 106 m2 s−1) from the NCEP–NCAR reanalysis (Kistler et al. 2001) and anomalous OLR (shaded, W m−2;
Liebmann and Smith 1996) during (a) Oct–Nov 2016
and (b) Oct–Nov 2015. Ridges (red ovals) and troughs
(blue ovals) discussed in the text are indicated. In the
tropics, green (brown) shading indicates enhanced
(suppressed) convection. Anomalies are based on the
1981–2010 climatology.
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the 200-hPa streamfunction field, that typical
La Niña pattern featured a westward retraction of
the mean subtropical ridges over the western Pacific
(coinciding with enhanced equatorial convection),
amplified mid-Pacific troughs in both hemispheres
(coinciding with suppressed equatorial convection),
and a pronounced downstream ridge extending
across the Caribbean Sea. This wave pattern is
notably different from the typical El Niño-related
pattern observed during October–November 2015
(Fig. 4.27b), which suppressed Atlantic hurricane
activity—that pattern featured extended subtropical
ridges across nearly the entire Pacific basin in both
hemispheres and an extensive downstream trough
across the entire MDR.
3)	E astern N orth Pacific and Central N orth
Pacific basins —M. C. Kruk and C. J. Schreck
(i) Seasonal activity
The eastern North Pacific (ENP) basin is officially split into two separate regions for the issuance
of warnings and advisories by NOAA’s National

F ig . 4.28. Seasonal TC statistics for the full ENP/
CNP basin over the period 1970–2016: (a) number of
named storms, hurricanes, and major hurricanes, and
(b) the ACE index (× 104 kt2) with the 2016 seasonal
total highlighted in red. Horizontal lines denote the
corresponding 1981–2010 means for each parameter.
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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 combined 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 CNP TC
activity normally reaches its seasonal peak in August
(Blake et al. 2009). During the 2016 season, a total of
21 named storms formed in the combined ENP/CNP
basin (Fig. 4.28a). This total includes 12 hurricanes,
5 of which were major hurricanes. The 1981–2010
IBTrACS seasonal averages for the basin are 16.5
named storms, 8.5 hurricanes, and 4.0 major hurricanes (Schreck et al. 2014).
The 2016 seasonal ACE index was 188.7 × 104 kt2
(Fig. 4.28b), which is above the 1981–2010 mean of
132.0 × 10 4 kt 2 (Bell et al. 2000; Bell and Chelliah
2006; Schreck et al. 2014). By comparison to the 2015
season, which featured a record-shattering 16 tropical
cyclones in the CNP basin, the 2016 season featured
only 6 storms. Nonetheless, 2016 was still above the
long-term 1981–2010 IBTrACS mean of 4.7 storms
passing through the CNP per season.
(ii) Environmental influences on the 2016 season
Figure 4.29 illustrates the background conditions
for TC activity in the ENP and CNP during the
2016 season. Consistent with the moderate La Niña
conditions later in the season, the equatorial Pacific
was dominated by anomalously cool SST anomalies
(Fig. 4.29a). As in recent years, however, anomalously
warm SSTs prevailed farther north. The ITCZ was
also enhanced and shifted somewhat northward (see
Section 4d) in association with the SST pattern with
most of the TCs forming on the eastern end of that
enhanced convection (Fig. 4.29b). Wind direction
anomalies were generally westerly, but the vertical
wind shear magnitudes were still slightly below
their climatological values (Fig. 4.29c). The other
years within this recent active period (2012–15) all
featured broad areas of 850-hPa westerly anomalies
(Diamond 2013, 2014, 2015; Diamond and Schreck
2016). In this respect, 2016 is an outlier (Fig. 4.29d).

Fig . 4.29. May–Nov 2016 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. Hurricane symbols
with letters denote where each ENP TC attained tropical storm intensity. Wind data obtained from CFSR
(Saha et al. 2014).

Weak westerly anomalies lie along 10°N westward
from 120°W. However, most of the tropical cyclones
developed farther east within moderate easterly
anomalies. Overall, the broad area of warm SSTs,
enhanced convection, and moderate shear in 2016
all contributed to favorable conditions that resulted
in above-normal hurricane activity.
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
Kelvin waves in modulating tropical cyclogenesis
(Schreck and Molinari 2011; Ventrice et al. 2012a,b;
Schreck 2015, 2016). Figure 4.30 uses OLR to examine the evolution of convection during the 2016 ENP
hurricane season. Following Kiladis et al. (2005;
2009), the black contours identify the MJO-filtered
anomalies (1981–2010 base period) and the blue contours identify the Kelvin waves. Easterly waves are
also apparent in the unfiltered anomalies (shading)
as westward moving features, such as those leading
up to Hurricanes Newton and Seymour.
A significant MJO event helped kick off the ENP
hurricane season. The convectively suppressed phase
of the MJO likely inhibited any development during
STATE OF THE CLIMATE IN 2016

Fig. 4.30. Longitude–time Hovmoller of OLR (W m−2;
Lee 2014) averaged 5°–15° N. Unfiltered anomalies
from a daily climatology are shaded. Negative anomalies (green) indicate enhanced convection. Anomalies
filtered for Kelvin waves are contoured in blue at
−10 W m −2 and MJO-filtered anomalies in black at
±10 W m−2 . Hurricane symbols and letters indicate
genesis of ENP TCs.

June. However, the subsequent convectively active
phase helped produce nine tropical storms within
the month of July, the most for any single month
since reliable records began in 1981 (Schreck et al.
2014). MJO activity was weaker for the remainder of
the season, but two particularly strong Kelvin waves
likely favored the development of Tropical Storms
Howard and Tina.
(iii) TC impacts
During the 2016 season, only one of the season’s
21 combined ENP/CNP tropical storms made landfall
along the western coast of Mexico or Baja California,
while no storms in the CNP region made landfall in
Hawaii. The long-term annual average number of
landfalling storms onto the western coast of Mexico
is 1.8 (Raga et al. 2013).
The only storm to make landfall along the Mexican coastline was Hurricane Newton (4–7 September), which had maximum sustained winds of 70 kt
(36 m s−1) and a minimum central pressure of 979 hPa.
The hurricane made landfall near Cabo San Lucas,
Baja California, on 6 September with maximum susAUGUST 2017
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tained winds of 65 kt (33 m s−1). The storm weakened
over the Baja, continued its northeastward trajectory,
and made a second landfall over mainland Mexico
near Bahia Kino, Sonora. Thereafter, the storm encountered increasing vertical wind shear as it moved
into southern Arizona in the United States and dissipated completely by 8 September.
Hurricane Newton caused an estimated $96 million (U.S. dollars) in damages with nine confirmed
fatalities. Three fatalities were reported in Chiapas
as a result of extreme flooding from Newton’s rainbands. An additional five deaths occurred when a
shrimp boat in the Gulf of California capsized and
all on board were swept out to sea. In Petatlan, one
person died in a fast-raging river after being swept
downstream. The hurricane forced evacuations in
the resort town of Acapulco. While the maximum
sustained winds from Newton were not overly strong
for a system in the ENP basin, the flooding rains
were by far the biggest story. In the town of Mulege,
extremely heavy rains cut access to electricity and
fresh drinking water and dozens of cars and homes
were buried in rocks and debris.
Six storms were recorded in the CNP during the
2016, the strongest of which were Hurricanes Lester
(24 August–7 September) and Madeline (26 August–3
September). The earliest storm of the year, and
earliest hurricane on record in the CNP basin, was
Hurricane Pali, which occurred well south and west
of the Hawaiian Islands during 7–14 January. Pali
reached category 2 intensity very near the equator
on 12 January and globally ranks third all-time as
the closest-to-equator tropical cyclone. Later in the
season, Hurricane Lester moved westward out of the
ENP and came within 210 km of Honolulu, Hawaii,
on 3 September. Due to the storm’s asymmetric wind
field, the strongest winds remained north of Hawaii
and no major impacts were felt across the state.
However, while Hurricane Madeline also moved west
out of the ENP basin, its trajectory was toward the Big
Island of Hawaii. The storm also did not make direct
landfall in the state but still produced heavy rains,
high surf, and gusty winds in Hilo. The Hilo airport
recorded 109 mm of rain on 31 August, ending the
month >350 mm above average.
4) Western North Pacific basin —S. J. Camargo
(i) Introduction
The tropical cyclone data used here are from the
Joint Typhoon Warning Center (JTWC) western
North Pacific (WNP) best-track dataset for the period from 1945–2015 and from the JTWC preliminary operational data for 2016 (also as embodied in
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IBTrACS). Climatology is defined using the period
from 1981–2010, with the exception of landfall statistics, where 1951–2010 was used. The best-track
data from the RSMC-Tokyo, Japan Meteorological
Agency (JMA) was also used in Fig. 4.31b. All other
figures and statistics were obtained using JTWC best
track data.
(ii) Seasonal activity
The TC season in the WNP was close to normal
by most measures of TC activity. According to the
JTWC, the 2016 season had a total of 30 TCs, which
is above the median of 28.5 (75th percentile is 33).
Of these, 24 TCs reached tropical storm intensity or
higher (median is 25; 25th percentile is 23). There
were 6 tropical depressions (median is 3.5; 75th percentile is 5), 11 tropical storms (median is 9; 75th percentile is 11), and 13 typhoons (25th percentile is 14;
median is 16), with 6 reaching supertyphoon status
(≥130 kt, or a strong category 4 or category 5 on the
Saffir–Simpson scale; median is 3.5, 75th percentile
is 5). In Fig. 4.31a, the number of tropical storms,
typhoons, and supertyphoons per year is shown for
the period 1945–2016. While the number of typhoons
was below normal, the number of supertyphoons
was above normal. The percentage of typhoons that
reached supertyphoon status in 2016 (46%) was in the
top 5th percentile from 1981–2010, the third consecutive season with a high rate of supertyphoon occurrence (47% in 2015 and 58% in 2014). Climatologically, only 24% of typhoons become supertyphoons
(75th percentile is 30%, 95th percentile is 43%). This
is remarkably similar to the 1957–59 period when
this ratio was also in the top 5th percentile for three
consecutive years, although the data are less reliable
from that period (Chu et al. 2002).
The JMA total for 2016 was 26 TCs (median is
25). Tropical Storm Rai was only considered to be a
tropical depression by the JTWC and Tropical Storm
Malou was not included in the JTWC database. Of
those 26, 7 were tropical storms, 6 were severe tropical
storms (both values equal to the median), and 13 were
typhoons (bottom quartile). The number of tropical
cyclones (1951–76), tropical storms, severe tropical
storms, and typhoons (1977–2015) according to the
JMA are shown in Fig. 4.31b1.
1

It is well known that there are systematic differences between
the JMA and the JTWC 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).

The number of named storms, typhoons, and
supertyphoons per month in 2016, compared with
the climatological distributions, is depicted in
Figs. 4.31c–f. The 2016 typhoon season had an extremely quiet start (January–June), with only one
tropical depression; this was second only to the 1998
season, with no named storms during that period.
(The first named storm of 2016 formed on 3 July,
while in 1998 the first named storm formed 8 July.)
In contrast, the peak season (July–October) was very

active, with 24 tropical cyclones, of which 20 reached
tropical storm intensity, both in or close to the top
quartiles (medians 19 and 17, 75th percentiles 22.5
and 20.5, respectively). Similarly, the late season
(November–December), with 5 tropical cyclones and
4 named storms, was also in the top quartile. The occurrence of a supertyphoon, Nock-ten, in December
was unusual (5th percentile). Nock-ten’s lifetime
maximum intensity (LMI) of 135 kt (69.5 m s−1) occurred on 25 December, and it was one of the most

Fig. 4.31. (a) Number of tropical storms (TSs), typhoons (TYs), and super typhoons (STYs) per year in the
western North Pacific (WNP) for 1945–2016. (b) Number of tropical cyclones (TCs) (all storms that reach TS
intensity or higher) from 1951 to 1976; number of TSs, severe tropical storms (STSs) and TYs from 1977 to
2016. (c) and (d) show the Number of tropical cyclones with TS intensity or higher (named storms) and TYs,
respectively, per month in 2016 (black line) and the climatological mean (blue line), the blue + 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) and (f) show the cumulative NSs and number of STYs per month in the WNP in 2016
(black line), and climatology (1981–2010) 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: 1945–2015 JTWC best-track dataset and 2016 JTWC preliminary operational
track data for panels (a), (c), (d), (e), and (f). (b) is from the 1951–2016 RSMC-Tokyo, JMA best-track dataset.]
STATE OF THE CLIMATE IN 2016
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Fig. 4.32. (a) ACE index per year in the western North
Pacific for 1945–2016. Solid green line indicates the
median for the climatology years 1981–2010, and the
dashed lines show the climatological 25th and 75th
percentiles. (b) ACE index per month in 2016 (black
line) and the median during 1981–2010 (blue line), the
red 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 1945–2015. (Sources: 1945–2015 JTWC besttrack dataset and 2016 JTWC preliminary operational
track data.)

intense storms so late in the calendar year in the historical record. Other notable storms in the historical
record with an LMI in late December are: Typhoon
#27 in 1952 [LMI of 160 kt (82 m s−1) on 31 December],
Typhoon #25 in 1963 [LMI of 135 kt (69.5 m s−1) on 26
December], and Typhoon #33 in 2001 [LMI of 155 kt
(79.7 m s−1) on 23 December]. The active peak and
late season compensated for the early quiet season, so
that the total activity in the overall typhoon season
was close to normal. In August and September there
were days with four storms active simultaneously
in the basin—both in the top 10th percentile of the
maximum named TCs active per day in each month.
The storms in the months of August and September were highly concentrated close to or south
of Japan and included five landfalls in that country.
This shift of activity towards the northwest part of
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the basin is typical of La Niña years (e.g., Chia and
Ropelewski 2002; Camargo et al. 2007). During the
peak and late 2016 typhoon season, the tropical Pacific SST had weak La Niña conditions (see Fig. 4.1).
The mean genesis location in 2016 at 17.0°N, 139.6°E,
shifted northwestward from the climatological mean
of WNP storms of 13.2°N, 141.6°E, with standard deviations of 1.9° and 5.6°, respectively. The mean track
position (21.0°N, 134.4°E) was also northwestward
relative to the WNP climatological mean (17.3°N,
136.6°E), with standard deviations of 1.4° and 4.7°,
respectively. These shifts are consistent with La Niña
conditions, even though the event is considered weak.
The total ACE in 2016 was below normal, also consistent with weak La Niña (Camargo and Sobel 2005),
as shown in Fig. 4.32a. The bulk of the seasonal ACE
occurred in September and October (Fig. 4.32b), with
those months contributing to 29% and 28.5% of the
total ACE, respectively, with October in top quartile
for the month. The total ACE in the early season was
zero, which had occurred only twice before in the
historical record: in 1973 and 1998. The zero value
of ACE in the months of May and June was in the
bottom quartile and 10th percentile, respectively.
The ACE value in November was also in the bottom
quartile. Two tropical cyclones in 2016 were in the top
decile of the ACE per storm, Lionrock and Meranti,
which also had the two top ACE values per storm in
the season. Unlike Meranti, Lionrock did not reach
supertyphoon status, but it maintained category 3–4
on the Simpson–Saffir scale for a total of four days
while tracking in a loop pattern just southeast of Japan. The ACE values of Lionrock and Meranti were
similar, and each contributed approximately 11.5%
to the overall seasonal ACE.
The median lifetime of named storms and typhoons in 2016 was 5.5 and 7.25 days, respectively,
both in the bottom quartile (25th percentile: 6.25 and
7.75 days). Relatively short-lived storms are typical of
La Niña years (Camargo and Sobel 2005) and related
to the northwest shift of the season’s tropical cyclone
activity. The longest living storm was Typhoon
Lionrock, which lasted 14 days (17–30 August), in
the 90th percentile, followed by Typhoon Malakas,
which lasted 9.25 days (11–20 September), above the
climatological median of 7.75 days. All other storms
in 2016 had lifetimes below the median.
Figure 4.33 shows the environmental conditions
associated with the typhoon activity in 2016. The
main feature is the weak La Niña with below-normal
SST anomalies in the central Pacific for the period
from July to October (JASO) as depicted in Fig. 4.33a,
and with near-normal SSTs in the WNP. This SST

Fig. 4.33. (a) SST anomalies (°C) for Jul–Oct (JASO) in 2016. (b) PI anomalies (kt) in JASO 2016. (c)
Relative humidity 600-hPa anomalies (%) in JASO 2016. (d) GPI anomalies in JASO 2016. (e) 850-hPa
zonal winds (m s−1) in JASO 2016 (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).]

pattern is reflected in other environmental fields, as
can be seen in the anomalies for the potential intensity (PI; Emanuel 1988; Fig. 4.33b), 600-hPa relative
humidity (Fig. 4.33c), and genesis potential index
(GPI; Emanuel and Nolan 2004; Camargo et al. 2007;
Fig. 4.33d). All of these were positive in the western
portion of the basin and negative in the eastern
portion, which is typical of La Niña years. The GPI
anomalies were at maximum south of Japan, in the
region of high occurrence of TCs that affected the
Japanese islands. The monsoon trough, the maximum
extent of zonal winds (Fig. 4.33e), was confined to
the area west of 140°E and was consistent with the
westward shift of cyclogenesis locations in 2016.

STATE OF THE CLIMATE IN 2016

(iii) TC impacts
Nineteen storms made landfall in 20162, slightly
above the 1951–2010 climatological median (17). Of
these, four systems made landfall as a tropical depression (median is three), seven as tropical storms
(median is six), and four as category 1–2 typhoons
(median is five). Four Typhoons—Haima, Megi,
Nock-Ten, and Sarika—all made landfall as major
tropical cyclones (categories 3–5), in the top quartile.
2

Landfall is defined with the storm track is over land and the
previous location was over ocean. In order not to miss landfall over small islands, first the tracks were interpolated from
6-hourly to 15 minutes intervals, before determining if the
storm track was over land or ocean using a high-resolution
land mask.
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Haima and Sarika made landfall in the Philippines
and China, Megi in Taiwan and China, Nock-ten in
the Philippines; in all cases, the first landfall was the
most intense, and three of these affected the Philippines. The Japanese islands had a large number of
landfalls in 2016: Tropical Depression 03W, and
Typhoons Chanthu, Kompasu, Lionrock, Malakas,
Mindulle, and Namtheun; this was the second largest
annual number of typhoon landfalls in Japan since
1951, tied with the 1990 and 1993 seasons, according
to the Japan Meteorological Agency.
Many storms resulted in significant socioeconomic impacts in 2016. Supertyphoon Nepartak made
landfall in Taiwan and the Fujian province in China
in July, killing at least 83 people, mostly in Fujian,
as well as causing $1.5 billion (U.S. dollars) of direct
economic losses. Taiwan and the Fujian province
were hit again by Supertyphoon Meranti in September. Sidebar 4.2 provides more details on the storms
that struck Taiwan in 2016. Meranti also affected the
Philippine island of Itbayat, where a “state of calamity” was declared. Meranti was one of the strongest
storms to hit Fujian in the historical record, leading
to extensive damage due to flash floods. Typhoon
Lionrock made landfall in Japan and Russia, causing fatalities and economic losses in both countries,
as well as flooding in both China and North Korea.
The North Korea floods were extensive and affected
a large area, killing at least 525.
5) North Indian Ocean basin —M. C. Kruk
The North Indian Ocean (NIO) TC season typically 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 between 8° and 15°N. These systems are usually shortlived and relatively weak and often quickly move
into the Indian subcontinent (Gray 1968; Schreck
et al. 2014).
According to the JTWC, the 2016 TC season produced five tropical storms, one cyclone, and no major
cyclones (Fig. 4.34a). The 1981–2010 IBTrACS seasonal averages for the basin are 3.9 tropical storms, 1.4
cyclones, and 0.6 major cyclones (Schreck et al. 2014).
The season produced its lowest ACE index since 2012
with a value of 14.0 × 104 kt2 but near the 1981–2010
mean of 12.5 × 104 kt2 (Fig. 4.34b). Typically, there is
enhanced TC activity, especially in the Bay of Bengal,
during the cool phase of ENSO (Singh et al. 2000).
While there was not yet a fully-developed La Niña
during the season, four of the five storms developed in
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the Bay of Bengal and only one (Tropical Storm Two;
27–28 June) developed in the Arabian Sea.
The most intense storm of the season was Very
Severe Cyclonic Storm (VSCS; wind speeds of 64–119
kt) Vardah, which formed on 6 December and dissipated on 13 December. Maximum sustained winds
reached 74 kt (38 m s−1), with a minimum central
pressure of 982 hPa. Vardah made landfall over the
eastern coast of India near Chennai, Tamil Nadu, on
12 December with winds of 56 kt (29 m s−1). In Tamil
Nadu, the cyclone was blamed for at least 18 fatalities and extensive damage to local road and electrical
infrastructure. The storm also brought flooding rains
(upwards of 250 mm), which further damaged area
roadways, restricted access to public transportation,
and is believed to have caused the deaths of nearly six
dozen cattle, which were found afloat in a lake in the
Kancheepurm district.
In contrast to VSCS Vardah, Cyclonic Storm
Roanu (17–23 May) was a weak tropical cyclone in
the Bay of Bengal but caused extensive flooding in Sri

Fig. 4.34. Annual TC statistics for the NIO for 1970–
2016: (a) number of tropical storms, cyclones, and
major cyclones and (b) the estimated annual ACE
index (104 kt2) for all TCs having 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).

Lanka and Bangladesh. While the storm had weakened to a tropical depression before interacting with
land, the system brought torrential rains to Sri Lanka:
373.3 mm of rain was recorded in Kilinochchi in just
24 hours on 16 May; 145.8 mm of rain fell on 15 May
in Pottuvil; and the highest rainfall total on 17 May
was in Mahailukpallama with 267.8 mm. Meanwhile,
in Bangladesh, a storm surge of 2 m above high tide
caused 26 deaths as it overtopped area dams. The
damage from the storm surge was significant, as it
washed away food storage containers, seasonal crops,
livestock, and fish and shrimp farms.
6) South Indian Ocean basin —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 2016 season
includes storms from July to December 2015 and from
January to June 2016). Peak activity typically occurs

Fig. 4.35. Annual TC statistics for the SIO for 1980–
2016: (a) number of tropical storms, cyclones, and
major cyclones and (b) the estimated annual ACE
index (104 kt2) for all TCs having 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).
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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, including Mauritius and
Réunion Island. The Regional Specialized Meteorological Centre on La Réunion serves as the official
monitoring agency for TC activity within the basin.
The 2015/16 SIO storm season was near average
with eight tropical storms, of which five were cyclones and three were major cyclones (Fig. 4.35a). The
1981–2010 IBTrACS seasonal median averages are
eight tropical storms, four cyclones, and one major
cyclone (Schreck et al. 2014). The 2015/16 seasonal
ACE index was 107.8 × 104 kt2, which was above the
1981–2010 average of 91.5 × 104 kt2 (Fig. 4.35b), and was
dominated by Cyclone Fantala which accounted for
48% of the total seasonal ACE index. This is the third
consecutive year with above-average ACE value for the
SIO, in part due to continued warmer-than-normal
SSTs (Fig. 4.36a). SSTs were above normal throughout the basin, and most of the storms formed near
the peak warm anomalies of about +0.8°C centered
around 15°S, 70°E. Convection, as indicated by OLR
(Fig. 4.36b), was also slightly elevated in that region,
and the equatorial latitudes featured anomalously weak
vertical wind shear (Fig. 4.36c). The monsoon trough
was also enhanced, as indicated by 850-hPa westerly
anomalies (Fig. 4.36d). All these ingredients combined
to produce the above-average activity.
During the 2015/16 season, the strongest storm
was Cyclone Fantala (11–23 April), which reached category 5 equivalent with peak sustained winds of 150 kt
(77 m s−1) and an estimated minimum central pressure
of 910 hPa. The storm formed in the middle of the
South Indian Ocean and remained there throughout
its lifecycle, generally moving west before weakening
due to increased vertical wind shear. While the cyclone
never officially made landfall, its outer rainbands did
affect a few locations, including the Farquhar Group
of the Seychelles (see Chapter 7e5 for more details) and
eventually Tanzania. In the Farquhar Group, an estimated 50 structures were severely damaged and many
trees were toppled. The island group was declared a
disaster area by the Seychelles government and was
later visited by the United Nations Secretary-General.
In all, an estimated $4.5 million (U.S. dollars) in damages were reported in the Farquhar Group archipelago.
The cyclone continued westward and its remnant
circulation made a close approach to Tanzania, causing tremendous flooding in the Kilimanjaro Region,
including the loss of nearly 12 000 ha (29 000 acres)
of crop fields.
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includes Australian, Papua New Guinean, and Indonesian areas of responsibility). The season produced
three TCs, the least active season on record since
satellite observations began in 1970 and well below
the 1983/84–2010/11 average of 10.8; the previous
record low was five, in 1987/88 and 2006/07. (Averages
are taken from 1983/84 onwards as that is the start
of consistent satellite coverage of the region capable
of resolving cyclone intensity.) It was also the first
season in the satellite era with no severe tropical cyclones (category 3 or above on the Australian scale;
see www.bom.gov.au/cyclone/about/intensity.shtml
for the Australian tropical cyclone classification system), with all three cyclones reaching a peak intensity
of category 2 while in the Australian region. (Uriah
intensified further after leaving the Australian region;
see below.) The 1981–2010 IBTrACS seasonal averages
for the basin are 9.9 NSs, 7.5 TCs, and 4.0 major TCs
(Schreck et al. 2014), which compares with the 2015/16
counts of 3, 1, and 0, respectively (Fig. 4.37).

Fig. 4.36. Jul 2015–Jun 2016 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 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 CFSR (Saha et al. 2014).

7) Australian basin —B. C. Trewin
(i) Seasonal activity
Typical of a strong El Niño year (Camargo et al.
2007), the 2015/16 TC season saw activity well below
normal in the broader Australian basin (areas south
of the equator and between 90°E and 160°E3, which
3
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Fig. 4.37. Annual TC statistics for the Australian basin
for 1980–2016: (a) number of tropical storms, cyclones,
and major cyclones and (b) the estimated annual ACE
index (104 kt2) for all TCs having 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).

One TC occurred in the eastern sector4 of the
Australian region during 2015/16, none in the northern sector, and two in the western sector. Only one
cyclone made landfall during the season—equal to
the record low in the post-1970 period.
(ii) Landfalling and other significant TCs
The only landfalling cyclone during the season was
Stan. A low formed on 27 January and was named
Tropical Cyclone Stan early on 29 January, near
17°S, 118°E. It moved south-southeast and intensified slightly as it approached the western Australian
coast. It made landfall near Pardoo Station, east of
Port Hedland, early on 31 January while near its
peak intensity, with maximum sustained 10-minute
winds of 55 kt (28 m s−1). Stan caused some flooding
as it moved inland but only minor wind damage was
reported.
Uriah reached tropical cyclone intensity on 13
February while west of the Cocos (Keeling) Islands,
having caused some minor wind damage and road
erosion on the islands during its formation phase.
It continued to intensify as it moved towards the
western boundary of the Australian region, with
maximum sustained winds of 50 kt (26 m s−1) as it
moved into La Réunion’s area of responsibility on
14 February.
8)	Southwest Pacific basin —P. R. Pearce, A. M. Lorrey,
and H. J. Diamond
(i) Seasonal activity
The 2015/16 TC season in the Southwest Pacific
began in late November. Storm track data for November 2015–April 2016 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 eight tropical cyclones,
including five major tropical cyclones (based on the
Australian TC intensity scale) which is slightly below
the 1981–2010 average. Figure 4.38 shows a TC distribution 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.
4

The western sector covers areas between 90° and 125°E. The
eastern sector covers areas east of the eastern Australian
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.
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Fig. 4.38. Annual TC statistics for the southwest Pacific
for 1980–2016: (a) number of tropical storms, cyclones,
and major cyclones and (b) the estimated annual ACE
index (104 kt2) for all TCs having 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).

The 1981–2010 normals from the Southwest Pacific
Enhanced Archive of Tropical Cyclones (SPEArTC;
Diamond et al. 2012) indicate a seasonal average of
10.4 named tropical cyclones and 4.3 major tropical
cyclones. The first storm (Tropical Cyclone Tuni)
developed as a tropical disturbance near Fiji in November, and the season concluded in late April with
Major Tropical Cyclone Amos affecting Fiji, Samoa,
American Samoa, and Wallis and Futuna. The ratio
of major TCs relative to the total number of named
TCs in 2015/16 was 63%, up from 56% during the
previous season.
(ii) Landfalling and other significant TCs
The first named TC of the 2015/16 season was
reported as a tropical disturbance on 23 November
to the northeast of the Suva, Fiji. Tropical Cyclone
Tuni reached category 1 status, with peak 10-minute
sustained wind speeds of 41 kt (21 m s−1) and central
pressure of 991 hPa at its lowest. Across Samoa and
American Samoa, Tuni produced strong winds and
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heavy rain. Some trees were uprooted, and plantations, shacks, and garages in American Samoa
sustained damage with total losses amounting to
$5 million (U.S. dollars). By 30 November, Tuni had
completed extratropical transition.
The first major tropical cyclone of the season was
Major Tropical Cyclone Ula. Ula formed southeast of
the Solomon Islands on 26 December. Over the next
few days the system moved eastwards and intensified,
achieving category 1 TC status on 30 December when
it was located northeast of Samoa. Ula achieved peak
intensity as a category 4 Major TC with 10-minute
sustained winds of 100 kt (51.3 m s−1) and minimum
central pressure of 945 hPa. Dozens of structures were
damaged or destroyed in Tuvalu while buildings and
crops in Tonga, Fiji, and Vanuatu were impacted. On
12 January, Ula underwent extratropical transition.
Major Tropical Cyclone Victor was the second
major tropical cyclone of the season having formed
on 10 January 2016 northwest of the Northern Cook
Islands. It eventually reached category 3 status on 18
January; its peak 10-minute sustained wind speed was
81 kt (41.7 m s−1) and central pressure was 960 hPa at
its lowest. Major TC Victor traveled southwest over
open water between Niue and the Cook Islands and
underwent extratropical transition on 24 January.
Major Tropical Cyclone Winston was the strongest tropical cyclone to make landfall in Fiji and the
South Pacific Basin in recorded history. It was also the
only category 5 TC of the 2015/16 season. Major TC
Winston was first noted as a tropical disturbance on 7
February to the northwest of Port Vila, Vanuatu. Over
the next few days, the system gradually developed as
it moved southeast, acquiring category 1 TC status
on 11 February when it was located west-northwest
of Fiji. On 12 February, Winston underwent rapid
intensification and attained category 4 status that
same day due to very favorable conditions. Less favorable environmental conditions prompted weakening
thereafter, and Winston moved to the northeast and
degraded below major TC status on 15 February. Later
that day, Winston reintensified and regained major TC
status. On 17 February, Winston stalled to the north
of Tonga. Due to a change in higher level steering
winds, the storm traveled back towards the west. In
the process, TC Winston rapidly intensified, reaching
category 5 strength on 19 February. Per the Fiji Meteorological Service’s February 2016 Climate Summary
report, Winston passed directly over Vanua Balavu in
Fiji on 20 February, where a national record wind gust
of 165 kt (85 m s−1) was observed before the weather
station was destroyed. At its peak on 20 February (and
now documented in SPEArTC), Major TC Winston
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had 10-minute sustained winds of 150 kt (77.2 m s−1)
and a minimum central pressure of 884 hPa at its
lowest (as analyzed by the RSMC in Nadi, Fiji), shortly
before making landfall on Viti Levu, Fiji. Thereafter,
the storm slowly weakened and moved to the southeast. Winston dissipated on 3 March, 26 days after
being classified a tropical disturbance.
Major TC Winston inflicted extensive damage
on many islands. It killed 44 people in Fiji, with an
additional 126 injured. Communications were temporarily lost for at least six islands, and some locations
remained isolated for more than two days after the
storm passed. Entire communities were destroyed in
parts of Fiji, including a total of 40 000 homes that
were damaged or destroyed. Approximately 350 000
people (~40% of Fiji’s population) were significantly
impacted by the storm, and tens of thousands were
made homeless. Approximately 80% of the nation’s
~900 000 people lost power, including the entirety
of Vanua Levu, as extreme winds downed trees and
power lines. A national state of emergency was declared in Fiji for 60 days following the storm. The total
cost of damage in Fiji from TC Winston amounted
to $1.4 billion (U.S. dollars), making it the costliest
cyclone in Southwest Pacific history.
Major TC Winston also affected Tonga, destroying
10 homes and damaging 200 more. On Vava’u, 85%–
95% of the banana crop and most of the vanilla crop
was lost. Niue experienced damaging heavy swells
from the storm. After its extratropical transition,
Winston caused abnormally high tides and dangerous surf conditions along the southern Queensland
coast in late February, with maximum wave heights
of approximately 9 m off North Stradbroke Island.
As a result, beaches on Queensland’s Gold Coast
and Sunshine Coast were closed from 26–27 February due to dangerous sea conditions, and at least 15
people sustained injuries due to the rough conditions.
Winston went on to produce heavy rain in parts of the
tropical east coast and ranges of Queensland in early
March, with daily totals locally exceeding 200 mm
(see Chapter 7h2 for more details).
Tropical Cyclone Tatiana developed within the
central Coral Sea on 9 February. Over the next few
days the system gradually developed as it moved
eastwards, peaking as a category 2 TC on 12 February
with 10-minute sustained winds of 51 kt (26.4 m s−1)
and central pressure of 983 hPa at its lowest. On 14
February, Tatiana rapidly weakened and degenerated
into a subtropical low. It produced powerful, long
period swells along southeast Queensland beaches.
In late February, TC Yalo formed to the northwest
of Tahiti, French Polynesia, and attained category 1

status before rapidly decaying due to high wind shear.
It did not cause any notable damage.
Just six weeks after TC Winston destroyed parts of
Fiji, Major Tropical Cyclone Zena passed to the south
of the country on April 4. Zena peaked as a category 3
Major TC, with 10-minute sustained winds measuring 70 kt (36.1 m s−1) and central pressure 975 hPa at
its lowest. Zena caused flooding in parts of Fiji but no
significant damage. After passing Fiji, Zena traveled
to Tonga where it caused heavy rain.
The last named tropical cyclone of the 2015/16
season was Major Tropical Cyclone Amos. Amos was
first noted as a tropical disturbance on 13 April, when
it was located to the northwest of Rotuma. The precursor to Major TC Amos caused flooding in Vanua
Levu, Fiji, followed by very heavy rain and large
waves in Wallis and Futuna after the storm achieved
named TC status. The system subsequently moved
southeast over Fiji on 16 April. After passing over Fiji,
the system developed further as it moved northeast
toward Samoa. The depression moved northwest
toward Tuvalu and passed between the islands of
Wallis and Futuna. Amos was named on 20 April
and rapidly intensified as it moved east toward the
Samoan Islands. Amos peaked as a category 3 Major
TC, with 10-minute sustained wind speeds of 81 kt
(41.7 m s−1) during 22 April. Amos passed very close
to or over Samoa during 23 April and then degraded
into a tropical disturbance on 25 April. In Savai’i
(Samoa), roads were damaged due to flooding, and
approximately 70% of Samoa’s population lost power
during TC Amos due to high winds.
g. Tropical cyclone heat potential—G. J. Goni, J. A. Knaff,
and I-I Lin
This section summarizes the changes in upper
ocean thermal conditions within the seven tropical
cyclone (TC) basins, using the tropical cyclone heat
potential (TCHP; Goni and Trinanes 2003), a measure
of the vertically-integrated upper ocean temperature
conditions. The TCHP, 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; I-I Lin et al. 2014) when favorable
atmospheric conditions are also in place. In addition,
the magnitude of the TCHP has also been identified as impacting the maximum potential intensity
(Emanuel 1986; Bister and Emanuel 1998) through
the modulating effect of the SST underlying the TC
air–sea coupling (Mainelli et al. 2008; Lin et al. 2013).
In general, fields of TCHP show high spatial and
temporal variability associated mainly with oceanic
STATE OF THE CLIMATE IN 2016

mesoscale features and interannual variability (e.g.,
ENSO), or long-term decadal variability. This variability can be identified using satellite altimetry and
in situ observations (Goni et al. 1996; Lin et al. 2008;
Goni and Knaff 2009; Pun et al. 2013; Domingues
et al. 2015), similar to analyses of meridional heat
transport in the Atlantic Ocean (Dong et al. 2015).
To examine the TCHP year-to-year variability,
two fields are presented here: 1) the TCHP anomalies
(departures from the 1993–2015 mean values) during the months of TC activity in each hemisphere:
June–November in the Northern Hemisphere, and
November–April in the Southern Hemisphere, which
generally show large variability within and among
the TC basins (Fig. 4.39); and 2) differences of TCHP
between the most recent (2016) and the previous TC
season in 2015 (Fig. 4.40).
Most basins exhibited positive TCHP anomalies
(Fig. 4.39), except for a small region just east of
the date line in the South Pacific basin, providing
anomalously favorable ocean conditions for the
intensification of tropical cyclones. The western
North Pacific basin is characterized by an increase
in TCHP of ~ 10%–20% over the long-term average,
as it recovered from the reduction of TCHP during
the 2015 El Niño event (Zheng et al. 2015). Intrusions
of the Loop Current in the Gulf of Mexico contribute
to the generation of deep warm eddies, characterized
by large TCHP values. The TCHP in the western Gulf

Fig. 4.39. Global anomalies of TCHP (kJ cm−2) for Jun–
Nov 2016 in the NH and Nov–Apr 2015/16 in the SH
as described in the text. The boxes indicate 7 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). Green lines
indicate the trajectories of all tropical cyclones reaching at least category 1 and above during Jun–Nov 2016
in the NH and Nov 2015–Apr 2016 in the SH. Numbers
above each box correspond to the number of category
1 and above cyclones that traveled within each box.
Gulf of Mexico conditions during Jun–Nov 2016 are
shown in the inset in the lower right corner.
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TAIWAN IN THE BULLSEYE OF SEVERAL MAJOR
TYPHOONS—I-I LIN, M.-M. LU, AND M.-D. CHENG
SIDEBAR 4.2:

During summer 2016, Taiwan was hit by a series of three passing close to or directly over the buoys. Post-calibration
major typhoons (Supertyphoons Nepartak and Meranti, and efforts are ongoing to analyze these rarely-captured data (see
Typhoon Megi), with a fourth typhoon (Malakas) nearly making http://po.oc.ntu.edu.tw/buoy/typhoons.php).
landfall (Fig. SB4.3). It was one of the most severe seasons for
The 2016 season then went into a rather quiet period
a single region in the global record. Fortunately, with advances with little activity near Taiwan. The lack of typhoon activity
in disaster mitigation, prediction of landfall locations, and rela- around Taiwan, specifically in August, was due to an unusutively fast typhoon translation speeds, the damage was not as ally strong low pressure system over the subtropical western
severe as anticipated. The estimated total death toll in Taiwan North Pacific which caused more-than-usual northward
from the direct impact of these typhoons was eight, according recurving of typhoon tracks toward Japan. The abnormal
to the Taiwan government’s Central Emergency Operation low pressure could be an intraseasonal wave excited from
Center (www.emic.gov.tw), with other socioeconomic impacts high latitudes (Bin Wang and Tim Li, University of Hawaii,
(e.g., agricultural loss and power shortages) also reported.
personal communications).
The 2016 typhoon season started very late, with the first
At the beginning of September, western North Pacific
named storm, Nepartak, identified in early July. This late start typhoon activity ramped up considerably with four major
likely resulted from the strong subsidence/weak cyclonic typhoons developing (category 3 Typhoons Namtheun and
vorticity over the South China Sea and western North Pacific Megi, category 4 Typhoon Malakas, and category 5 Typhoon
Ocean, possibly caused by the lingering influence of the strong Meranti). The increase in activity was likely related to the
El Niño conditions there (Wang and Chan 2002). On the other developing La Niña which enhances large-scale convergence
hand, oceanic conditions were becoming increasingly favorable over the western north Pacific Ocean east of the Philippines,
with above-normal SSTs and tropical cyclone heat potential the South China Sea, and the Maritime Continent (Chan
(TCHP) conditions (Goni et al. 2016; see also Section 4g) that 2000; Chia and Ropelewski 2002; Wang and Chan 2002).
readily supported Nepartak’s intensification. After a few days For example, reduced vertical wind shear over the western
of development, Nepartak reached category 1
on 5 July, and within 30 hours it rapidly intensified to its category-5 lifetime peak intensity of
150 kt (77 m s−1) on 6 July, making Nepartak one
of the world’s most intense tropical cyclones
on record.
Nepartak maintained a peak intensity of
150 kt (77 m s−1) over favorable ocean conditions
(with an SST of about 30°C and a TCHP value of
about 120 KJ cm−2) for another day. At around
0000 UTC on 7 July, Nepartak encountered a
pre-existing cold eddy at the western Pacific
southern eddy zone (Lin et al. 2008), with the
TCHP values having dropped to 50–60 KJ cm−2
(Shay et al. 2000; Lin et al. 2008). After passing
over this cold ocean feature, it also passed over
a small patch of warm water for a short while
and soon after made landfall in southern Taiwan.
Just prior to landfall, Nepartak’s intensity was at
130 kt (67 m s−1) at 1800 UTC on 7 July and after
landfall, at 0000 UTC on 8 July, it was reduced Fig. SB4.3. The tracks of four typhoons (Supertyphoons Nepartak
to 90 kt (46 m s−1; Fig. SB4.3). It is worth not- and Meranti, category-4 Typhoon Malakas, and category-3 Typhoon
ing that two deep-ocean buoys from National Megi) approaching Taiwan. Typhoon’s peak intensity and intensity
Taiwan University’s Institute of Oceanography closest to Taiwan are depicted. The background map is based on
daily composite of the four pre-typhoon TCHP (i.e., integrated heat
were directly in the path of Nepartak as it
content from SST down to the 26°C isotherm depth) maps from 3
approached Taiwan, with the storm’s center Jul, and 9, 12, and 22 Sep.
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Pacific main development region (east of the Philippines), as
Shortly after the passages of Meranti and Malakas, Typhoon
compared to both August and the long-term climatology, likely Megi formed on 21 September near Guam (Fig. SB4.3). As
favored more TC activity.
noted earlier, the strengthened subtropical high pressure in
With a peak intensity of 165 kt (85 m s−1), Supertyphoon September guided the track of these typhoons, and all followed
Meranti was the most intense tropical cyclone on Earth in 2016. a similar westward track towards Taiwan. However, as Megi
At a peak intensity only 5 kt (3 m s−1) below Supertyphoon followed both Meranti and Malakas, ocean conditions along its
Haiyan in 2013, Meranti was also the second most intense track were not as favorable for development due to reduced
western North Pacific typhoon on record. It was first identified SSTs (e.g., Price 1981). It took Megi three days to intensify
on 7 September near Guam and developed into a category 1 from a category 1 to a category 3 typhoon, and it made landfall
typhoon on 11 September over the Philippine Sea (Fig. SB4.3). in central Taiwan on 27 September (Fig. SB4.3). Megi caused
Within 30 hours, it rapidly intensified to category 5 intensity considerable damage, which included three deaths and the loss
of 155 kt (80 m s−1) and, in another day, reached an impressive of electrical power to nearly 4 million households.
intensity (I-I Lin et al. 2014) of 165 kt (85 m s−1). These intensity
In retrospect, the 2016 typhoon season was an eventful
values were similar to those of Hurricane Patricia in 2015 at and particularly intense one for Taiwan. Given the landfall of
185 kt (95 m s−1) (Foltz and Balaguru 2016); and Supertyphoon three major typhoons, including the most powerful tropical
Haiyan in 2013 at 170 kt (87 m s−1). The peak intensities of cyclone in 2016 (Meranti), the total number of deaths was
these three storms were far above (30–50 kt; 15–26 m s−1) fortunately limited to eight. It is interesting to note that while
the existing category 5 threshold of 135 kt (69 m s−1) on the Supertyphoon Nepartak had a smaller outer circulation, it had
Saffir–Simpson scale.
very tight and intense winds near the center. Supertyphoon
Due to the strengthening of the subtropical high pressure Meranti had a broad outer circulation, as well as very intense
system in September, Supertyphoon Meranti followed a west- central winds. Typhoon Megi had a broad outer circulation
ward track toward Taiwan (Figs. SB4.3, SB4.4). Throughout its with weaker winds around its center.
intensification, Meranti was mostly over favorable ocean
conditions with SSTs at about 30°C and TCHPs of about
130 kJ cm−2 . After reaching its peak intensity of 165 kt
(85 m s−1) at 1200 UTC on 13 September, its northern
sector encountered a pre-existing cold feature, which may
have slightly weakened its intensity to 155 kt (80 m s−1).
Meranti’s center then passed over the waters close to the
southern tip of Taiwan (Lu et al. 2013), with the northern
half of the storm making landfall (Fig. SB4.4). Due to its
large circulation, the entire Taiwan island was impacted
by Meranti for another day following landfall.
Three days after Meranti’s genesis, Typhoon Malakas
formed in association with monsoon trough activity
(Lia Wu et al. 2012; Fig. SB4.3). During its intensification phase, Malakas followed a track similar to that of
Meranti. However, its intensification was not as drastic
as it traveled over the weak cold wake region caused by
Fig . SB4.4. At an extraordinary intensity of ~155–165 kts
the previous storm (e.g., Price 1981), with reduced SSTs
(80–85 m s−1), Supertyphoon Meranti approached Taiwan,
and TCHP values. At 1800 UTC on 16 September, it
as observed by NASA’s MODIS on 13 Sep. The smaller figreached its category 4 peak of 115 kt (59 m s−1) over the ure at lower right was observed by NASA’s GPM on 12 Sep,
waters near eastern Taiwan. Due to the steering effect showing the extreme rainfall of ~ 300 mm hr−1 from Meranti,
from a deep, shortwave trough to the west of Taiwan, during its rapid intensification phase before reaching peak
Malakas traveled northward along the front of the trough. intensity. The “hot towers” (deep convective activities) of
It did not make landfall in Taiwan but did eventually strike Meranti were observed to reach >17 km in height by GPM’s
Ku band radar (Image courtesy: NASA Earth Observatory,
southern Japan where it caused substantial damage.
www.nasa.gov/feature/goddard/2016/meranti-northwestern
-pacific-ocean.)
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Fig . 4.40. Differences between the TCHP (kJ cm−2)
fields in 2016 and 2015 tropical cyclone seasons (Jun–
Nov in the NH, and Nov–Apr in the SH).

of Mexico was again dominated by large positive
anomalies, probably due to such eddies, while the
eastern Gulf of Mexico exhibited lower values of
TCHP, mainly due to a smaller-than-usual intrusion
of the Loop Current into the Gulf of Mexico. Unlike
2015, when the Gulf of Mexico did not register any
hurricanes, this season had two hurricanes traveling
in the area. One storm (before it was named Hermine)
moved directly over the largest negative anomalies
as a tropical depression and later intensified when
traveling over positive anomalies of TCHP.
In the ENP basin the positive TCHP anomalies are
dominated by the strong El Niño conditions observed
during early 2016 and a continued positive phase of
the Pacific decadal oscillation (Zhang et al. 1997). The
combination of these two phenomena is manifest in
positive SST anomalies in that region and extending
beyond the date line. Consequently, the TCHP values
during the last season were even higher than average
(Fig. 4.39). As was the case in 2014 and 2015, positive
TCHP and SST anomalies contributed to elevated
tropical cyclone activity, with 12 hurricanes in the
eastern North Pacific during 2016 (Fig. 4.39).
The western North Pacific basin also usually exhibits anomalies related to ENSO variability (I-I 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 La Niña-like
conditions (Pun et al. 2013; England et al. 2014; Lin
and Chan 2015). However, the development of El Niño
in late 2014 resulted in a pause in this warming trend.
Since 2015, the strongest El Niño year since 1997, the
TCHP over the WNP MDR (4°–19°N, 122°E–180°)
fell considerably, as characterized by evident negative
anomalies (Zheng et al. 2015; Goni et al. 2016). With
the fading of El Niño in 2016 and the weak development of La Niña in the second half of the year, TCHP
has recovered and shows positive anomalies again
(Figs. 4.39, 4.40).
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Supertyphoon Meranti’s intensity reached 165 kt
(85 m s−1) and was the most intense TC globally in
2016. Meranti was only 5 kt (2.6 m s−1) weaker than
Supertyphoon Haiyan (2013). Both Meranti and
Haiyan (I-I Lin et al. 2014) intensified over very
favorable ocean conditions of TCHP ~130 kJ cm−2
(Lin et al. 2013; for additional details see Sidebar 4.2).
Supertyphoon Nepartak was one of the most intense
“first-appearing TC” of the season in recorded history—with its genesis in the month of July, Nepartak
rapidly intensified while traveling over very warm
water (TCHP ~120 kJ cm−2) to its peak intensity of
150 kt (77 m s−1) on 6 July. It then made landfall in
Taiwan. Further details on Meranti and Nepartak can
be found in Section 4f4 and Sidebar 4.2.
The 2016 season was noteworthy for several
reasons with respect to intensification of tropical
cyclones, including Supertyphoon Meranti in the
western North Pacific and Hurricane Matthew in the
tropical Atlantic basin, which was the costliest hurricane since Hurricane Sandy in 2012. The exact role
that the oceans played in tropical storm intensification, however, requires more in-depth investigation.
h. Indian Ocean dipole—J.-J. Luo
The Indian Ocean dipole (IOD) represents a
major mode of year-to-year climate variability in
the tropical Indian Ocean (IO). The IOD shows
a strong phase-locking with the seasonal cycle of
Australian–East Asian monsoonal winds. The IOD
usually starts in boreal summer, peaks in NH fall,
and decays rapidly in early boreal winter. While IODrelated SST anomalies are generally weak and more
localized compared to ENSO, the IOD can also cause
large climate anomalies in many regions and play an
active role in tropical interbasin interactions (e.g.,
Luo et al. 2010, 2012). During May–December 2016,
a negative IOD (nIOD) occurred, six years after the
last nIOD event in 2010 (Luo 2011). Compared to the
previous seven negative events over the past 35 years
(i.e., 1990, 1992, 1996, 1998, 2001, 2005, and 2010),
the 2016 nIOD was fairly strong (Fig. 4.41). The IOD
index during September–November 2016 reached
−0.95°C, only slightly below the strongest nIOD in
1998 (−0.97°C). The 2016 nIOD event may have contributed to the flooding during boreal summer–fall
in Indonesia and a persistent wet–cool austral spring
in southeastern Australia (www.bom.gov.au/climate
/iod/#tabs=Negative-IOD-impacts).
In 2016, as with the previous two strong nIOD
events in 1998 and 2010, a strong El Niño occurred
in the boreal winter of 2015/16 followed by a La Niña
event. (Fig. 4.41). As a result of a delayed response

Fig. 4.41. 3-month running mean SST anomalies (°C) in the (a) western IO (IODW; 50°–70°E, 10°S–10°N), (b)
eastern IO (IODE; 90°–110°E, 10°S–0°), and (c) IOD index (measured by the SST anomaly difference between
the IODW and the IODE) during eight negative IOD events since 1982. (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). The
monthly anomalies were calculated relative to the climatology over the period 1982–2015. These are based on the
NCEP optimum interpolation SST (Reynolds et al. 2002) and JRA-55 atmospheric reanalysis (Ebita et al. 2011).

to the El Niño, SST anomalies in both the western
and eastern IO were above normal in early 2016, and
anomalous easterlies blew in the central equatorial IO
(Figs. 4.41a–c, 4.42a, 4.43a). The warm SST anomalies persisted across the entire tropical IO up to May
2016 (Figs. 4.41f, 4.42b). In May, the El Niño started
to transition to La Niña; this may have caused the
rapid decrease of the SST in the western IO as well
as the slow decrease of the entire IO basin-mean SST
STATE OF THE CLIMATE IN 2016

(Figs. 4.41a,e–f). In contrast, following a small decrease
during April–June, SST anomalies in the eastern IO
increased in June 2016, in association with the rapid
intensification of westerly winds in the central IO and
intrinsic air–sea positive feedbacks (Figs. 4.41b,d). As
a consequence, the IOD index (i.e., a measure of the
SST gradient between the western and eastern IO)
dropped quickly during June–September and reached
a minimum of about −1.4°C in September (Fig. 4.41c).
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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 2015–Feb 2016, (b) Mar–May
2016, (c) Jun–Aug 2016, and (d) Sep–Nov 2016. The
anomalies were calculated relative to the climatology
over the period 1982–2015. [Source: NCEP optimum
interpolation SST (Reynolds et al. 2002) and monthly
GPCP precipitation analysis (http://precip.gsfc.nasa
.gov).]

Accompanying the development of this strong nIOD
event, a clear zonal dipole structure of SST and
precipitation anomalies occurred during boreal summer and fall in the tropical IO, with a warm–wet
condition in the east and a cool–dry condition in the
west (Figs. 4.42c,d). Correspondingly, massive westerly
anomalies occurred across the equatorial IO during
June–August (Fig. 4.43c). Along the west coast of
Sumatra, strong anomalous south-westerlies prevailed
during the boreal summer and fall (Figs. 4.43c,d),
which likely acted to suppress the coastal oceanic
upwelling and generated strong warm SST anomalies
along the Indonesia Java coast (Figs. 4.42c,d).
Both the El Niño and the following La Niña may
have played an important role in causing the strong

S128 |

AUGUST 2017

F ig . 4.43. Upper 300-m mean ocean temperature
(°C, colored scale) and surface wind (m s−1) anomalies
during (a) Dec 2015–Feb 2016, (b) Mar–May 2016, (c)
Jun–Aug 2016, and (d) Sep–Nov 2016. [Source: NCEP
ocean reanalysis (www.cpc.ncep.noaa.gov/products
/GO DA S) a nd J R A - 55 at mos phe r ic re a na l ys i s
(Ebita et al. 2011).]

nIOD in 2016. El Niño often forces an anticyclonic
wind anomaly in the southern IO during the preceding boreal fall–winter, which can drive a downwelling
oceanic Rossby wave that propagates westward at
about 10°–8°S (Luo et al. 2010). A warm Rossby wave
reached the western coast of the IO during March–
May 2016; it was then reflected to be a Kelvin wave
that rapidly propagated to the eastern IO along the
equator during June–July (not shown; see Fig. 4.43).
The arrival of the warm Kelvin wave in the eastern
IO may have provided a favorable condition for the
development of the 2016 nIOD. In addition, the
transition from El Niño to La Niña beginning in May
may have contributed to the intensification of the
westerly anomalies in the central IO by modifying
the atmospheric Walker Circulation (e.g., Klein et al.
1999). The underlying mechanism for the occurrence
of the strong nIOD in 2016 appears to be similar to
that in 1998 (e.g., Luo et al. 2007).

