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Cover credit:
Catastrophic Hurricane Dorian slowed to a crawl over Grand Bahama Island overnight and into Labor Day. On
Monday, September 2, 2019, GOES East captured a view of the Category 5 storm over Grand Bahama.

This GeoColor-enhanced imagery was created by NOAA's partners at the Cooperative Institute for Research in the
Atmosphere. The GOES East geostationary satellite, also known as GOES-16, provides coverage of the Western
Hemisphere, including the United States, the Atlantic Ocean and the eastern Pacific. The satellite's high-resolution
imagery provides optimal viewing of severe weather events, including thunderstorms, tropical storms, and hurricanes.
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4. THE TROPICS

H. J. Diamond and C. J. Schreck, Eds.

a. Overview—H. J. Diamond and C. J. Schreck

The tropics in 2020 reflected El Nifio—Southern Oscillation neutral conditions through June-
August, with the index decreasing from positive values during boreal spring to negative values
during boreal summer. Starting in July—September (JAS), La Nina thresholds were met, with
Oceanic Nifio Index (ONI) values decreasing through October—-December (OND). In OND 2020,
the ONI reached a minimum of -1.3°C, which is considered informally to be a La Nifia of moder-
ate strength (ONI values between —1.0°C and -1.4°C). The ONI reached and slightly exceeded the
+0.5°C threshold in several seasons during the Northern Hemisphere (NH) winter of 2019/20,
but the anomalies were weak and did not last long enough to be considered an El Nifio episode.

For the global tropics, combined land and ocean surface temperatures (measured at 20°S—
20°N) registered +0.43°C above the 1981-2010 average. This makes 2020 the fourth-warmest year
for the tropics since records began in 1880. The five warmest years have all occurred since 2015.
Data from the Global Precipitation Climatology Project indicate a mean annual total precipitation
value of 1317 mm across the 20°S—20°N latitude band over land. This is 11 mm above the 1981-2010
average and ranks 11th in the 1979-2020 period of record.

Globally, 102 named tropical cyclones (TCs; >34 kt; or >17 m s™) were observed during the 2020
NH season (January—December 2020) and the 2019/20 Southern Hemisphere season (July—June
2019/20; Table 4.2), as documented in IBTrACSv4 (Knapp et al. 2010). Overall, this number was
well above the 1981-2010 global average of 85 TCs, slightly greater than the 96 TCs reported dur-
ing 2019 (Diamond and Schreck 2020), and was three storms shy of the record 104 named storms
in 1992. The 30 named storms in the North Atlantic during 2020 surpassed the previous record
of 28 set in 2005. For the North Atlantic, the 14 hurricanes during 2020 were the second most on
record behind the 15 observed in 2005, and the seven major hurricanes were the most on record,
tying the seven observed in 2005.

In terms of Accumulated Cyclone Energy (ACE; Bell et al. 2000), all basins were below their
1981-2010 averages except for the North Atlantic and North Indian Ocean basins. The 2020 sea-
sonal ACE value in the North Atlantic was 191.5% of the 1981-2010 median. This value is the sixth
highest since 1970 and is above NOAA’s threshold (Bell et al 2011) for both an above-normal (120%)
and an extremely active (165%) season. There have now been a record five consecutive above-
normal seasons, which surpasses the previous record of four set in 1998-2001. In the western
North Pacific, Super Typhoons Goni and Haishen and Typhoon Maisak contributed 45% of the
seasonal ACE for that basin. The Australian and South Indian Ocean basins were comparatively
quiet; each had an ACE that was below normal. The global total ACE was below the average for
1981-2010 at 580 x 10* kt* and well below the 795 x 10* kt* value recorded in 2019. Three TCs across
the globe reached Saffir-Simpson Hurricane Wind Scale (https://www.nhc.noaa.gov/aboutsshws
.php) Category 5 intensity level, one in the western North Pacific (Goni), one in the North Indian
Ocean (Amphan), and one in the southwest Pacific (Harold).
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b. ENSO and the tropical Pacific—M. L'Heureux, E. Becker, M. S. Halpert, Z.-Z. Hu, K. MacRitchie, and M. Tippett
The El Nifio-Southern Oscillation (ENSO) is a coupled ocean—atmosphere climate phenomenon
across the tropical Pacific Ocean, with opposite phases called El Nifio and La Nifia. For histori-
cal purposes, NOAA’s Climate Prediction Center (CPC) classifies and assesses the strength and
duration of El Nifio and La Nina events using the Oceanic Nifio Index (ONI, shown for mid-2019
through 2020 in Fig. 4.1). The ONI is the 3-month (seasonal) running average of sea surface tem-
perature (SST) anomalies in the Nifio-3.4 region (5°S-5°N, 170°-120°W), currently calculated as
the departure from the 1991-2020 base period mean.' El Nifio is classified when the ONI is at or
greater than +0.5°C for at least five consecutive and overlapping seasons, while La Nifia occurs
when the ONI is at or less than —0.5°C for at least five consecutive and overlapping seasons.
The ONI reached and slightly exceeded the +0.5°C threshold in several seasons during the
Northern Hemisphere winter of 2019/20, but the anomalies were weak and did not last long
enough to be considered an El Nifio episode. Consequently, NOAA CPC and other agencies (e.g.,
Australian Bureau of Meteorology and
World Meteorological Organization) 10
did not post El Nifio advisories or alerts
during the boreal winter of 2019/20. At
times, intraseasonal variability also
contributed to El Nifio-like atmospheric
anomalies across the tropical Pacific
Ocean, especially during mid-January
and mid-February (see section 4c). OB
The ONI reflected ENSO-neutral condi-
tions through June-August (JJA) 2020,
with the index decreasing from positive
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values during boreal spring to negative
values during boreal summer. Starting
in July-September (JAS), La Nifia thresh-
olds were met, with ONI values decreas-
ing through October-December.” During
this period, the ONI reached a minimum
of -1.3°C, which is considered informally
to be a La Nifia of moderate strength (ONI
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Fig. 4.1. Time series of the ONI (°C) from mid-2019 through 2020.
Overlapping three-month seasons are labeled on the x-axis, with
initials indicating the first letter of each month in the season.
Blue bars indicate negative values that are below -0.5°C. The
ONI values are derived from the ERSSTv5 dataset and are based
on departures from the 1991-2020 period monthly means (Huang

values between -1.0°C and -1.4°C). et al. 2017).

1) Oceanic Conditions

Figure 4.2 displays the mean SST (left column) and SST anomalies (right column) for four,
three-month periods from December—February (DJF) 2019/20 through September—November
(SON) 2020. SST anomalies on the equator during DJF (Fig. 4.2, top row) exceeded +1.0°C near the
date line, extending from 170°W to 160°E. The western Pacific warm pool extended farther east
than its mean position, with the 30°C isotherm reaching the date line. However, the east-central
and eastern equatorial Pacific remained near average during DJF 2019/20.

' The ONIis an index measuring a climate phenomenon, ENSO, and for that reason, the base period is updated every five years with
a rolling 30-year climatology. The rolling climatology is used in part to remove those secular SST trends and focus on the state
of ENSO. The 19862015 normal was used operationally for 2020, but it was updated to 1991-2020 at the completion of the year.

*While the season November 2020—January 2021 (NDJ) is not covered by this review, the NDJ value of the ONI was —1.2°C. Therefore,
the period beginning in JAS 2020 is part of an official La Nifa episode.

AUGUST 2021 | State of the Climate in 2020 BAMS 4. THE TROPICS S7



Liz change SST total to Mean SST

(a) DJF 2019/20 (b) DJF 2019/20
45°N 45°

T NS _

30°N
15°N

30°N
15°N

0°
15°S
30°S

45°S 0 MAM 2020
45°N

b

15°81°¢C -
30°S
45°S
45°N
30°N
15°N

v
R
+ o@
(d) MAM 2020
7 T

30°N
15°N

0°
15°S
30°S

15°S
| 30°s
45°S -

45°3
(e) JJA2020

(f) JJA 2020
45°N 45°N
2} 7

30°N Ry S - 71 30°N
15°N g 15°N{|

0 f . 0
15°S 15°S
30°S 4 ’ 30°8
45°S o~ = L X a 45°S
450 (9) SON 2020 45N

N

30oN [ ol R 7] 30°N{ " I
15°N 15°N{

0° = 0°
15°S 15°S
30°S a ' .1 ‘ 30°S
45°S > 45°s

40°E 120°E 160°W 80°W
[ DO |
0 4 8 12 16 20 24 28 32 -3 -2 -1 0 1 2 3

SST total (°C) SST anomaly (°C)

Fig. 4.2. (left) Mean SST and (right) SST anomaly for (°C) (a), (b) DJF 2019/20, (c), (d) MAM 2020, (e), (f) JJA 2020, and (g).
(h) SON 2020. The bold contour for total SST is located at 30°C. Anomalies are departures from the 1981-2010 seasonal
adjusted Ol climatology (Reynolds et al. 2002).

The duration of positive SST anomalies was too short to be considered an El Nifio episode,
and by March—May (MAM) 2020, anomalies weakened across the equatorial Pacific Ocean (Figs.
4.2a,b,c,d). However, SSTs remained elevated in the western equatorial Pacific and extended east-
northeast to coastal Central America. While this band of positive SST anomalies projects onto the
optimal SST growth pattern that can precede the development of El Nifio the following winter
(Penland and Sardeshmukh 1995), by SON 2020 the Pacific had instead transitioned to La Nifa.

By JJA 2020 (Fig. 4.2,e,f), the western Pacific warm pool had retracted farther west and the
cold tongue was stronger than average. Negative SST anomalies became more prominent on the
equator from ~160°W to the South American coast. During SON 2020 (Fig. 4.2g,h), these negative
SST anomalies strengthened and expanded even farther west to the date line. By this season, SST
anomalies exceeded —1.0°C across the east-central and eastern equatorial Pacific Ocean. Below-
average SSTs were also quite prominent in the southeastern Pacific Ocean, reaching coastal Chile.
These subtropical SST anomalies were asymmetric across the hemispheres. Below-average SSTs
did not extend into the northeastern Pacific Ocean, which was instead above average.

Consistent with the SST evolution, subsurface temperatures during DJF 2019/20 were above
average in the central and eastern equatorial Pacific Ocean (Fig. 4.3a). Near the date line, tem-
perature anomalies in excess of +1.5°C extended from ~150-m depth to the surface. Like those at
the surface, the positive subsurface temperature anomalies weakened by MAM (Fig. 4.3b), and,
by JJA, negative subsurface temperature anomalies dominated the eastern equatorial Pacific
Ocean (Fig. 4.3c). This cooling reflected the shallower oceanic thermocline and increased up-
welling that accompanies a developing La Nifia. During SON 2020 (Fig. 4.3b), the shoaling of the
equatorial thermocline in the eastern Pacific was most apparent relative to earlier in the year,
and subsurface temperature anomalies were —4.5°C or cooler at a depth of ~50-100 m. Late in
the year, positive temperature anomalies remained weak and confined at depth near the date
line and in the western Pacific. The east-west contrast in subsurface temperature anomalies is
consistent with the tilt mode of ENSO (Clarke 2010; Kumar and Hu 2014).

Confusing com-
ments about
second row
change here
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Fig 4.3. Equatorial depth-longitude section of Pacific Ocean temperature anomalies (°C) averaged between 5°S and 5°N
during (a) DJF 2019/20, (b) MAM 2020, (c) JJA 2020, and (d) SON 2020. The 20°C isotherm (thick solid line) approximates the
center of the oceanic thermocline. The gray, dashed line shows the climatology of the 20°C isotherm based on 1982-2010.
The data are derived from a reanalysis system that assimilates oceanic observations into an oceanic general circulation

model (Behringer et al. 1998). Anomalies are departures from the 1982-2010 period monthly means.

2) Atmospheric circulation and precipitation anomalies from DJF 2019/20 to JJIA 2020

The pattern of tropical convection and low-level winds during DJF 2019/20 was associated
with weak warm SST anomalies (Figs. 4.4-4.6). Specifically, tropical convection (as measured
by outgoing longwave radiation [OLR]) was enhanced around the date line (green shading) and
suppressed over Indonesia (brown shading; Fig. 4.4a). Low-level (850-hPa) tropical wind anoma-
lies were westerly over the western Pacific Ocean during DJF (Fig. 4.5a). Upper-level (200-hPa)
tropical winds were westerly across the central to eastern Pacific Ocean, and were strongest
over the eastern Pacific (Fig. 4.6a). Despite the enhanced convection around the date line, the
upper-level zonal wind anomalies were not divergent on the equator (though meridional wind
anomalies were divergent over the western Pacific, , highlighting the lack of a robust circulation
response through the entire atmosphere to the underlying SST anomaly pattern.). Because the
climatological 200-hPa winds are westerly from ~160°W to coastal South America during this
season, the upper-branch of the Pacific Walker circulation was stronger than average. The lack
of a weak Walker circulation at upper levels; the mild, westward shifted SST anomalies; and the
short duration of warming precluded the designation of El Nifio conditions during DJF 2019/20.
Furthermore, several pulses of enhanced convection occurred near the date line, concurrent with
the passage of eastward-propagating intraseasonal disturbances that can be seen in the 200-hPa
velocity potential anomalies in early 2020 (see Fig. 4.7).
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Fig. 4.4. OLR anomalies (shaded, W m™), during (a) DJF 2019/20, (b) MAM 2020, (c) JJA 2020, and (d) SON 2020. Anomalies
are departures from the 1981-2010 period monthly means. Data are from the NCEP/NCAR Reanalysis (Kalnay et al. 1996).

ENSO-neutral conditions continued through JJA though signs of a developing La Nifia were
evident in anomalies of OLR and winds during the boreal spring and summer. In particular, below-
average convection was observed near the date line starting in MAM (Fig. 4.4b). These suppressed
OLR anomalies were initially focused south of the equator and became more equatorially confined
to the western and central Pacific during JJA (Fig. 4.4c). Low-level trade winds were enhanced,
with easterly wind anomalies observed on the equator starting in MAM and continuing through
the remainder of 2020 (Fig. 4.5b—d). The strengthening of the upper-level branch of the Walker
circulation, first seen in the 200-hPa wind anomalies in DJF 2019/20, also persisted throughout
the remainder of the year, with the brief exception of near-average winds in the central Pacific
during JJA 2020 (Fig. 4.6¢c). The upper-level branch of the Walker Circulation became stronger
again with the onset of La Nifia in SON (Fig. 4.6d).

3) Atmospheric circulation and precipitation anomalies during La Nifia (SON 2020)

As La Nifa formed in JAS 2020, its signal increasingly dominated the atmospheric circulation
over the tropical Pacific Ocean. A convective anomaly dipole became evident as the Pacific Walker
circulation strengthened. Suppressed convection became even more noticeable in the western
and central equatorial Pacific during SON (Fig. 4.4d). Enhanced convection appeared around
Indonesia, extending northwestward into Southeast Asia and India. Anomalous low-level easter-
lies were prominent across most of the equatorial Pacific Ocean (Fig. 4.5d) along with anomalous
upper-level westerlies overlying them (Fig. 4.6d). These wind anomalies also reflect the further
strengthening of the Walker circulation as per Bjerknes (1969).
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While global teleconnections are typically strongest following the peak of La Nifia in the bo-
real winter, there were extratropical circulation anomalies that resembled La Nifia during SON
2020. In particular, over the North Pacific Ocean, the retraction of the East Asia—North Pacific
jet stream was evident in the easterly wind anomalies from ~20°N to 40°N (Fig. 4.6d). This signal
was hemispherically symmetric, with a weakened jet stream also apparent across the middle
latitudes of the South Pacific Ocean. A wave train with positive height anomalies around New
Zealand, negative height anomalies near West Antarctica, and positive height anomalies east of
Argentina is reminiscent of the Pacific—-South America pattern (Mo and Higgins 1998).

In addition to suppressed precipitation over Indonesia and Southeast Asia, La Nifia is typically
associated with below-average precipitation anomalies over parts of the southwestern United
States and coastal southern Alaska, which indeed emerged during SON. Southern Brazil, Chile,
and Argentina, experienced below-average precipitation in SON, which has been shown to be
influenced by La Nifia conditions (Ropelewski and Halpert 1989).
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Fig. 4.5. Anomalous 850-hPa wind vectors and zonal wind speed during (a) DJF 2019/20, (b) MAM 2020, (c) JJA 2020, and
(d) SON 2020. The reference wind vector is located at the bottom left. Anomalies are departures from the 1981-2010
period monthly means. Data are from the NCEP/NCAR Reanalysis (Kalnay et al. 1996).
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Fig. 4.6. Anomalous 200-hPa wind vectors and zonal wind speed during (a) DJF 2019/20, (b) MAM 2020, (c) JJA 2020, and
(d) SON 2020. The reference wind vector is located at the bottom left. Anomalies are departures from the 1981-2010
period monthly means. Data are from the NCEP/NCAR Reanalysis (Kalnay et al. 1996).

c. Tropical intraseasonal activity—K. MacRitchie and C. Schreck

The Madden-Julian Oscillation (MJO; Madden and Julian 1971, 1972, 1994; Zhang 2005) and con-
vectively coupled equatorial wave activity (Wheeler and Kiladis 1999; Kiladis et al. 2009) are the
primary modes of tropical intraseasonal variability. The MJO is the leading mode of intraseasonal
variability in the tropics and is characterized by an eastward-propagating convective envelope
generally traverses the globe in 30—-60 days. Other convectively coupled equatorial waves, such
as atmospheric Kelvin and equatorial Rossby waves, are typically zonally narrower and faster
than the MJO. All of these waves affect weather patterns around the globe, though the MJO has
the most robust connections with midlatitude synoptic circulations (Knutson and Weickmann
1987; Kiladis and Weickmann 1992; Mo and Kousky 1993; Kousky and Kayano 1994; Kayano and
Kousky 1999; Cassou 2008; Lin et al. 2009; Riddle et al. 2012; Schreck et al. 2013; Baxter et al.
2014) and can impact monsoons (Krishnamurti and Subrahmanyam 1982; Lau and Waliser 2012)
and tropical cyclones (Mo 2000; Frank and Roundy 2006; Camargo et al. 2009; Schreck et al.
2012; Diamond and Renwick 2015).

The MJO is often episodic, with periods of moderate-to-strong activity followed by little or
no activity (e.g., Matthews 2008). Common metrics for identifying the MJO include time—longi-
tude plots of anomalous 200-hPa velocity potential and outgoing longwave radiation (OLR; Fig.
4.7) and the Wheeler-Hendon (2004) Real-time Multivariate MJO (RMM) index (Fig. 4.8). In the
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Fig. 4.7. Time-longitude section of (a) OLR (Schreck et al. 2018) anomalies (W m™) and (b) 200-hPa velocity potential
anomalies (x 10° m? s™) from the CFSR (Saha et al. 2014). Both variables are averaged over 10°S-10°N. Time increases
downward on this graph, beginning with Jan 2020 at the top and ending with Jan 2021 at the bottom. Negative anoma-
lies (green) indicate enhanced convection, and positive anomalies (brown) indicate suppressed convection. Contours
identify anomalies filtered for the MJO (black) and atmospheric Kelvin waves (red). Contours are drawn at 12 W m~ and
x4 x 10° m? s with the enhanced (suppressed) convective phase of these phenomena indicated by solid (dashed) con-
tours. Anomalies are departures from the 1981-2010 base period daily means.

time—longitude plots, the MJO exhibits eastward propagation from upper-left to lower-right. In
the RMM plots, the MJO propagation and intensity are seen as large, counter-clockwise circles
around the origin.

The MJO was more active during the first five months of 2020 than it was during the remainder

of the year (Fig. 4.7, black contours). The strongest MJO activity occurred during January (Fig.
4.8), with a zonal wave number 1 pattern across the tropical strip. The RMM index showed an
especially prominent signal over the Maritime Continent during mid-January (Fig. 4.8a), which
then weakened during February before strengthening again over the Indian Ocean during March.
This period of MJO activity projected more strongly onto the 200-hPa velocity potential anomaly
field (Fig. 4.7b) than the OLR anomaly field (Fig. 4.7a) or the 850-hPa zonal wind anomaly field
(Fig. 4.9a), which is a common characteristic of MJO events (Straub 2013).

The high-amplitude MJO activity coincided with a period of anomalously high sea surface
temperatures (SSTs) in the central and eastern Pacific (Fig. 4.2), resulting in positive Oceanic Howard, Carl:
Nino Index values (Fig. 4.1) and El Nifo-like OLR anomalies (Fig. 4.8). Strong MJO activity often should this be
precedes El Nifio events, but is often weak during La Nifia events (Hendon et al. 1999; Zhang and Fig. 4.7a?
Gottschalck 2002; Zhang 2005). Zonal wind anomalies at 850-hPa were also enhanced during
this period (Fig. 4.9a), with westerly wind bursts (WWBs) evident in January and April across
the western and central Pacific. The WWB activity likely aided development of an oceanic Kelvin
wave, which began in January and continued through the April (Fig. 4.9a).

SST anomalies trended negative beginning in April (Fig. 4.1) and eventually developed La Nifa
criteria during the July—September period. MJO activity also weakened substantially around this
time (Fig. 4.7). The primary intraseasonal convective variability during this period was a series of
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prominent atmospheric Kelvin waves (Fig. 4.7, red contours), which move eastward with a smaller
scale and faster phase speed than the MJO.

There were only two distinct MJO events in the second half of 2020: one in mid-July to early
September and one in late October through November. These types of events have been shown
to be particularly impactful for modulating tropical cyclone (TC) activity (Klotzbach 2010). They
likely contributed to the most active periods for TC activity over the North Pacific and North At-
lantic. The suppressed phase in late September—early October also contributed to a relative lack
of TC activity in the North Atlantic during that time.

The typical MJO structure features anomalous easterlies throughout the low levels of the
suppressed region of the convective envelope (Rui and Wang 1990), resulting in a surge of trade
winds throughout the Pacific. Indeed, trade wind surges are evident in the 850-hPa zonal wind
anomaly plot (Fig. 4.9a) during late August and November. Such trade wind surges are consistent
with La Nifia conditions (see section 4b).
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Fig. 4.8. Wheeler and Hendon (2004) RMM index for (a) Jan—Mar, (b) Apr-Jun, (c) Jul-Sep, and (d) Oct-Dec 2020. 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 is

consistent with eastward propagation.
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Fig. 4.9. (a) Time-longitude section for 2020 of anomalous 850-hPa zonal wind (m s™) averaged for 10°N to 10°S. Contours
identify anomalies filtered for the MJO (black), atmospheric Kelvin waves (red), and equatorial Rossby waves (blue).
Significant WWABS and trade wind surges over the equatorial Pacific that resulted in notable downwelling and upwelling
oceanic Kelvin waves are labeled. (b) Time-longitude section for 2020 of the anomalous equatorial Pacific Ocean heat
content (°C), calculated as the mean temperature anomaly between 0-300-m depth. Yellow/red (blue) shading indicates
above- (below-) average heat content. Relative warming (dashed lines) and cooling (dotted lines) due to downwelling
and upwelling equatorial oceanic Kelvin waves are indicated. Anomalies are departures from the 1981-2010 base period
pentad means. Data in (b) are derived from an analysis system that assimilates oceanic observations into an oceanic

general circulation model (Behringer et al. 1998).

d. Intertropical convergence zones
1) Pacific—N. Fauchereau and B. Noll

Tropical Pacific rainfall patterns are dominated by two convergence zones, the Intertropical
Convergence Zone (ITCZ; Schneider et al. 2014) north of the equator and the South Pacific Con-
vergence Zone (SPCZ; Vincent 1994). Figure 4.10 summarizes the behavior for both convergence
zones during 2020 using rainfall estimated from satellite microwave and infrared data in a product
known as the Climate Prediction Center (CPC) Morphing Technique (CMORPH; Joyce et al. 2004).
Rainfall transects over 30°S to 20°N are presented for each quarter of the year, averaged across
successive 30-degree longitude bands, starting in the western Pacific at 150°E-180°. The 2020
seasonal variation is compared against the longer-term 1998-2019 CMORPH climatology.

Early in the year, the El Nifio—Southern Oscillation phase was neutral, although an area of
above-average ocean temperatures was located in the west-central Pacific, with a spatial signature
somewhat similar to a weak, central Pacific El Nifio (El Nifio “Modoki”; see Ashok et al. 2007),
although the Modoki condition is not a formal part of the ENSO section of this report (section 4b).
The transects for January—March (Fig. 4.10a) for the western and central Pacific (150°W-150°E,
especially 150°E to the date line) show that the SPCZ mean signature was shifted northeast of
its climatological position, while the ITCZ appears to have been displaced slightly equatorward
compared to normal. These anomalies were weak, but somewhat consistent with typical Modoki
patterns (Ashok et al. 2007).
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Fig. 4.10. Rainfall rate (mm day™) from the CMORPH analysis for (a) Jan-Mar, (b) Apr-Jun, (c) Jul-Sep, and (d) Oct-Dec of
2020. The separate panels for each quarter show the rainfall cross-section between 30°S and 20°N (solid line) and the
1998-2019 climatology (dotted line), separately for four 30° sectors from 150°E-180° to 120°-90°W.

During boreal summer, an increase in
tropical trade winds contributed to cool-
ing ocean temperatures across the equa-
torial central and eastern Pacific. At the
end of 2020, it became more apparent that
the La Nifia was of the non-traditional
central Pacific flavor, with the coolest
sea surface temperatures (SSTs) located

30°S
toward the central Pacific. Cooling SSTs
120°E 160°E 160°W 120°W across the central and eastern Pacific
12 B A 0 H 3 19 were accompanied with distinct shifts

Rainfall anomaly (mm day™)

Fig. 4.11. Rainfall anomalies (mm day™") from CMORPH analysis
for Dec 2020. The anomalies are calculated with respect to the
1998-2019 climatology.

in the ITCZ position and intensity: from
April to June, all sectors of the Pacific
(see Fig. 4.10b) showed an ITCZ shifted
north of its climatological position, with

rainfall rates within the convergence zone
exceeding climatological values. The ITCZ remained to the north of its usual position throughout
the remainder of 2020, a pattern broadly consistent with La Nifia conditions.

Meanwhile, the position and intensity of the SPCZ showed large month-to-month variability.
During La Nina years, the SPCZ tends to be displaced to the southwest of its climatological posi-
tion and, conversely, the SPCZ northeast of its climatological position during El Nifio years. The
SPCZ followed this pattern in the last quarter of 2020, as exemplified by anomalies recorded in
December (Fig. 4.11).
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2) Atlantic—A. B. Pezza and C. A. S. Coelho

The Atlantic ITCZ is a well-organized convective band that oscillates between approximately
5°-12°N during July—-November and 5°S—5°N during January—May (Waliser and Gautier 1993;
Nobre and Shukla 1996). Equatorial atmospheric Kelvin waves can modulate ITCZ intraseasonal
variability (Guo et al. 2014). ENSO and the Southern Annular Mode (SAM) can also influence the
ITCZ on interannual time scales (Miinnich and Neelin 2005). The SAM, also known as the Ant-
arctic Oscillation, describes the north—south movement of the westerly wind belt that encircles
Antarctica. A negative SAM event reflects an expansion of the westerly winds belt toward the
equator, with more abundant midlatitude precipitation in general (see Fig. 6.2c for monthly SAM
values in 2020).

A relatively persistent pattern dominated the main South American climate signals for 2020.
For most of the year, the South Atlantic was warmer than normal, characterized by moist westerly
wind bursts near the equator, affecting the Atlantic ITCZ. Significant anomalies in low-pressure
systems dominated the 60°S latitude belt to the southwest of South America, with a corresponding
weak South Atlantic anticyclone (Fig. 4.13a). A mostly positive SAM pattern, later reinforced by a
rapid transition into La Nifia from June onward, further reinforced the pattern above. As a result
of this persistence, a large portion of inland Brazil experienced severe precipitation deficits and
remarkable anomalous warmth, which escalated from September onward.

120°E 150°E  180° 150°W 120°W 90°W 60°W 30°W  0°  30°E

[ T
-2 -1 -0.5 05 1 2 -2 -1 -0.5 05 1 2
MSLP anomaly (hPa) Precipitation anomaly (mm day')

Fig. 4.13. Observed (a) tropical and SH MSLP anomaly (hPa) and (b) precipitation anomaly (mm day™) for tropical and
subtropical South America and Africa for Jan-Dec 2020. MSLP anomalies are calculated with respect to a 1981-2010 cli-
matology derived from the NCEP/NCAR Reanalysis (Kalnay et al. 1996). Precipitation anomalies calculated with respect to
a 1998-2019 climatology are derived from CMORPH (Joyce et al. 2004).
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In contrast, the Atlantic ITCZ experienced mildly enhanced convective activity south of the
equator, with positive rainfall anomalies contrasting with the pattern for the tropics and subtrop-
ics (Fig. 4.13b). The ITCZ itself remained centered slightly north of its climatological position for
most of the southern rainy season. The Atlantic Index (Pezza and Coelho 2019), as defined by the
SST south of the equator minus the SST north of the equator over key areas of influence for the
ITCZ, reflected the role of the north—south gradient mechanism for 2020, with the ITCZ tending
to shift toward the warmer side of this gradient (Figs. 4.14a,b).
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Fig. 4.14. (a) Atlantic ITCZ position inferred from OLR (Liebmann and Smith 1996) during Mar 2020. The colored thin lines
indicate the approximate position for the six pentads of the month. The black thick line indicates the Atlantic ITCZ climato-
logical position for Mar. The SST anomalies for Mar 2020 calculated with respect to the 1982-2019 climatology are shaded
(°C). The two boxes indicate the areas used for the calculation of the Atlantic index in panel (b), which shows monthly
OISST (Smith et al. 2008) anomaly time series averaged over the South Atlantic sector (SA region, 5°S-5°N, 10°-50°W)
minus the SST anomaly time series averaged over the North Atlantic sector (NA region, 5°-25°N, 20°-50°W) for the period
2016-20, forming the Atlantic index. The positive phase of the index indicates favorable conditions for enhanced Atlantic
ITCZ activity south of the equator.
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e. Global monsoon summary—B. Wang and Q. He

The global monsoon is the dominant mode of annual precipitation and circulation variability
and is a critical feature of Earth’s climate system. The tropical monsoon rainfall domain was first
defined by Wang (1994), who showed that a monsoon characterized by a rainy summer and dry

Table 4.1. Definition of the regional summer monsoon circulation indices
and their Pearson correlation coefficients (r) with the corresponding
regional summer monsoon precipitation indices for 1979/80-2019/20. All
circulation indices are defined by the meridional shear of the zonal wind
at 850 hPa (or 700 hPa in highland southern Africa), which measures the
intensity (relative vorticity) of the monsoon troughs except for northern
African (NAF) and East Asian (EA). The NAF monsoon circulation index is
defined by the westerly monsoon strength. The EASM circulation index
is defined by the meridional wind strength, which reflects the east-
west thermal contrast between the Asian continent and the western
North Pacific. The precipitation indices are defined by the areal mean
precipitation over the blue box regions shown in Fig. 4.16. The correla-
tion coefficients were computed using monthly time series (164 summer
months; June-September in NH [1980-2020] and December-March in SH
[1979/80-2019/20]). Bolded numbers represent significance at the 99%
confidence level. (Adapted from Yim et al. 2014).

. U850 (5° —15°N, 40°-80°E) minus
Indian {ISM) U850 (25°-35°N, 70°~90°E) 0.70

U850 (5°-15°N, 100°-130°E) minus
U850 (20°-35°N, 110°-140°E)

East Asian (EASM) V850 (20°-40°N, 120°-140°E) 0.66

U850 (5°-15°N, 130°-100°W) minus
U850 (20°-30°N, 110°-80°W)

Northern African (NAFSM) U850 (0°-15°N, 60°-10°W) 0.68
U850 (20°-5°S, 70°-40°W) minus

Western North Pacific (WNPSM) 0.82

North American (NASM) 0.85

South American (SASM) U850 (35°-20°5, 70°—40°W) 0.81
. U700 (15°S-0°, 10°-40°E) minus

Southern African (SAFSM) U700 (25°-10°5, 40°~70°F) 0.63
: U850 (15°S—-0°, 90°-130°E) minus

Australian (AUSSM) U850 (30°-20°5, 100°~140°E) 0.89

winter distinguishes an arid cli-
mate (without a rainy season) from
equatorial regions where rainfall
lacks a significant seasonal cycle.
The monsoon domain defined us-
ing precipitation characteristics
is shown in Fig. 4.15, and consists
of eight regional monsoons (Table
4.1). Figure 4.15 also shows global
summer precipitation anomalies
in the Southern Hemisphere (SH)
during November 2019-April
2020 and the Northern Hemi-
sphere (NH) during May—October
2020. Figure 4.16 shows temporal
variations of summer monsoon
precipitation and low-level cir-
culation indices for each of the
eight regional monsoons. The
precipitation indices represent
the anomalous precipitation rate
averaged over the rectangular box
regions, including both land and
ocean areas shown in Fig. 4.15.
Note that the precipitation aver-
aged in each box well represents
the precipitation averaged over
the corresponding entire regional
monsoon domain (r > 0.90). The
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Fig. 4.15. Seasonal mean precipitation anomalies (mm day™) for (a) the SH summer monsoon season: Nov 2019-Apr 2020
and (b) the NH summer monsoon season: May-Oct 2020. Red lines outline the global monsoon precipitation domain. The
monsoon domain is defined by (1) the annual range (local summer minus winter) where precipitation exceeds 300 mm
and (2) the summer mean precipitation is >55% of the total annual precipitation amount, where summer is defined to be
May-Sep for the NH and Nov-Mar for the SH (Wang and Ding 2008). The dotted area represents the dry region where
the local summer precipitation rate is below 1 mm day™. Precipitation indices for each regional monsoon are defined by
the areal mean precipitation in the corresponding rectangular regions (dashed blue), which are highly correlated with
the precipitation averaged over the corresponding real regional monsoon domains. Rainfall data were taken from the

GPCP (Huffman et al. 2009).
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definitions of the circulation indices for each monsoon region are provided in Table 4.1. The pre-
cipitation and circulation indices are well-correlated in most regional monsoons, with correlation
coefficients ranging from 0.63 to 0.89 with a sample size of 164 summer months (Table 4.1). The
precipitation and circulation indices together provide consistent measurements of the strength
of each regional monsoon system.

Total seasonal rainfall over the NH monsoon region over land was the highest since the start
of the record in 1980 (Fig. 4.17). It was largely driven by the 2020 East Asian summer monsoon
(EASM), which was nearly four standard deviations above average (Fig.4.16c). The Meiyu sea-
son (July—August), a typical rainy season over the Yangtze and Huaihe River Valleys (YHRV)
of China, doubled its climatological mean duration by two months in 2020. The May—-October
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(a) NH (May-Oct) accumulated rainfall averaged over the

| R=-0.74

—— NINO3.4 index YHRV exceeded 750 mm, the most since

9—|= Land monsoon rainfall | the start of the record in 1961 (Qiao et al.

2021). Associated severe flooding affected
about 45.5 million people and caused a
direct economic loss of more than 100
- billion Chinese Yuan ($15.5 billion [U.S.
L dollars]; Wei et al. 2020; see section 7g for

5 Mean= 5.58, std. dev.= 0.23 more details).
B I | | .
1980 1990 2000 2010 2020 During the 2019/20 SH summer mon-
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lian and South American monsoon regions
was substantially suppressed, while rain-
fall in the equatorial central Pacific and
the western Indian Ocean was markedly
enhanced (Fig. 4.15a). This contrast is due
to the anomalous Walker circulation as-
sociated with the warm Central Pacific sea
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1979/80 1989/90 1999/2000 2009/10 2019720

Fig. 4.17. (a) NH summer (May-Oct) land monsoon precipitation
anomaly (green) normalized by its standard deviation. The clima-
tological mean NH summer land monsoon precipitation (Mean)
and standard deviation (SD) are shown in the lower right panel
(mm day™). Numbers shown in each panel’s top right denote the
correlation coefficient between the seasonal mean precipitation
anomaly and the simultaneous Nifio 3.4 index (red). Dashed lines
indicate x£0.5. (b) As in (a) except for the SH summer (Nov-Apr).
Note that the land monsoon precipitation excludes the monsoon
rainfall over the oceanic monsoon domain. (Data source: GPCP for
precipitation, HadISST and ERSSTv5 for SST.)

though they did not reach the thresholds
for El Nifio. The Indian Ocean rainfall
anomalies were also driven by a positive
phase of the Indian Ocean dipole (I0OD;
Saji et al. 1999) SST anomaly, which was
+1.8°C during SH summer. The Australian
summer monsoon produced precipitation
1.5 standard deviations below normal,
with an associated reduced circulation
intensity (Fig. 4.16g). The South American

monsoon region also received precipita-

tion 1.5 standard deviations below normal,
although the corresponding circulation’s strength was near normal (Fig. 4.16h). Southern African
summer monsoon precipitation and circulation intensity were normal (Fig. 4.16f) due to a dipolar
structure in eastern Africa (increased rainfall in equatorial East Africa and decreased rainfall near
Madagascar). The increased eastern African rainfall was largely caused by the positive phase of the
10D SST anomaly experienced from November 2019 to April 2020. During November 2019-April 2020,
the IOD index is 1.82 standard deviation or 0.34°C (not shown). In fact, November 2019—April 2020
was the second-highest such period of the IOD index. Overall, the SH summer monsoon showed
a consistent reduction of precipitation and weakening of the monsoon circulation, although there
were various degrees of weakening in the three SH regional monsoons.

During the 2020 NH summer monsoon season (May—October), precipitation over the Maritime
Continent was significantly above normal due to the rapidly developing La Nifia, while there was
a noticeable reduction of precipitation in the equatorial Pacific Ocean and the Philippine Sea (Fig.
4.15b). In addition to the unprecedented EASM strength, the summer precipitation over both the
Indian and northern African monsoon regions were also ~1.5 standard deviations above normal, and
the corresponding circulation intensity was >2 standard deviations above average (Figs. 4.16a,b). The
North American monsoon was characterized by near-normal precipitation and circulation intensity
(Fig. 4.16e), and the western North Pacific monsoon precipitation, which is generally out of phase
with the EASM, was about 1.5 standard deviation below normal (Fig. 4.16d).
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Monsoon rainfall over land has more significant socio-economic impacts than monsoon
rainfall over the ocean. Therefore, we specifically examine land monsoon rainfall. Global land
monsoon precipitation is strongly influenced by tropical SST anomalies, especially related to El
Nifio—Southern Oscillation (ENSO; Wang et al. 2012). Figure 4.17 highlights that both NH and SH
land summer monsoon precipitation are well correlated with the simultaneous Nifio 3.4, suggest-
ing that ENSO explains about 50% of their variance. Figure 4.17 shows that the total amount of
2020 NH land monsoon precipitation was the highest of any monsoon season in the record that
dates to 1980, whereas the 2019/20 SH land monsoon precipitation was below normal. However,
the 2020 La Nifia cannot fully explain the record high NH land monsoon precipitation nor the
EASM extreme. Further study of the causes is warranted.

f. Indian Ocean dipole and unique Indian Ocean basin warming in 2020—L. Chen and J.-J. Luo

Year-to-year climate variability in the tropical Indian Ocean (I0), which is largely driven by
local air—sea interactions and the El Nifio—Southern Oscillation in the tropical Pacific, exerts
great influence on weather and climate in the regions surrounding the IO (e.g., Saji et al. 1999;
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Fig. 4.18. (a) Monthly anomalies of SST (°C; solid lines) and pre-
cipitation (mm day™'; dashed lines) for the eastern pole (IODE;
10°S-0°, 90°-110°E; blue lines) and the western pole (IODW;
10°S-10°N, 50°-70°E; red lines) of the 10D. (b) As in (a), but for the
10D index (measured by the SST difference between the I0DW
and IODE, green line) and surface zonal wind anomaly (m s™) in
the central equatorial 10 (Ucio; 5°S-5°N, 70°-90°E; black line). (c)
As in (a), but for SST anomalies in the Niiio 3.4 region (5°S-5°N,
170°-120°W; black line) and the tropical 10 (IOB; 20°S-20°N,
40°-100°E; red line). Anomalies are relative to the 1982-2020 base
period. (Sources: NOAA OISST [Reynolds et al. 2002]; monthly
GPCP precipitation analysis [available at http:/precip.gsfc.nasa
.gov/]; and JRA-55 atmospheric reanalysis [Ebita et al. 2011].)
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Luo et al. 2010; Xie et al. 2016). Among
them, the Indian Ocean dipole (I0D; Saji
etal. 1999) is an inherent air—sea coupled
mode in the tropical I0. The I0OD usually
starts to grow in boreal summer, peaks
in autumn, and terminates rapidly in
early boreal winter in connection with the
reversal of monsoonal winds along the
west coast of Sumatra. As shown in Figs.
4.18a,b, a strong positive IOD event, with
anomalously warm waters to the west
and anomalously cool waters to the east,
occurred in 2019 and was of an extreme
intensity in the boreal fall of 2019 (Chen
et al. 2020).

Throughout 2020, the IOD index (also
known as the Dipole Mode Index) was
near zero, indicating a neutral IOD status
in 2020 (Fig. 4.18b). In the tropical 10, the
most remarkable feature was that sea
surface temperatures (SSTs) exhibited
warm anomalies over the entire tropi-
cal 10 throughout 2020 (Fig. 4.18c, Figs.
4.19a-d). Following the early boreal win-
ter of 2019/20, the extreme positive IOD
event rapidly terminated and then the
tropical 10 turned into an Indian Ocean
basin (IOB) mode (Figs. 4.18b,c). The IOB,
characterized by a basin-wide warming
or cooling, is one of two dominant modes
of SST anomalies in the tropical 10, and
the other is IOD. In March-May 2020,
above-average SST anomalies were ob-
served over the tropical I0, and positive
precipitation anomalies dominated the
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Fig. 4.19. (a)-(d) SST (°C, colored scales) anomalies during (a) Dec-Feb 2019/20, (b) Mar-May 2020, (c) Jun-Aug 2020,
and (d) Sep—Nov 2020. (e)-(h) As in (a)-(d), but for precipitation (mm day™; °C, colored scales) and surface wind anoma-
lies (vector). Anomalies were calculated relative to the climatology over the period 1982-2020. (Sources: NOAA OISST
[Reynolds et al. 2002]; monthly GPCP precipitation analysis [available at http:/precip.gsfc.nasa.gov/]; and JRA-55 atmo-

spheric reanalysis [Ebita et al. 2011].)

equatorial IO (Figs. 4.19hb,f). Given that there was more above-average precipitation occurring
in the Southern Hemisphere compared to the Northern Hemisphere, the central and eastern
equatorial I0 were dominated by anomalous cross-equatorial northerly winds (Fig. 4.19f). During
June—August, the above-average SSTs and above-average precipitation persisted in the tropical
I0, and easterly anomalies occurred in the central and eastern equatorial IO (Figs. 4.19¢,g). Dur-
ing September—November (SON), the above-average SSTs continued over the entire tropical 10,
but there was a weak zonal gradient with larger SST anomalies in the eastern equatorial I0 and
smaller SST anomalies in the western equatorial 10 (Figs. 4.19d,h). This weak zonal gradient
of SST anomalies corresponded to a marginally negative value of IOD index in SON 2020 (Fig.
4.18b). Concurrently, the precipitation anomalies exhibited a dipole pattern with dry conditions
in the western equatorial IO and wet conditions in the eastern equatorial 10. These conditions
corresponded with westerly wind anomalies in the central equatorial IO (Fig. 4.19h).

On the other hand, the tropical Pacific had a prolonged weak El Nino-like warming status from
winter 2018/19 to winter 2019/20 (Fig. 4.18c). The weakly positive Nifio 3.4 index declined as SSTs
cooled and became negative in May 2020. Then, a La Nifia event rapidly developed throughout
the remainder of 2020, maturing to a moderate status by the end of the year. Previous studies
have suggested that in response to a preceding El Nifio event, the 10 tends to exhibit anomalous
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SST anomaly (°C)

basin-wide warming in the following
year (Yang et al. 2007; Xie et al. 2016).
However, there is not robust evidence to
determine whether the weak El Nifio in
2019/20 winter made a contribution to the
long-lasting IOB mode in 2020.

The IO basin-wide anomalous warmth
that dominated throughout 2020 differs
from the majority of positive IOB events.

| 1983 2003 2019 The typical IOB event usually peaks in
1988 = 2010  we—2020 . .
1 1008 I late boreal winter and early spring, and

. persists through boreal summer (Yang

Oct
2019

T T T T T T T T T T
ZJOa;() Apr Jul Oct et al. 2007). The evolution of all of the
positive I0B events since 1980 are dis-

Fig. 4.20. Evolution of monthly SST anomalies averaged in the played in Fig. 4.20. Most of the positive

tropical 10 (IOB; 20°S-20°N, 40°-100°E). The bold black curve
indicates the IOB event in 2020 and the other curves indicate
the other positive I0B events since 1980. (Source: NOAA OISST

10B events tend to peak in the first half of
the year, then rapidly decay in the second

[Reynolds et al. 2002].) half. In contrast, the basin-wide warm-

ing in 2020 did not begin declining until
November, presenting a unique, long-lasting IOB event in 2020. Such a unique event in 2020 may
be traced back to the continuous enhancement of the tropical I0 warming trend during recent
decades (Luo et al. 2012).

In summary, the IOD index exhibited a neutral status in 2020. A marked basin-wide anoma-
lously warm SST pattern persisted throughout 2020, indicating that the IOB mode dominated in
2020. This unique IOB event in 2020 differed from most of the past positive IOB events, indicating
that the long-lasting 10 basin-wide warming of 2020 may be attributed to the long-term warming
trend of SST in the 10 (Luo et al. 2012).

g. Tropical cyclones
1) Overview—H. J. Diamond and C. J. Schreck

The International Best Track Archive for Climate Stewardship (IBTrACS) dataset comprises
historical tropical cyclone (TC) best-track data from numerous sources around the globe, includ-
ing all of the World Meteorological Organization (WMO) Regional Specialized Meteorological
Centers (RSMCs; Knapp et al. 2010). This dataset represents the most complete compilation of
global TC data. From these data, Schreck et al. (2014) compiled 1981-2010 climatological values
of TC activity for each basin using statistics from both the WMO RSMCs and the Joint Typhoon
Warning Center (JTWC). These values are referenced in each subsection.

Tallying 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 track and categorize TCs. Global metrics and Northern Hemisphere (NH) basins are
typically measured from January to December while Southern Hemisphere (SH) basins are typi-
cally measured from July to June. Compiling the activity using preliminary data from NOAA’s
National Hurricane Center and the JTWC over all seven TC basins as archived in IBTrACS (Fig.
4.21), the 2020 calendar year had 102 per Table 4.2 named storms (sustained wind speeds > 34 kt or
17 m s™"), which is six more than last season (2019; Diamond and Schreck 2020) and well above
the 1981-2010 average of 85 (Schreck et al. 2014). This year also featured 46 hurricanes/typhoons/
cyclones (HTCs; sustained wind speeds > 64 kt or 33 m s™), which is equal to the climatological
average (Schreck et al. 2014). During 2020, 22 storms reached major HTC status (sustained wind
speeds > 96 kt or 49 m s™), which is just above the long-term average of 21 and 10 fewer than the
2019 season (Diamond and Schreck 2020). The Accumulated Cyclone Energy (ACE) for the season
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was 574 x 10* kt?, which would put it in
the lowest 10% of years from 1981-2010
and considerably less than the value
of 795 x 10* kt* in 2019 (Diamond and
Schreck, 2019).
In sections 4g2-4g8, 2019/20 (SH)
and 2020 (NH) seasonal TC activity is
described and compared to the historical
record for each of the seven WMO-defined
TC basins. For simplicity, all counts are
broken down by the U.S. Saffir-Simpson
Hurricane Wind Scale (SSHWS). The
overall picture of global TCs during 2020
is shown in Fig. 4.21. Actual counts by yoward, Carl: can
category are documented in Table'4.2.  you please verify
Globally, three storms during the year the counts in the
reached SSHWS Category 5 strength table, and make
(sustained wind speeds = 137 kt or 70.5Sure they match
ms™). This was three fewer than recorded up with the text
in the Overview
in 2016 (Diamond and Schreck 2017), and 5,4 the various
two less than recorded in 2017 and 2019 sybsections here?
(Diamond and Schreck 2018; 2020). The
all-time record of 12 Category 5 global
TCs was set in 1997 (Schreck et al. 2014),’
while 11 Category 5 global TCs were re-
corded in 2018.
The three Category 5 storms in 2020
were: Super Typhoon Goni in the west-
ern North Pacific, Cyclone Amphan in
the North Indian Ocean, and Tropical
Cyclone Harold in the southwest Pacific.
Despite only reaching Category 4 status,
Despite only reaching Category 4 status,
Iota caused devastating damage to the

nations of Central America, especially Nicaragua and Honduras, that was exacerbated by the
landfall of Category 4 Eta only two weeks prior to Iota in essentially the same area. Super Typhoon
Goni was the strongest TC to make landfall in the historical record and led to almost 1 million
people being evacuated from its path and thousands of homes destroyed. Super Cyclone Amphan
caused $13.9 billion (U.S. dollars) in damage and resulted in over 100 fatalities, primarily in India.
Harold had major impacts in the southwest Pacific, particularly in Vanuatu and the Solomon
Islands. Of note, a fourth Category 5 storm, Yasa, formed in the Southwest Pacific in December
2020. While forming in 2020, this storm is part of the July—June 2020/21 tropical cyclone season
and thus will be discussed in detail in next year’s report. Sidebar 4.1 details the record-setting
and devastating local impacts of Category 4 Hurricane Laura in Louisiana.

Finally, and while not an official TC basin, three significant TC-like storms or “medicanes”
were recorded within the Mediterranean Sea in September, November, and December, affecting
Greece, Tunisia, and Syria/Lebanon, respectively. Sidebar 4.2 focuses on these storms.

3 SSHWS is based on 1-minute averaged winds, and the categories are defined at: https://www.weather.gov/mfl/saffirsimpson; the

Australian category scale is based on 10-minute averaged winds, and those categories are defined at: https://australiasevereweather

.com/cyclones/tropical_cyclone_intensity_scale.htm
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Table 4.2. Global counts of TC activity by basin for 2020. “+" denotes top tercile;
“++" is top 10%; “-" is bottom tercile; “--" is bottom 10% (all relative to 1981-2010).
“+++" denotes record values for the entire IBTrACS period of record. (Note that some
inconsistencies between Table 4.2 and the text of the various basin write-ups in
section g exist and are unavoidable, as tallying 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 TCs.)
North Atlantic 30 14 ! 0 180
444 ++ ++ +
Eastern Pacific 1/ _4_ 3 0 7_7
Western Pacific 2_3 1_2 z 1 1_5_0
North Indian 2 4 2 ! 27
++ ++ ++ +
South Indian 1: 6 3 0 5_4
Australia 10 E 0 0 3_1
o 5 1
Southwest Pacific 9 1 56
+ ++
Global Totals 1+0_'_2 48 23 3 5_7_4

2) Atlantic basin—G. D. Bell, M. Rosencrans, E. S. Blake, C. W. Landsea, H. Wang, S. B. Goldenberg, and R. J. Pasch

() 2020 SEASONAL ACTIVITY

The 2020 Atlantic hurricane season produced 30 named storms, of which 13 became hurricanes
and six of those became major hurricanes (Fig. 4.22a). The Hurricane Database 2 (HURDAT?2;
Landsea and Franklin, 2013) 1981-2010 seasonal averages (included in IBTrACS) are 12.1 named
storms, 6.4 hurricanes, and 2.7 major hurricanes (Landsea and Franklin 2013). The 30 named
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Fig. 4.22. Seasonal North Atlantic hurricane activ-
ity during 1950-2020. (a) Numbers of named storms
(green), hurricanes (red), and major hurricanes (blue).
(b) The 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 (kt) 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
(http:/www.cpc.ncep.noaa.gov/products/outlooks
/background_information.shtml). The thick red hori-
zontal line at 165% of the median ACE value denotes
NOAA's threshold for an extremely active season.
Vertical brown lines separate high- and low-activity
eras. Note that there is a low bias in activity during
the 1950s to the early 1970s due to the lack of satellite
imagery and a technique (Dvorak) to interpret tropical
cyclone intensity for systems over the open ocean.
(Source: HURDAT2 [Landsea and Franklin 2013].)
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storms during 2020 surpasses the previous record of 28 set in 2005. The 14 hurricanes during
2020 are the second most on record behind 15 observed in 2005, seven major hurricanes tied with
2005 for the most on record.

Nine of 30 named storms during 2020 were short-lived (<2 days). There has been a large arti-
ficial increase (approximately five per year) in these “shorties” since 2000 (Landsea et al. 2010).
These increased counts primarily reflect new observational capabilities such as scatterometers,
Advanced Microwave Sounding Units, and the Advanced Dvorak Technique, and have no asso-
ciation with any known climate variability (Villarini et al. 2011).

The 2020 seasonal ACE value (Bell et al. 2000) was 191.5% of the 1981-2010 median (which is
92.4 x 10" kt’; Fig. 4.22b). This value is the sixth largest since 1970 and is above NOAA’s threshold
for both an above-normal (120%) and an extremely active (165%) season. There have now been
a record five consecutive above-normal seasons, which surpasses the previous record of four
set in 1998-2001. Since the current Atlantic high-activity era began in 1995 (Goldenberg et al.
2001; Bell et al. 2019, 2020), there have been 18 above-normal seasons, with 10 being classified
as extremely active. By comparison, the preceding 24-year low-activity era of 1971-94 had only
two above-normal seasons, and none were extremely active.

(I) STORM FORMATION TIMES, REGIONS, AND LANDFALLS

Substantial TC activity occurred throughout the 2020 hurricane season (Fig. 4.23a). May-July
saw a record nine named storms. Seven of those, of which four were “shorties,” formed in the
extratropics from pre-existing extratropical disturbances. On average, 1-2 named storms form
per year during this period.

August-October (ASO), typically the most active part of the hurricane season, featured 18 Howa rd, Carl:
named storms during 2020, with a record 10 forming in September. Nine of the 18 named storms Please verify
became hurricanes, and four of those became major hurricanes. Most of these storms (13 of 18) :?ne;et:::;b;;:
formed in the Main Development Region (MDR, green box in Fig. 4.23c), which is also typical 5 |3te ad just-
of an above-normal season. The MDR spans the tropical North Atlantic Ocean and Caribbean ment to # of
Sea between 9.5°N and 21.5°N (Goldenberg and Shapiro 1996; Goldenberg et al. 2001; Bell and hurricanes
Chelliah 2006; Bell et al. 2017, 2018, 2019). November 2020 saw three named storms, with two

becoming major hurricanes over the western Caribbean Sea and striking Nicaragua as Category
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Fig. 4.23. Atlantic TC activity in 2020: (a, b) Storm counts and (c) areas of increased track density. In (a), named storm
counts are shown for the month and region the storm was first named. In (b), total seasonal counts for the three storm
classifications and ACE are shown for each region where the storm was first named. ACE reflects the entire storm ACE
and is attributed to the region in which the storm was first named. Regions in (a, b) are indicated by the color bar below
panel (b). In (c), areas of increased track density are shown by green ovals, and the number of named storms that passed
through each region are indicated. The Atlantic MDR is shown by the green box. The “extratropics” includes all regions
except for the MDR and Gulf of Mexico. (Source: HURDAT2 [Landsea and Franklin 2013].)
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4 storms, and generated the second-most Atlantic ACE on record (36 x 10 kt?), trailing only 1932
(71 x 10" kt’). On average, November sees only one named storm every other year. Only five major
hurricanes have occurred in November in the previous 70 years (1950-2019), and 2020 had two.

Historically, above-normal seasons result from a sharp increase in the number, intensity, and
duration of storms that develop in the MDR. During the 2020 season, 16 of the 30 named storms
formed in the MDR (Fig. 4.23b) and accounted for 10 of the season’s 14 hurricanes and five of the
season’s seven major hurricanes. The associated MDR-related ACE value was 143% of the median
and far exceeds the ACE of 27% associated with storms first named over the Gulf of Mexico and
20% for storms from the extratropics. This MDR-related ACE value was comparable to the 1981-2010
MDR average for above-normal seasons of 155% of the median. These values are roughly 10 times
higher than the MDR average of 15.8% for below-normal seasons (Bell et al 2011).

The actual storm tracks during 2020 (not shown) showed three main regions of exceptionally
high track density (Fig. 4.23c). One region extended from the western Caribbean Sea to the central
U.S. Gulf Coast experiencing 11 named storms with nine as hurricanes and four of those as major
hurricanes. Another region extended along the U.S. Atlantic Coast, with eight named storms, one
of which became a hurricane. A third region covered the west-central North Atlantic, also with
eight named storms, three of which became hurricanes and two of those became major hurricanes.

The season’s storm tracks resulted in a record 12 landfalling storms in the continental United
States. Six struck as hurricanes, including five as Category 1-2 storms and one as a Category 4
major hurricane (Hurricane Laura in Louisiana). Regionally, nine named storms (including four
Category 1-2 hurricanes and Hurricane Laura) made landfall along the Gulf Coast. Louisiana alone
experienced a record five landfalling storms, with two striking as Category 1-2 hurricanes (Delta
and Zeta) and Category 4 Hurricane Laura. The U.S Atlantic Coast experienced three landfalling
storms, including Category 1 Hurricane Isaias. Elsewhere, two hurricanes (Delta and Zeta) made
landfall in Mexico, two major hurricanes (Eta and Iota) made landfall in Nicaragua, and one
hurricane (Nana) made landfall in Belize.

(1) SEA SURFACE TEMPERATURES

Four main sea surface temperature (SST) signals were present during ASO 2020 (Fig. 4.24). First,
SSTs were above average throughout the MDR (Fig. 4.24a), and the area-averaged SST anomaly
was +0.6°C (Fig. 4.24Db). The largest anomalies were observed throughout the Caribbean Sea and
ranged from +0.5° to +1.0°C. Second, the area-averaged SST anomaly in the MDR was also higher
(by 0.35°C) than that of the remainder of the global tropics (Fig. 4.24c). This signal typifies the
warm phase of the Atlantic Multi-decadal Oscillation (AMO; Enfield and Mestas-Nufez 1999;
Bell and Chelliah 2006) and is a ubiquitous characteristic of Atlantic high-activity eras such as
1950-70 and 1995—present (Goldenberg et al. 2001; Vecchi and Soden 2007; Bell et al. 2018).

The third SST signal during ASO 2020 reflected above-average temperatures across most of the
North Atlantic Ocean. Outside of the MDR, the largest anomalies (exceeding +1.5°C) occupied the
western and portions of the central North Atlantic (Fig. 4.24a), where numerous tropical storms
and hurricanes tracked across this region. The area-averaged SST anomaly in the western North
Atlantic (red box, Fig. 4.24a) was +0.91°C and reflected a continuation of exceptional warmth
that began in 2014 (Fig. 4.24d).

The fourth SST signal during ASO 2020 was the development of La Nifa (section 4b). As dis-
cussed below, La Nifia contributed to the extensive hurricane activity from September onward.
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Fig. 4.24. (a) Aug-Oct 2020 SST anomalies (°C). (b)-(d) Time series of Aug-Oct area-averaged SST anomalies (black) and
5-point running mean of the time series (red), (b) in the MDR (green box in (a) spanning 20°-87.5°W and 9.5°-21.5°N),
(c) difference between the MDR and the global tropics (20°5-20°N), and (d) in the western North Atlantic (red box in
(a) spanning 55°-77.5°W and 25°-40°N). Anomalies are departures from the 1981-2010 period means. (Source: ERSST-v5
[Huang et al. 2017].)

AUGUST 2021 | State of the Climate in 2020 BAMS 4. THE TROPICS S29



(IV) ATMOSPHERIC CONDITIONS
Climatologically, the ASO peak in At-
lantic hurricane activity largely reflects
the June—September peak in the West
African monsoon. The inter-related cir-
culation features of an enhanced mon-
soon increase hurricane activity, while
those of an anomalously weak monsoon
suppress it (Gray 1990; Hastenrath 1990;
Landsea et al. 1992; Bell and Chelliah
2006; Bell et al. 2018, 2020). The as-
sociation on multi-decadal time scales
between the AMO and Atlantic hurricane
activity largely exists because of their
common relationship with the West Af-
rican monsoon (Bell and Chelliah 2006).
The West African monsoon was en-
hanced during July—September 2020, as
indicated by negative outgoing longwave
radiation (OLR) anomalies across the
African Sahel (red box, Fig. 4.25a). Total
OLR values in this region averaged 234 W
m* (Fig. 4.25b), with values less than 240
W m™’, indicating deep tropical convec-
tion. Consistent with these conditions,
the larger-scale divergent circulation
at 200-hPa featured an extensive area
of anomalous divergence and a core of
negative velocity potential anomalies
across subtropical northern Africa (Fig.
4.25¢). The OLR time series shows that
an enhanced monsoon has largely pre-
vailed throughout the current Atlantic
high-activity era and warm AMO of
1995-present (Fig. 4.25b). By contrast, a
much weaker monsoon with OLR values
well above 240 W m~ in the Sahel region
was typical of the low-activity and cool
AMO period of the 1980s and early 1990s.
During ASO 2020, core atmospheric
conditions within the MDR reflected a
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Fig. 4.25. (a) Jul-Sep 2020 anomalous OLR (W m™?), with negative
(positive) values indicating enhanced (suppressed) convection.
(b) Time series of Jul-Sep total OLR (black) and 5-point running
mean of the time series (red) averaged over the African Sahel
region (red box in (a), (c) spanning 20°W-0° and 12.5°-17.5°N).
(c) Jul-Sep 2020 anomalous 200-hPa velocity potential (x 10° m?
s™") and divergent wind vectors (m s™). In (a), contours show total
OLR values of 220 W m~2 and 240 W m™2. In (a), (c), the green box
denotes the Atlantic MDR. Anomalies are departures from the
1981-2010 means. (Source: NCEP/NCAR Reanalysis [Kalnay et al.
1996] for velocity potential and wind, and Liebmann and Smith
[1996] for OLR.)

combination of the enhanced West African monsoon and La Nifla. At 200 hPa, one monsoon-relat-
ed feature was amplified subtropical ridges (indicated by anticyclonic streamfunction anomalies)
across the Atlantic Ocean and Africa in both hemispheres (Fig. 4.26a). La Nifia impacts in that field
(Bell and Chelliah 2006) included cyclonic streamfunction anomalies in both hemispheres of the
western and central subtropical Pacific, along with a contribution to the anticyclonic anomalies
across the Caribbean Sea and MDR. This combination resulted in a zonal wave-1 anomaly pattern
in both hemispheres (green ovals in Fig. 4.26a) that is a classic signal for an extremely active
Atlantic hurricane season (Bell and Chelliah 2006; Landsea et al. 1998; Bell et al. 2011).

Within the MDR, this anomaly pattern also reflected a weaker tropical upper-tropospheric
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Fig. 4.26. Aug-Oct 2020: (a), (b) 200-hPa streamfunction (contours, interval is 5 x 10° m? s™') and anomalies (shaded), with
anomalous vector winds (m s™) also shown in (b); (c) anomalous 1000-hPa heights (shaded, m) and vector winds; and (d)
anomalous 700-hPa cyclonic relative vorticity (shaded, x 10°® s™") and vector winds. In (a), (b) the upper-level ridge and
TUTT discussed in the text are labeled and denoted by thick black lines. In (a), green ovals highlight the zonal wave-1
pattern discussed in the text. In (d), the thick solid line indicates the axis of the mean African Easterly Jet, which was
hand-drawn based on total seasonal wind speeds (not shown). Vector scales differ for each panel and are below right of
color bar. The green box denotes the MDR. Anomalies are departures from the 1981-2010 means. (Source: NCEP/NCAR
Reanalysis [Kalnay et al. 1996].)
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Fig. 4.27. Aug-Oct (ASO) magnitude of the 200-850 hPa vertical wind shear (m s™"): 2020 (a) total magnitude and vector
and (b) anomalous magnitude and vector. (c), (d) Time series of ASO vertical shear magnitude (black) and 5-point running
mean of the time series (red) averaged over (c) the MDR (green box in (a),(b) spanning 20°-87.5°W and 9.5°-21.5°N), and
(d) the western Caribbean Sea (blue box in (a),(b) spanning 87.5°-75°W and 9.5°-21.5°N). Regions with increased track
density are shown by green ovals copied from Fig. 4.23c. Anomalies are departures from the 1981-2010 means. (Source:
NCEP/NCAR Reanalysis [Kalnay et al. 1996].)
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trough (indicated by anomalous easterly winds in Fig. 4.26b). Other monsoon-related features
were present in the lower troposphere, including lower sea level pressure and weaker easterly
and northeasterly trade winds (indicated by westerly and southwesterly anomalies) across the
southern half of the central and eastern MDR (Fig. 4.26c¢).

The resulting combination of anomalous low-level westerlies and upper-level easterlies pro-
duced an extensive area of weak vertical wind shear across the tropical Atlantic, western Carib-
bean Sea, and southern Gulf of Mexico (Figs. 4.27a,b). The area-averaged magnitude of the vertical
wind shear for the entire MDR was 7.2 m s (Fig. 4.27c) and for the western Caribbean Sea was an
exceptionally low 4.5 m s (Fig. 4.27d). Both of these values are well below the upper threshold
of 8 m s™ considered conducive to hurricane formation on monthly time scales (Bell et al. 2017).

The anomalous low-level circulation also reflected an extensive flow of deep tropical moisture
into the southern half of the central and eastern MDR. This moisture not only helps feed the
monsoon, but also favors increased Atlantic hurricane activity. This situation contrasts with the
drier and cooler air that normally accompanies enhanced northeasterly trade winds when the
monsoon is weak.

Another aspect of the enhanced West African monsoon system during ASO 2020 was an up-
ward extension of the easterly wind anomalies over the eastern half of the MDR to at least the
700-hPa level (Fig. 4.26d), which is the approximate level of the African Easterly Jet (AEJ]). This
anomaly pattern contributed to a deep layer of anomalous cyclonic relative vorticity (i.e., increased
horizontal cyclonic shear) along the equatorward flank of the AE]J. These conditions are known
to favor increased TC activity by helping African easterly waves to be better maintained and by
providing an inherent cyclonic rotation to their embedded convective cells (Bell et al. 2004, 2006,
2017, 2018, 2020; Landsea et al. 1998).

The above conditions typified the many above-normal and extremely active seasons seen dur-
ing the current Atlantic high-activity era; however, interannual signals were also in play during
2020. One of those was La Nifia, which supported increased Atlantic hurricane activity over the
Caribbean Sea and southern Gulf of Mexico in response to its contribution to weaker vertical
wind shear. Another interannual signal was a strong ridge over the western North Atlantic (Figs.
4.26a,b). This ridge contributed to the weak vertical wind shear (Fig. 4.27a), exceptionally warm
SSTs over the western North Atlantic (Fig. 4.24d), and to the development of several hurricanes
north of the MDR. It also contributed to a highly anomalous steering current (Fig. 4.28), which
not only helped focus the storm tracks (Fig. 4.23c), but also contributed to the development of
several hurricanes north of the MDR.
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Fig. 4.28. Aug-Oct (ASO) vertically averaged anomalous wind vector between 850 and 200 hPa, along with 500-hPa
heights (contours) and anomalies (shaded). (Source: NCEP/NCAR Reanalysis [Kalnay et al. 1996].)
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Sidebar 4.1: Hurricane Laura: A record setting hurricane for southwest Louisiana—

P. J. KLOTZBACH AND R. E. TRUCHELUT

The 2020 Atlantic hurricane sea-
son was extremely active, setting
the record for most named storms
observed in a single season with 30,
breaking the old record of 28 set in
2005. The 2020 season also broke
the record for most continental
United States named storm landfalls
in a single season with 11, breaking
the old record of nine set in 1916. Of
these 11 named storm landfalls, Hur-
ricane Laura was the strongest, mak-
ing landfall near Cameron, Louisiana,
with maximum sustained winds of
130 kt (67 m s™") on 27 August 2020.
Laura caused tremendous damage
in Lake Charles and other smaller
communities in southwest Louisiana.
Laura was the third of four named
storms that would make landfall in
Louisiana in 2020, tying the old re-
cord of four Louisiana named storm
landfalls set in 2002.

Here, the meteorological history of Laura will be summarized,
along with some of the notable records that the system set.
Historical landfall records from 1851—present are taken from
the National Hurricane Center/Atlantic Oceanographic and
Meteorological Laboratory archive located at: http://www.aoml
.noaa.gov/hrd/hurdat/All_U.S._Hurricanes.html. Laura’s ob-
served values are taken fromPasch et al. (2021). All times are
listed in hours UTC.

Laura became a tropical depression on 20 August in the
central tropical Atlantic and slowly intensified to a tropical
storm the following day. Westerly shear and dry air entrain-
ment caused persistent displacement of the mid- and low-level
circulation centers, and Laura remained a low-end tropical storm
as it tracked just south of Puerto Rico on 22 August. Vertical
wind shear decreased as Laura crossed the southern portion of
the Dominican Republic and Haiti on 23 August. This allowed
for better vortex alignment, and maximum sustained winds
increased to 55 kt (28 m s™') before weakening slightly due to
both an increase in northerly shear and land interaction with
Cuba on 24 August.
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Fig. SB4.1. GeoColor satellite image of Category 4 Hurricane Laura on 26 Aug at
2050 UTC.

Once Laura emerged from the west coast of Cuba, the storm
entered a more favorable environment of relatively low wind
shear, high sea surface temperatures (~30°C), and increased
levels of mid-level moisture. Laura intensified slowly at first,
reaching hurricane strength at 1200 UTC on 25 August over
the south-central Gulf of Mexico. By early on 26 August, the
environment became even more conducive for strengthening,
and Laura rapidly intensified from a 75-kt (39-m s™') Category
1 hurricane at 00 UTC on 26 August to a 130-kt (67-m s™')
Category 4 hurricane at 00 UTC on 27 August (Fig. SB4.1). This
55-kt (28-m s7") intensification in 24 hours was the fastest
intensification rate for an Atlantic named storm in the Gulf of
Mexico since Hurricane Karl in 2010, which also intensified by
55 kt (28 m s™') in 24 hours. Around six hours after ending its
rapid intensification, Laura made landfall in southwest Louisiana
at its peak intensity (i.e., 130 kt [67 m s™"]). Following landfall,
Laura rapidly weakened to a tropical storm later on 27 August
and then to a tropical depression on 28 August as it tracked
north into Arkansas, dissipating early on 29 August over the
Ohio Valley.
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Fig. SB4.2. Heavily damaged National Weather Service Lake
Charles radar following Hurricane Laura. (Image courtesy of Brett
Adair, Live Storms Media.)

Hurricane Laura caused tremendous damage in southwest-
ern Louisiana, with a current estimated cost of $19 billion
(U.S. dollars). Laura was responsible for seven direct and 34
indirect fatalities in the United States, with 31 additional fa-
talities occurring in Haiti and nine in the Dominican Republic.
About four to six meters of storm surge occurred to the east
of Laura’s landfall near Creole and Grand Chenier, Louisiana.
Lake Charles, Louisiana, suffered extreme wind damage from
gusts exceeding 115 kt (59 m s7), including the destruction of
the Lake Charles’ Weather Forecast Office's WSR-88D doppler
radar (Fig. SB4.2). Laura's track was slightly farther east than
anticipated just before landfall, thus sparing Lake Charles a
much more significant storm surge.

The 130 kt (67 m s') maximum sustained winds at the
time of Laura’s landfall were the strongest for a Louisiana
hurricane since the Last Island Hurricane of 1856 and tied for
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the fifth-strongest on record in the continental United States.
Laura’s landfall pressure of 939 hPa was the fourth lowest for
a Louisiana hurricane on record, trailing Katrina in 2005 (920
hPa), the Last Island Hurricane in 1856 (934 hPa), and Rita in
2005 (937 hPa). Laura also rapidly intensified prior to landfall,
defined to be an intensification of =30 kt in 24 hours (=15 ms™'
in 24 hours). This was one of three hurricanes in 2020 to rapidly
intensify in the 24 hours before its continental U.S. landfall,
with the others being Hurricanes Hanna and Zeta. Like Laura,
Zeta also rapidly intensified in the 24 hours prior to its landfall
in Louisiana. Laura’s 40 kt (21 m s™") of intensification in its
final 24 hours prior to landfall in the continental United States
are tied with Hurricanes Michael (2018) and Charley (2020) for
the second highest in the last two decades, trailing only Zeta,
which intensified by 45 kt in the 24 hours before its landfall in
Louisiana in late October 2020.
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3) Eastern North Pacific and Central North Pacific basins—K. M. Wood and C. J. Schreck

(I) SEASONAL ACTIVITY

This section combines statistics from the two agencies responsible for issuing advisories and
warnings in the eastern North Pacific (ENP) basin: NOAA’s National Hurricane Center in Miami,
Florida, (from the Pacific coast of North America to 140°W) and NOAA’s Central Pacific Hurricane
Center in Honolulu, Hawaii, (between 140°W and the date line, the Central North Pacific [CNP]).

A total of 17 named storms formed in the combined ENP/CNP basin in 2020 (Fig. 4.29a), four of
which became hurricanes and three became major hurricanes. This activity is near normal for
named storms but below normal for hurricanes: the 1981-2010 IBTrACS seasonal averages are 16.5
named storms, 8.5 hurricanes, and 4.0 major hurricanes (Schreck et al. 2014). All named storms
occurred between the official hurricane season start date of 15 May and end date of 30 November;
however, the first tropical depression formed at 1200 UTC on 25 April, marking the earliest ENP
tropical cyclone (TC) formation since the start of the satellite record in 1966 (Cangialosi 2020). That
depression did not reach tropical storm intensity; the first to do so was Tropical Storm Amanda on
31 May. The final named storm, Tropical Storm Polo, dissipated on 19 November. Sixteen named
storms were classified operationally and post-season analysis revealed the season’s seventh tropi-
cal depression was, in fact, a short-lived tropical storm (Brown 2020). No named storms formed
within the CNP, but one (Douglas) entered the region from the east, placing 2020 well below the
1981-2010 IBTrACS seasonal average of 4.7 for the CNP.
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Fig. 4.29. (@) Annual storm counts by category during 1970-2020, with the 1981-2010 average by category denoted by each
dashed line. (b) Annual ACE during 1970-2020, with 2020 highlighted in orange and the 1981-2010 average denoted by
the dashed line. (c) Daily ACE during 1981-2010 (solid black) and during 2020 (solid green); accumulated daily ACE during
1981-2010 (dashed blue) and during 2020 (dashed orange).
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The 2020 seasonal ACE index was 77 x 104 kt2, or 58% of the 1981-2010 mean of 132 x 104 kt2
(Fig. 4.29b,c; Bell et al. 2000; Schreck et al. 2014). The bulk of 2020 TC activity, including three
hurricanes and two major hurricanes, was confined to July and August (comprising 63% of the
season’s ACE). Only tropical storms formed in September, and the season’s final major hurricane
(Marie) occurred in early October.

As in 2019 (Wood and Schreck 2020), three 2020 ENP TCs contributed more than half of the
season’s total ACE, with each reaching Category 4 intensity (113-136 kt; 58-70 m s ™) on the SSHWS.
In addition, all three TCs underwent rapid intensification (=30 kt or 15.4 m s in 24 hours) prior
to peak intensity and later rapidly weakened while over open ocean (<-30 kt or —15.4 m s in 24
hours; Wood and Ritchie 2015). Hurricane Genevieve (16—21 August) exhibited the fastest 24-hour
intensification rate of 50 kt (26 m s™). The fastest 24-hour intensification rate for Hurricane Douglas
(21-29 July) was 45 kt (23 m s™), and Hurricane Marie (29 September—6 October) intensified 40 kt
(21 m s™) in 24 hours. Despite achieving the most rapid 24-hour intensification rate, Genevieve
spent the least amount of time at its peak intensity, which lasted only six hours before it began
weakening. Conversely, Marie maintained >115-kt maximum winds for 30 hours.

(1) ENVIRONMENTAL INFLUENCES ON THE 2020 SEASON

Negative SST anomalies were observed over much of the equatorial eastern Pacific during the
2020 ENP hurricane season, a signature of the developing La Nifa event (section 4b), although
season-averaged SSTs were generally above normal where most TCs formed (Fig. 4.30a). Pro-
nounced positive anomalies persisted at higher latitudes, particularly north of Hawaii, and these
warmer-than-normal waters may have contributed to the long track of Douglas near Hawaii in July.
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Fig. 4.30. 15 May-30 Nov 2020 anomaly maps of (a) SST (°C; Banzon and Reynolds 2013), (b) OLR (W m™%; Schreck et al.
2018), (c) 200-850-hPa vertical wind shear (m s™) vector (arrows) and scalar (shading) anomalies, and (d) 850-hPa wind
(m s™', 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. Letters denote where each TC attained tropical storm in-
tensity; “7" represents the unnamed tropical storm revealed in post-season analysis. Wind data are obtained from CFSR
(Saha et al. 2014).
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Most TC activity was confined to the eastern part of the basin, where OLR anomalies were near
or below normal and co-located with below-normal vertical wind shear (Figs. 4.30b,c); however,
only two TCs tracked west of 120°W where the shear was most anomalously below normal. As
in recent ENP seasons, 2020 was again marked by enhanced 850-hPa easterly flow near Central
America, which may have limited activity by reducing the available low-level cyclonic vorticity
(Fig. 4.30d).

Tropical cyclone activity in the ENP, especially cyclogenesis, can be affected by the Madden-
Julian Oscillation (M]O) as well as convectively-coupled Kelvin waves (e.g., Maloney and Hartmann
2001; Aiyyer and Molinari 2008; Schreck and Molinari 2011; Ventrice et al. 2012a,b; Schreck 2015,
2016). Although the MJO signal was weak within the ENP for much of the hurricane season, the
enhanced convective phase in August may have supported the development of Elida, Fausto, and
Genevieve (Fig. 4.31; see Kiladis et al. 2005, 2009 for methodology). The convectively enhanced
phase of Kelvin waves likely contributed to the formation of Amanda, Boris, Cristina, Douglas,
Iselle, and Lowell. Easterly wave activity can be inferred from Fig. 4.31 as westward-moving
negative (green) anomalies; such waves were particularly active during the genesis of Cristina,
Elida, Genevieve, Hernan, Karina, Lowell, Marie, Odalys, and Polo.

15 May

4 Jun

24 Jun

14 Jul

3 Aug

23 Aug

12 Sep

2 Oct

22 Oct

11 Nov

135°E 180° 135°W 90°W
[ [ [ [ [ [
-48 -36 -24 -12 0 12 24 36 48
OLR anomaly (W m2)

Fig. 4.31. Longitude—time Hovméller diagram of 15°-5°N average OLR (W m™%; Schreck et al. 2018). 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 are contoured in black at +10 W m~2 (dashed
for positive, solid for negative). Letters denote the longitude and time when each TC attained tropical storm intensity;
“7" represents the unnamed tropical storm revealed in post-season analysis.
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(111) TROPICAL CYCLONE IMPACTS

One ENP TC made landfall while at least at tropical storm strength, yet five TCs (Amanda, Gen-
evieve, Hernan, Iselle, and Douglas) produced impacts in 2020. Tropical Storm Amanda (30-31
May) became the second known Pacific TC to make landfall in Guatemala, with the first being
Tropical Storm Agatha in 2010 (Berg 2020). Amanda contributed to excessive rainfall, widespread
flooding, and numerous mudslides in Central America. The other contributors were Atlantic Tropi-
cal Storm Cristobal (which formed in part from Amanda’s remnants) and a Central American gyre
in the region as described by Pappin (2014). These impacts resulted in 40 deaths, affected over
100,000 people, and damaged or destroyed over 3000 ha of crops (Berg 2020).

On average, 1.8 ENP TCs make landfall in Mexico each year (Raga et al. 2013), but no TCs made
landfall in 2020. Nonetheless, Hurricane Genevieve tracked close to Baja California Sur, bring-
ing heavy rain and strong winds to the peninsula as it weakened while encountering decreasing
SSTs and dry air. Short-lived Tropical Storm Hernan (26-28 August) also impacted Baja California
Sur, although it also did not make landfall. Shortly after Hernan dissipated, Tropical Storm Iselle
(26-30 August) approached Baja California but weakened to a remnant low well offshore.

Hurricane Douglas, one of three Category 4 ENP hurricanes in 2020 and the only named storm
to reach the CNP portion of the basin, passed within 50 nautical miles (93 km) of multiple Hawai-
ian Islands while at hurricane intensity (Latto 2020). Although the TC did not make landfall, its
circulation crossed several of the northwestern Hawaiian Islands as a tropical storm. In line with
its close proximity to land, there was some minor damage in Hawaii—mainly nuisance flooding
and some downed trees, but no casualties were reported due to Douglas (see https://weather
.com/safety/hurricane/news/2020-07-27-hawaii-hurricane-douglas).

4) Western North Pacific basin—S. ). Camargo

(I) OVERVIEW

The 2020 TC season in the western North Pacific was below normal by most measures of TC
activity. The data used here are primarily from the JTWC best-track data for 1945-2019 and pre-
liminary operational data for 2020. All statistics are based on the 1981-2010 climatological period
unless otherwise noted.

According to the JTWC, a total of 23 TCs (bottom quartile < 23) reached tropical storm intensity
in 2020. From these, 12 reached typhoon intensity (bottom quartile < 15), with two reaching super
typhoon status (130 kt, bottom quartile < 2). There were also three tropical depressions (median
= 3.5); however, Krovanh was considered a tropical storm by the Japan Meteorological Agency
(JMA). Only 52% of the tropical storms intensified into typhoons (bottom quartile < 59%) and only
17% of the typhoons reached super typhoon intensities (median = 25%). Figure 4.32a shows the
number of storms in each category for 1945-2020.

The JMA total for 2020 was also 23 TCs (bottom quartile < 23). While this is the same number of
storms that reached tropical storm intensity for JTWC, there were differences between the agen-
cies.” In addition to Krovanh, Tropical Storm Six was not included among the JMA 2020 storms,
and Mekkhala and Kujira were considered typhoons by JTWC, but were only considered tropical
storms by JMA. Of the 23 JMA TCs, eight were tropical storms (top quartile > 7), five were severe
tropical storms (median = 5), and 10 were typhoons (bottom quartile < 13). Only 44% of the storms
reached typhoon intensity (bottom quartile < 50%). The number of all TCs (1951-1976) and tropi-
cal storms, severe tropical storms and typhoons (1977-2020) according to the JMA are shown in
Fig. 4.32b. The Philippine Atmospheric, Geophysical and Astronomical Services Administration
(PAGASA) named 22 TCs that entered its area of responsibility, including Tropical Depressions Ca-
rina, Gener (corresponding to JTWC Tropical Storm Six), and Ofel, which were not named by JMA.

“1It is well known that there are systematic differences between the JMA and the JTWC datasets. These differences have been exten-
sively documented in the literature (e.g., Knapp et al. 2013; Schreck et al. 2014).
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Fig. 4.32. (a) Number of tropical storms (TSs), typhoons (TYs) and super typhoons (STYs) per year in the WNP for the period
1945-2020 based on JTWC data. (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 2020 based on JMA data. Panel (c) shows the
cumulative number of tropical cyclones with TS intensity or higher (named storms) per month in the WNP in 2020 (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 1945-2019 period: red diamonds [circles]). Panel (e) is
similar to panel (c) but for the number of TYs. Panels (d) and (f) show the number of named storms and TYs per month in
2020 (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 er-
ror bars, the upper and/or lower percentiles coincide with the median). Sources: 1945-2019 JTWC best-track dataset, 2020
JTWC preliminary operational track data for panels (a), (c), (d), (e), and (f); 1951-2020 RSMC-Tokyo, Japan Meteorological
Agency (JMA) best-track dataset for panel (b).
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(1) SEASONAL ACTIVITY

No active storms were present from January to April, and therefore the season started with
Typhoon Vongfong in May. Only Tropical Storm Nuri was active in June and none were active in
July. Therefore, it was a below-normal early typhoon season (January—June) with only two named
storms (bottom quartile < 3), including only one typhoon (bottom quartile < 1). The lack of storms
during January-April was not unusual. Climatologically, the percentage of the years with an
active TC (typhoon) during January, February, March, and April are 40% (16.7%), 13.3% (6.7%),

33.3% (16.7%), and 46.7% (30%), respectively; however, this was the first time in the historical
record that no named storms occurred in July (Fig. 4.32d) and previously only four other years
had no typhoons that month (1947, 1975, 1998, and 2019; Fig. 4.32f). Furthermore, there were also
no typhoons in June, which climatologically has at least one active typhoon in 63% of the years.

By contrast with July, August was a busy month with eight named storms (top quartile = 6),
including four tropical storms (Sinlaku, Jangmi, Six, and Higos) and four typhoons (Hagupit, Me-
kkhala, Bavi, and Maysak; median = 3) active during that month. Super Typhoon Haishen formed
on 31 August and was mostly active during September, and thus is considered a September storm Andrea, is it
in this analysis. A total of four named storms (bottom quartile < 4) were active in September: Tropi- grammatically
cal Storms Noul and Dolphin and two typhoons (bottom quartile < 2): Super Typhoon Haishen ©k to have these
and Typhoon Kujira. Tropical Depression Twelve also formed in September. Similar to August, :‘;‘Veo scaon!':n:e :1n
October was a busy month with one tropical depression (Twenty) and seven named storms (top tence?
quartile > 5), including three tropical storms (Linfa, Nangka, and Atsani) and four typhoons (top
quartile > 4; Chan-Hom, Saudel, Molave, and Super Typhoon Goni).

The season ended with two storms in November (bottom quartile < 2), Tropical Storm Etau and
Typhoon Vamco (median = 1), and Tropical Depression Krovanh in December. As shown in Figs.
4.32c—e, the early season (January-June) activity level was below normal. These quiet months
were followed by an average peak season (July—October), with 19 named storms (median = 17),
including 10 typhoons (median = 12). The late season (November—December) was also quiet with
two named storms (bottom quartile < 3), including only one typhoon (bottom quartile < 1). The
below-normal activity in the early and late seasons led to a below-normal season overall, even
with near-normal levels of activity during the peak season, including two months (August and
October) with above-normal activity.

The total seasonal ACE in 2020 (Fig. 4.33a) was in the bottom quartile of the climatological
distribution—the fifth lowest in the historical record. In most months, the ACE value was in the
bottom quartile of the climatological distribution. Only May, October, and November ACE values
reached the below-normal quartile (25%-50%; Fig 4.33b). Of particular note is July 2020, which
was the first July in the historical record (JTWC records began in 1945) with zero ACE. In contrast,

a zero ACE value is not as rare an event in June, having happened 13 times before. Low ACE values
are typical of La Nifia in the western North Pacific (Camargo and Sobel 2005).

Furthermore, Western North Pacific (WNP) ACE in 2020 had a sharp peak in October, while
climatologically the WNP ACE peak is flatter and spread almost equally from August to October
(Fig. 4.33b). The months from August to November corresponded approximately to 95% of the
total ACE in 2020, which is much higher than the climatological median percentage of 68%. The
ACE of three storms in 2020 were each in the top quartile of the ACE per storm climatology: Super
Typhoons Goni and Haishen and Typhoon Maisak. Together these three storms contributed to
45% of the seasonal ACE (17%, 16%, and 12%, respectively).

The mean genesis location in 2020 was 17.8°N and 129.5°E, northwest of the climatological mean
of 13.2°N, 142.8°E (std. dev. of 1.9° latitude and 5.6° longitude). The mean track position in 2020
was 20.1°N, 127.5°E, similarly northwest of the climatological mean of 17.3°N, 136.6°E (std. dev.
of 1.4° latitude and 4.7° longitude). There is a well-known connection between genesis and track
shifts in the WNP basin and El Nifio/La Nifia, with La Nifia favoring a northwestward shift in TC
genesis and track (Chia and Ropelewski 2002; Camargo and Sobel 2005; Camargo et al. 2007a).
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Fig. 4.33. (a) ACE per year in the western North Pacific for
1945-2020. The solid green line indicates the climatological
median (1981-2010), and the dashed lines show the climatologi-
cal 25th and 75th percentiles. (b) ACE per month in 2020 (black
line) and the median during 1981-2010 (blue line), with the red
error bars indicating 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 1945-2019. (Source: 1945-2019 JTWC best-
track dataset; 2020 JTWC preliminary operational track data.)
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The longest-lived storm in 2020 was
Typhoon Chan-Hom (11.25 days), which
was the only storm in the top quartile of
the distribution (>10.5 days). From the
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23 named storms, only five had lifetimes
above the median (7.75 days). These short-
lived storms are another characteristic of
La Nifa in the WNP (Camargo and Sobel
2005; Camargo et al. 2007a). The maximum
number of TCs active simultaneously in
2020 was three and occurred on 10 August
(Tropical Storms Sinlaku, Jangmi, and Six),
while two typhoons (Maysak and Haishen)
were active on 2 September. The historical
record is six active TCs (14-15 August 1996).

Including tropical depressions,
17 storms made landfall in 2020 (median = 17, 1951-2010 climatology). Landfall here is defined
when a TC track is over land, and the previous TC location was over the ocean. In order to include
landfall over small islands, tracks were interpolated from 6-hourly to 15-minutes intervals, and
a high-resolution land mask was used. In cases of multiple landfalls, we considered the landfall
with the highest intensity for each storm. Two storms made landfall as tropical depressions (be-
low normal: 1-2 TDs), eight as tropical storms (top quartile > 8), and five as typhoons Categories
1-2 (median = 5). Typhoon Vongfong and Super Typhoon Goni made landfall as major typhoons
(Category 3—-5; median = 2). Vongfong (named Ambo by PAGASA) made multiple landfalls in the
Philippines, with the first and most intense landfall at San Policarpo in Eastern Samar. In late
October, Typhoon Molave made landfall in both the Philippines and Vietnam and was followed
in early November by Super Typhoon Goni (named Rolly by PAGASA), which made landfall in
the same countries. Early estimates considered the Category 5 intensity of Goni at landfall at
Catanduanes in the Philippines to be the strongest TC landfall ever recorded.

M A M J J A S O N D
Month

mo
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(1) ENVIRONMENTAL CONDITIONS

Figure 4.34 shows the environmental conditions associated with the 2020 typhoon season
(June—October). The La Nifia event was present for most of the typhoon season, with La Nina
conditions developing in August 2020 (see section 4b). The SST anomaly pattern during the peak
typhoon season (July—October [JASO]; Fig. 4.2c,d) was dominated by the standard eastern Pacific
La Nifia pattern, which includes above-normal SSTs in the western North Pacific. The genesis
potential index (GPI; Fig. 4.34a; Emanuel and Nolan 2004; Camargo et al. 2007b) in JASO was
characterized by two large regions of positive anomalies: the first near the Philippines and the
second a large zonal band centered around 30°N. The first position of the storms formed during
those months is also shown in Fig. 4.34a (black asterisks), and they are located around those two
positive anomaly bands. The potential intensity (Emanuel 1988) anomalies (Fig. 4.34b) mostly
reflect the SST anomalies, with positive anomalies in a horseshoe pattern in most of the WNP and
negative anomalies close to the equator in the eastern part of the basin. With the exception of two
bands of 600-hPa relative humidity anomalies (Fig. 4.34c) in the equatorial region (positive to
the west, negative to the east), mid-level relative humidity was close to climatological conditions.

The extent of the monsoon trough, defined by 850-hPa zonal winds (Fig. 4.34d), was restricted
from the South China Sea to the Philippines, as is typical in La Nifia events. Many storms formed
in this region during 2020 (Fig. 4.34a). Given the record lack of TCs in July, the conditions in that
month are shown in Fig.4.34e (GPI) and Fig.4.34f (vertical wind shear). GPI anomalies in July
(Fig. 4.34e) were negative in most of the basin, and the location of these negative anomalies
coincided with regions of stronger-than-normal vertical wind shear (Fig. 4.34f). Comparing the
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Fig. 4.34. (a) GPI anomalies in JASO 2020. First position of storms in JASO 2020 is marked with an asterisk, (b) potential
intensity anomalies in JASO 2020, (c) 600-hPa relative humidity anomalies (%) in JASO 2020, (d) 850-hPa zonal winds
(m s™)in JASO 2020, () GPl anomalies for Jul 2020, and (f) vertical wind shear magnitude anomalies for Jul 2020. (Source:
ERADS reanalysis [Hersbach et al. 2020].)

AUGUST 2021 | State of the Climate in 2020 BAMS 4. THE TROPICS S42



GPI anomalies in July with the other components of the index (not shown: vorticity, potential in-
tensity, and relative humidity), it is clear that vertical wind shear anomalies were the main cause
of the unfavorable GPI values during July. In addition to these unfavorable conditions, the MJO
in July was active over the North Indian Ocean and suppressed over the WNP (Fig. 4.7), which
likely contributed to the lack of storms that month.

(IV) TROPICAL CYCLONE IMPACTS

Many storms had social and economic impacts in Asia in 2020, in particular Typhoons Molave,
Goni, and Vamco. Typhoon Molave mainly affected the Philippines and central Vietnam, where
the storm caused widespread destruction and was one of the strongest storms to hit the country
in the past 20 years according to the Vietnam Meteorological and Hydrological Administration.
Molave was one of seven typhoons that affected Vietnam in 2020, and the combination of the
monsoonal rains with these storms led to severe flooding in that country.

Super Typhoon Goni was the strongest TC to make landfall in the historical record and led
to the evacuation of almost 1 million people from its path, with thousands of homes destroyed.
Typhoon Vamco affected the same region of the Philippines just a few days later. This led to an
emergency situation in the Philippines, with the National Disaster Risk Reduction and Manage-
ment Council declaring a “state of calamity” for the island of Luzon. Local authorities reported
the worst floods there in 45 years.

5) North Indian Ocean—A. D. Magee and C. J. Schreck

(I) SEASONAL ACTIVITY

The North Indian Ocean (NIO) TC season typically occurs between April and December, with
two peaks of activity: May—June and October—December, due to the presence of the monsoon
trough over tropical waters of the NIO during these periods. Tropical cyclone genesis typically
occurs in the Arabian Sea and the Bay of Bengal between 8° and 15°N. The Bay of Bengal, on
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Fig. 4.36. 15 Sep-15 Dec 2020 NIO anomaly maps of (a) SST (°C;
Banzon and Reynolds 2013), (b) OLR (W m “%; Schreck et al. 2018),
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to 1982-2010. Letter symbols denote where each NIO TC attained
its initial tropical storm intensity. (Source: Wind data from CFSR
[Saha et al. 2014].)

generated during the 2019 NIO season,
but above the 1981-2010 climatology of
19.1 x 10* kt*. Indian Ocean dipole (IOD)
conditions, as measured by the Dipole
Mode Index, were neutral for the majority
of the 2020 NIO TC season. Environmental
conditions between 15 September and 15
December 2020 were characterized by
average to above-average SSTs (Fig. 4.36a)
and enhanced convection (Fig. 4.36b) in
the region of cyclogenesis. Less favorable
wind shear anomalies (>3 m s™), particu-
larly in the Bay of Bengal, were present
around the area of cyclogenesis around
Cyclones Nivar and Burevi. Low-level
westerly wind anomalies were present
around 10°N (Fig. 4.36d).

(1) INDIVIDUAL TCS AND IMPACTS

The first cyclone of the 2020 NIO cy-
clone season, Super Cyclone Amphan
(16—21 May), was the first super cyclonic
storm to form (winds =120 kt; 262 m s™)
over the Bay of Bengal since Cyclone Odi-
sha in 1999 (India Meteorological Depart-
ment 2021b). Amphan originated from an
area of low pressure in the southeastern
Bay of Bengal, approximately 1000 km
to the southeast of Andhra Pradesh, In-
dia. Exceptionally high SSTs (30°-31°C)
and low vertical wind shear (5-7 m s™)
enabled Amphan to intensify from 50 kt
(26 m s™) at 0600 UTC 17 May to 130 kt
(67 m s™) at 2100 UTC 18 May. Amphan
reached a maximum intensity of 145 kt
(74 ms™) and a minimum central pressure
of 901 hPa, equivalent to an SSHWS Cat-
egory 5 system before crossing the West
Bengal-Bangladesh coastline as a very
severe cyclonic storm near Sundarbans
with maximum sustained wind speed of
85 kt (44 m s™). Amphan maintained cy-

clonic storm intensity (winds > 34 kt; 17 m s™') for almost 15 hours post-landfall. Damage associated
with Amphan was estimated to be at $13.9 billion (U.S. dollars), the costliest cyclone recorded in
the basin. In India alone, 98 deaths were reported, along with other fatalities in Bangladesh and
Sri Lanka. The Indian state of West Bengal was most impacted by Amphan. In June, the Indian
Red Cross Society reported that 2.9 million houses in the state were damaged or destroyed. A 24-
hour accumulated rainfall of 240 mm was recorded at Alipore, and storm surge of approximately
15 feet inundated low-lying areas of West Bengal. Bhutan was also affected by flash flooding.
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Cyclone Nisarga (2-3 June), originated as a depression in the Arabian Sea and developed into
severe cyclonic storm Nisarga on 2 June, aided by an active pulse of the MJO that supported the
enhancement of convective activity over the western Arabian Sea (India Meteorological Depart-
ment 2021a). After recurving toward the northeast, Nisarga intensified into a Severe Cyclonic
Storm on 3 June. With a peak intensity of 75 kt (38 m s™') and a minimum central pressure of 975
hPa, Nisarga made landfall along the Maharashtra coastline, approximately 100 km south of
Mumbai, with reported maximum sustained winds of up to 65 kt (33 m s™). Nisarga maintained
cyclonic storm intensity for approximately seven hours after landfall, tracking toward the north-
east throughout Maharashtra and Madhya Pradesh and dissipating quickly thereafter. Nisarga
resulted in six fatalities and damage of over $800 million (U.S. dollars) was reported. Farmers
living along the coast of Raigad and Ratnagiri suffered devastating losses, and crops including
coconut, betel, and mango were destroyed. Significant rainfall (190 mm) was reported at Ma-
habaleshwar (Maharashtra), and up to 130 mm was reported at Mormugao (Goa) by the Indian
Meteorological Department.

After five months of inactivity, Very Severe Cyclonic Storm Gati (21-25 November) made land-
fall across Somalia and was the first very severe cyclonic storm (winds > 64 kt; 33 m s™) to do so
since the start of the satellite era (India Meteorological Department 2020b). Gati originated from a
low-pressure area that formed over the central part of the southern Arabian Sea. The MJO, favor-
able SSTs (29°-30°C), and low wind shear favored the development of Gati, which was defined
as a “Midget System” with a compact core and eyewall. Its small size allowed it to undergo rapid
intensification, reaching a maximum intensity of 100 kt (51 m s') and a minimum central pres-
sure of 967 hPa—a Category 3 SSHWS equivalent system. Gati made landfall near Hafun, with an
estimated wind speed of 75 kt (39 m s™) and maintained cyclonic storm intensity for 15 hours after
making landfall. Gati claimed the lives of nine people and brought heavy rainfall, particularly
for northern Somalia. Over a 24-hour period, 128 mm of rainfall fell at Bosaso, exceeding the
city’s average annual rainfall total for the region of 100 mm. Flash flooding was also reported in
Socotra Island, Yemen.

Cyclone Nivar (23-25 November) formed in the Bay of Bengal and tracked toward the west-
northwest, passing to the northeast of Sri Lanka (India Meteorological Department 2020c).
Nivar reached a maximum intensity of 70 kt (36 m s™) and a minimum central pressure of 981
hPa. On 25 November, Nivar made landfall crossing the Tamil Nadu and Puducherry coasts with
recorded wind speeds of 65 kt (33 m s™). Nivar reportedly resulted in 14 deaths and damage of
around $600 million (U.S. dollars). Intense rainfall of 310 mm in a 24-hour period was recorded
at Tambaram (Tamil Nadu) and up to 250 mm was recorded at Kodur (Andhra Pradesh), causing
flooding around many low-lying regions along the Adyar River. Flooding also closed a number
of roads in greater Chennai.

The fifth and final cyclone of the season, Cyclone Burevi (1-5 December), was a relatively weak
cyclone that developed from a low-pressure system that formed off the west coast of Aceh (India
Meteorological Department 2020a). Moving west-northwestward, Burevi reached a maximum
intensity of 45 kt (23 m s™) and a minimum central pressure of 999 hPa, before making landfall
on the coast of Sri Lanka north of Trincomalee. After passing across northern Sri Lanka, Burevi
emerged into the Gulf of Mannar where, due to a lack of middle and upper tropospheric steering
winds, it remained stationary close to the coastline of the Ramanathapuram district of India for
around 18 hours, before weakening. The recent occurrence of Nivar caused upwelling of cooler
waters and a relative cooling of SSTs, thus limiting the intensification of Burevi. Burevi affected Sri
Lanka and the Indian states of Tamil Nadu and Keralam, with 11 deaths and five missing persons
reported. Intense rainfall occurred, particularly over northern Tamil Nadu and Puducherry, with
360 mm recorded in Kollidam over a 24-hour period. Flooding isolated many rural villages from
Chennai and resulted in widespread power outages across Puducherry.
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6) South Indian Ocean—A. D. Magee and C. J. Schreck

(I) SEASONAL ACTIVITY

The South Indian Ocean TC basin extends south of the equator and from the African coastline
to 90°E. While the SIO TC season extends year-round, from July to June, the majority of activity
typically occurs between November and April when the Intertropical Convergence Zone is located
in the SH. The 2019/20 season includes TCs that occurred from July 2019 to June 2020. Landfalling
TCs typically impact Madagascar, Mozambique, and the Mascarene Islands, including Mauritius
and Réunion Island; however; impacts can be felt in other locations within the region. The RSMC
on La Réunion is the official monitoring agency for TC activity within the SIO basin.

The 2019/20 SIO season had 11 named storms, six cyclones, and three major cyclones, which
nearly matches the IBTrACS-JTWC 1981-2010 mean of 10.5, 6.0, and 3.0, respectively (Fig. 4.37).
December 2019 was a particularly active month, with three named cyclones (Belna, Ambali, and
Calvinia) occurring within the basin. The 2019/20 seasonal ACE index was 53.6 x 10* kt?, which
is well below the 1981-2010 climatology of 92.7 x 10* kt’. Cyclone-favorable conditions including
anomalously warm SSTs (Fig. 4.38a) likely driven by the strongly positive IOD event of 2019 (Chen
et al. 2020), large areas of enhanced convection (<-12 W m%; Fig. 4.38b), and anomalously weak
wind shear (Fig. 4.38c) were present in the main development region. Low-level westerly and
northwesterly anomalies between ~10°-25°S, extending as far east as 90°E, provided enhanced
cyclonic vorticity for many systems (Fig. 4.38d).
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Fig. 4.37. Annual TC statistics for the SIO for 1990-2020: (a) number of named storms, cyclones, and major cyclones and
(b) ACE (x 10" kt?). Horizontal lines represent the 1981-2010 climatology.
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Fig. 4.38. Dec 2019-May 2020 SIO anomaly maps of (a) SST (°C; Banzon and Reynolds 2013), (b) OLR (W m™%; Schreck et al.
2018); (c) 200-850-hPa vertical wind shear (m s™") vector (arrows) and scalar anomalies (shading), and (d) 850-hPa winds
(m s™ arrows) and zonal wind anomalies (shading). Anomalies are relative to the annual cycle from 1981-2010, except for
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(Source: Wind data from CFSR [Saha et al. 2014].)
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(1) NOTEWORTHY TCS AND IMPACTS

The first named cyclone of the season, Cyclone Belna, initially started as a tropical disturbance
to the west of the Seychelles. While tracking toward the west, Belna intensified over 24 hours
and reached a peak intensity of 100 kt (51 m s™) and a minimum central pressure of 959 hPa, a
Category 3 equivalent system on the SSHWS. After fluctuating in intensity, Belna reintensified
as the system approached the Soalala district and made landfall along the northwestern coast
of Madagascar, maintaining a southerly track over Madagascar before weakening and recurv-
ing to the southeast. Nine deaths were reported, with damages estimated to exceed $25 million
(U.S. dollars). The primary hospital in Soalala was damaged by flooding, and significant power
outages and a shortage of safe drinking water were reported in the region.

The second named cyclone of the season, Cyclone Ambali, developed from a trough between
the Seychelles and the Chagos Archipelago (the same extended trough that resulted in Cyclone
Belna). Anomalously high SSTs (29°-30°C) promoted rapid intensification of 110 kt (51 m s™),
the most rapid intensification for an SH cyclone in a 24-hour period since 1980. On 6 December,
Ambali reached a maximum intensity of 135 kt (69 m s™) and with a minimum central pressure
of 929 hPa, was rated as a Category 4 equivalent system on the SSHWS. Within a few hours of
reaching peak intensity, Ambali weakened due to unfavorable vertical wind shear. No significant
damage was reported as a result of Ambali.

Cyclone Calvinia formed from a disturbance first observed by JTWC on 16 December. Calvinia
initially tracked toward the south before turning southwest toward Mauritius, slowing down
as it did so. At its closest point, Calvinia was approximately 60 km off the coast of Mauritius on
31 December and was tropical storm strength. A precyclonic alert was issued in advance for all
three Mascarene Islands, which subsequently closed the Sir Seewoosagur Ramgoolam Inter-
national Airport and Port Louis Harbour. Calvinia resulted in flooding and power outages for
both Mauritius and southern Réunion. In southern Réunion, 325 mm of rainfall was recorded at
Dimitile, along with a maximum wind gust of 64 kt (34 m s™). While tracking south away from
Mauritius, Calvinia reintensified and reached peak intensity of 70 kt (36 m s™) and a minimum
central pressure of 973 hPa—a Category 1 equivalent system on the SSHWS.

After a number of systems that achieved tropical storm strength including Diana, Esami, and
Francisco, Cyclone Gabekile formed around 1200 km to the northeast of the island of Rodrigues
and tracked southward, influenced by a subtropical ridge to the east. On 16 February, Gabekile
reached its maximum intensity of 75 kt (39 m s™') and a minimum central pressure of 978 hPa—a
Category 1 equivalent system on the SSHWS. Gabekile did not make landfall and continued to
track southward before weakening.

Cyclone Herold formed off the northeastern coast of Madagascar where it remained almost
stationary (<100 km from the coastline) for ~24 hours. During this time, Herold continued to inten-
sify, but its slow-moving nature diminished the ocean heat content in the vicinity of the system,
resulting in a slight weakening of the system. Herold then tracked to the southeast between the
islands of Port Louis and Rodrigues, where it reached a peak intensity of 100 kt (51 m s™) and a
minimum central pressure of 963—a Category 3 equivalent system on the SSHWS. It then tracked
toward the southeast and rapidly weakened. Herold claimed the lives of five people and affected
areas of Madagascar, Mauritius, and Rodrigues. On 13 March, 95 mm of rainfall was recorded in
Sambava (northeastern Madagascar), and riverine flooding was reported from the Andranofosty
River. Water levels were reported to be around 2 m, destroying homes, schools, and other essential
services. In the Mascarene Islands, maximum sustained winds of 100 kt (51 m s™") were reported.

The last cyclone of the season, Cyclone Irondro was named approximately 1800 km to the east
of Port Louis. On 4 April, Irondro reached a peak intensity of 95 kt (49 m s™") and minimum central
pressure of 958 hPa—a Category 2 system on the SSHWS. Irondro continued to track toward the
southeast where it weakened the following day due to unfavorable wind shear and lower SSTs.

AUGUST 2021 | State of the Climate in 2020 BAMS 4. THE TROPICS S48



7) Australian basin—B.C. Trewin and S. Bond
(I) SEASONAL ACTIVITY
The 2019/20 TC season was below nor-
mal in the broader Australian basin (areas
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There were five TCs in the western sec-
tor’ of the broader Australian region during 2019/20, two in the northern sector, and three in the
eastern sector. (Esther passed through both the northern and eastern sectors, and Claudia passed
through both the northern and western sectors.) Three systems made landfall in Australia as
TCs, two in Western Australia and one in the Gulf of Carpentaria, while Tropical Cyclone Harold
had major impacts in the southwest Pacific, particularly Vanuatu and the Solomon Islands, after
leaving the Australian region (section 4g8).
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(Il) LANDFALLING AND OTHER SIGNIFICANT TCS®

The most significant landfall of the season in the Australian region was Damien. Its precur-
sor low moved west over the Kimberley region of northern Western Australia for several days in
early February before emerging over water on 5 February. The low intensified and was named at
0600 UTC on 6 February near 17°S, 120°E. Further intensification took place as Damien turned
southwest and then south, moving toward the Pilbara coast, and it reached Category 3 intensity,
with a central pressure of 955 hPa and maximum 10-minute sustained winds of 80 kt (42 m s™),
on the evening of 7 February about 250 km north of Karratha. Damien continued to move south
and made landfall near Karratha at close-to-peak intensity at about 0730 UTC on 8 February. It
continued to move south over land and weakened below cyclone intensity on 9 February.

° The western sector covers areas between 90°E 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. The western sector incorporates the Indonesian area of responsibility, while the Papua New Guinea area
of responsibility is incorporated in the eastern sector.

® The Australian TC Intensity Scale is used in this section except as noted otherwise.
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Damien caused widespread minor-to-moderate wind damage around Karratha, with a peak
wind gust of 105 kt (54 m s™') at Karratha Airport. The Australian Bureau of Meteorology’s radar
at Dampier was badly damaged. Heavy rain caused some flooding along the cyclone’s path. Both
Karratha and Roebourne recorded 235 mm of rain in the 48 hours to 0900 local time on 9 Febru-
ary, with event totals above 100 mm extending south to near Meekatharra.

The other two landfalls of the season were both Category 1 cyclones: Blake in Western Australia
and Esther in the Gulf of Carpentaria. Flooding was the main impact for both cyclones. Blake
made its first landfall north of Broome on 6 January, then moved out to sea and tracked along the
coast before a second landfall near Wallal Downs late on 7 January. Esther only briefly reached
TC intensity as it made landfall near the Northern Territory—Queensland border on 24 February.
Daily rainfall totals associated with Blake included 153 mm at Derby and 148 mm at Broome on
7 January, but the heaviest rainfall occurred in the interior of Western Australia as a result of
moisture from Blake’s remnant low; Carnegie received at least 270 mm (Amount recorded before
the gauge overflowed.) on 10 January, the heaviest daily total on record in the Interior district of
Western Australia. There was significant flooding in the west Kimberley, with Broome isolated
by floodwaters, and in interior regions. Esther’s remnant low drifted across the northern parts
of the Northern Territory and northern Western Australia for more than a week, with numerous
48-hour rainfall totals in excess of 200 mm in both regions that caused significant flooding.

Claudia and Ferdinand reached severe (or major) cyclone intensity off the Western Australian
coast in January and February, respectively. Ferdinand had maximum 10-minute sustained winds
of 85 kt (43 m s™") and a minimum central pressure of 960 hPa, while Claudia reached 75 kt (39
m s™) and 969 hPa, respectively. Neither system was at cyclone intensity over land, although
Claudia’s precursor low produced extreme local rainfalls west of Darwin on 11 January. Dum
In Mirrie Airstrip had a daily total of 562 mm, a record for the Northern Territory, while nearby
Wagait Beach had 515 mm, although impacts were confined to localized flash flooding. Uesi was
not a tropical cyclone within the Australian region, but after becoming subtropical it moved into
the region, passing close to Lord Howe Island on 14 February, with a wind gust of 83 kt (43 m s™)
at Windy Point. Some wind damage was reported. Gretel and Mangga both remained offshore in
the Australian region and had no significant impacts on land.

8) Southwest Pacific basin—).-M. Woolley, A. Magee, A. M. Lorrey, and H. J. Diamond

(I) SEASONAL ACTIVITY

The 2019/20 Southwest Pacific TC season officially began in November 2019 and ended in April
2020. Storm track data for 2019/20 were gathered from the Fiji Meteorological Service, Australian
Bureau of Meteorology, and New Zealand MetService, Ltd. The Southwest Pacific basin (defined
by Diamond et al. [2012] as 135°E-120°W) had nine TCs (based on the Australian TC Intensity
Scale unless noted otherwise), including three severe (or major) TCs (based on the Australian TC
intensity scale). As noted in section 4f1, Fig. 4.40 shows the standardized TC distribution based
on the basin spanning the area from 120°W-120°E to avoid overlaps with the Australian basin
that could result in double counting of storms; however, it is important to use the climatological
definition of the Southwest Pacific basin (Diamond et al. 2012), instead of a political boundary.

The 1981-2010 South Pacific Enhanced Archive of Tropical Cyclones (SPEArTC; Diamond et
al. 2012) indicates a seasonal average of 10.4 named TCs including 4.3 severe (or major) TCs. The
2019/20 TC season, therefore, had near-normal activity with nine named tropical cyclones, of
which three were severe (Category 3 or above). Severe TCs accounted for one-third of the total
number of TCs which is 11% less than last season.
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Fig. 4.40. Annual TC statistics for the Southwest Pacific for 1990-2020: (a) number of named storms, cyclones, and major
cyclones and (b) ACE (x 10* kt?). The 1981-2010 means (horizontal lines) are included in both (a) and (b).

(I1) STORM TRACKS, LANDFALLS AND IMPACTS

Tropical Cyclone Sarai formed from a southward tracking tropical depression (TD), located west
of Tuvalu, which intensified into a Category 1 TC on 26 December while located approximately
100 km west of Rotuma. The storm reached Category 2 intensity on 27 December while it was 220
km west of Nadi in Fiji. The system tracked south and then turned east, passing south of Fiji and
delivering heavy wind and rainfall on 27 December. More than 2000 people were evacuated to
higher grounds, with two deaths reported. Damage to road infrastructure reached $5 million
Fiji dollars ($2.5 million U.S. dollars). TC Sarai weakened to Category 1 intensity on 30 December
and passed near Nuku‘alofa on 31 December before rapidly deteriorating. Sarai’s peak 10-minute
sustained winds were 61 kt (31 m s™), and its minimum central pressure was 975 hPa.

Severe TC Tino was first noted as a tropical disturbance on 11 January to the southeast of Ho-
niara in the Solomon Islands. The system tracked east between the Solomon Islands and Vanuatu
and was classified as a Category 1 TC on 16 January before reaching Fiji. Tracking southeast, Tino
strengthened to Category 2 intensity on 17 January near Vanua Levu and peaked as a Category 3
severe TC later that day with peak 10-minute sustained winds of 65 kt (33 m s™) and a minimum
central pressure of 964 hPa. Tino passed over several of Tonga’s Ha‘apai islands on 18 January
and gradually weakened as it tracked away to the southeast. By 19 January TC Tino had fully
transitioned to an extratropical cyclone.

Severe TC Tino and its precursor tropical disturbance directly impacted the Solomon Islands,
Vanuatu, Wallis and Futuna, Fiji, Tonga, and Niue, with the farthest geographic effects also
reaching Samoa, American Samoa, Tuvalu, and the Cook Islands. In Tuvalu (500 km north of the
storm track), waves up to 8 m combined with a king tide—an exceptionally high tide that occurs
during a new or full moon—to cause catastrophic damage including coastal erosion and flood-
ing. Strong winds also blew roofs off buildings and uprooted trees and crops. In Fiji, over 3000
displaced people were housed across 78 evacuation centers. In Tonga, estimated gusts of 97 kt
(50 m s™) were experienced across the Vava'u and Ha’apai island groups. Storm surge resulted in
damage to crops and main roads, including the causeway connecting the islands of Lifuka and
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Foa, contributing significantly to power outages in the area (~3000 people were affected overall).
In Samoa, trees and billboards were toppled, disrupting power lines and blocking roads; power
outages also affected several communities. Despite being 400 km away from Tino’s center, strong
winds tore off the upper layer of the Niue wharf.

Severe TC Uesi reached Category 1 TC intensity on 9 February while tracking south and posi-
tioned approximately 380 km west of Espiritu Santo in Vanuatu. Uesi intensified into a Category
3 TC the following day. On 11 February, Uesi passed west of New Caledonia, resulting in flooding
that blocked several bridges and roads. There were also significant power outages and trans-
portation delays. TC Uesi took a south-southwest trajectory and weakened to a Category 2 TC on
12 February. On 14 February, the system began to track to the south-southeast, transitioning to
an extratropical storm over the Tasman Sea by the next day. TC Uesi’s peak 10-minute sustained
winds were 70 kt (36 m s™) with a minimum central pressure of 975 hPa.

TC Vicky developed from an east-southeast tracking TD that passed near Samoa and just south
of Tutuila in American Samoa on 20 February before strengthening into a Category 1 TC later that
day. The system then tracked southeast, passing just east of Niue on 21-22 February and weakened
as it continued farther south. Vicky’s peak 10-minute sustained winds were 40 kt (21 m s™), and
its minimum central pressure was 996 hPa.

TC Wasi developed from a southeast tracking TD and reached Category 1 TC intensity on 21
February while approximately 125 km north of the Wallis and Futuna Islands. The system strength-
ened to Category 2 intensity later that day as it tracked toward Samoa but became increasingly
disorganized and weakened after passing south of the Samoan Islands. By 23 February, while
positioned northwest of Niue, TC Wasi had weakened to below tropical cyclone strength. TC
Wasi’s peak 10-minute sustained winds were 60 kt (31 m s™), and its minimum central pressure
was 975 hPa.

Tropical Cyclones Vicky and Wasi passed close to Samoa and American Samoa within two days
of each other. River flooding was reported on the islands of Savai’i and Upolu, and brief power
outages occurred in some locations.

Tropical Cyclone Gretel began as a tropical low that was located over the Arafura Sea on 10
March. The system intensified into a Category 1 storm on 14 March after tracking east-southeast,
passing over Cape York Peninsula and across much of the Coral Sea. TC Gretel continued to
strengthen and reached Category 2 TC intensity on 15 March before passing just south of New
Caledonia, resulting in port closures and public transportation cancellations. The system transi-
tioned into an extratropical cyclone on 16 March, while located well north of New Zealand. Gretel’s
peak 10-minute sustained winds were 54 kt (28 m s™) with a minimum central pressure of 971 hPa.

Severe TC Harold originated as a tropical low developing within a trough to the east of Papua
New Guinea on 1 April and organized into a TC on 2 April near Honiara in the Solomon Islands.
Tracking southeast, the system rapidly intensified, reaching SSHWS Category 5 intensity on 5
April. Harold made landfall as an SSHWS Category 5 storm on Espiritu Santo in Vanuatu on 6
April, and then on Pentecost later that day before reemerging over the South Pacific Ocean on
an east-southeast trajectory. The system tracked just south of Viti Levu in Fiji, passing over the
Kadavu islands early on 8 April before passing 115 km south of Nuku’alofa later that day. The
storm weakened over the following days while tracking southeastward and was declared an
extratropical TC on 10 April. Harold’s peak 10-minute sustained winds were 124 kt (64 m s™) and
its minimum central pressure was 912 hPa.

TC Harold impacted the Solomon Islands as a Category 1 TC, destroying or damaging doz-
ens of homes. Twenty-eight passengers aboard a ferry from Honiara to Malaita Province were
washed overboard by large waves caused by the storm, with all but one presumed dead. Harold
passed directly over Vanuatu as an SSHWS Category 5 severe TC, the second-strongest TC on
record to make landfall across Vanuatu. Wind gusts exceeding 147 kt (76 m s™), rainfall totals of
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250-450 mm, and a storm surge of up to 0.8 m contributed to torrential rain and flooding, with
widespread telecommunication disruptions and a blackout. Significant damage occurred on
Espiritu Santo upon Harold’s initial landfall, destroying at least half of the buildings in the city
of Luganville, with some areas experiencing damage to all structures.

Sidebar 4.2: "Medicanes" (Mediterranean tropical-like cyclones) in 2020—S.H. YOUNG

The traditional areas for tropical cyclone (TC) development
in the Northern Hemisphere extend from the Atlantic African
coast west across the Atlantic and Pacific Oceans, and the Indian
Ocean to the eastern African coast. In the Southern Hemisphere,
the eastern limit is around 120°W and extends east from there
to the east African coast (Gray 1968). However, the March 2004
formation of Hurricane Catarina in the South Atlantic introduced
the concept of tropical development in non-traditional areas
(McTaggart-Cowan et.al. 2006).

The Mediterranean basin is another area not considered as
an area for tropical development. Many cyclones in this basin
are baroclinic synoptic-scale systems, but some are observed to
resemble TCs, with an eyewall, an axisymmetric cloud pattern,
and a warm core (Emanuel 2005). The fact that an eye feature
develops is consistent with tropical development and can oc-
cur when winds reach 50 kt (36 m s™'; Vigh et.al. 2012). These
Mediterranean tropical-like systems are sometimes referred to
as "medicanes,” although their classification as TCs or subtropi-
cal cyclones are still the subject of debate.

These systems tend to develop under a mid-upper level cold
low, often cut off from the westerlies, and where strong thermal
gradients exist (Fita 2007). Another reason the Mediterranean is
not considered suitable to support tropical development is the
existence of low sea surface temperatures, below the 26.5°C

often considered to be the minimum threshold for tropical de-
velopment. McTaggart-Cowen et.al (2015) discuss how develop-
ment and tropical transition can occur at lower temperatures.

Determining the climatology of medicanes is difficult as there
is no formal definition of these systems, and many are identified
based on satellite presentation. Cavicchia et al. (2014) used an
algorithm that included the cyclone phase space (Hart 2003) to
derive a frequency of 1.57 + 1.30 events per season (maximum
sustained wind > 56 kt (29 m s™'), and between 0 and 5 events
detected annually over the period 1948-2011. These systems
are shown to usually form between September and April.

In 2020, there were three significant medicanes observed
in the Mediterranean Sea, with one reportedly reaching hurri-
cane strength of 65 kt (33 m s™'; Fig. SB4.3; USDC 2020), while
two displayed eye-like features. The first and strongest of the
systems formed north of Libya on 15 September (Fig. SB4.4).
Drifting northward, an eye feature developed on 17 September.
The publication Weekly Weather and Crop Bulletin (USDC 2020)
referred to the system as a “hurricane,” with reported rainfall
of up to 142 mm and likely higher on the windward-facing
mountainous terrain. Following landfall, the residual low drifted
southward and was last noted west of Crete. Shortly after this
system developed, Subtropical Storm Alpha developed in the
eastern North Atlantic basin. The upper air aspects of the two

Fig. SB4.3. Tracks of medicanes derived from NCEP/NCAR Reanalysis (Kalnay et al. 1996) and satellite
imagery. System #1, 16-19 Sep 2020; System #2, 20-23 Nov 2020; System #3, 14-17 Dec 2020. Black
segments of track represent extratropical stage of the system.
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systems were similar with cold core cut-off low precursors
analyzed at the 700-hPa and 500-hPa levels, a feature that
has been previously associated with tropical transition (TT;
Pantillon et al. 2013).

The second system (Fig. SB4.4) developed on 20 November
from an extratropical system between Italy and Sardinia, and
underwent TT prior to crossing the western tip of Sicily (TT
of baroclinic systems has been documented as a contributing
factor to the development of medicanes [Mazza et al. 2017]).
An eye-like feature then developed on 22 November prior to
landfall in Tunisia. Maximum winds were estimated to have
reached 40 kt (20 m s™") during the tropical phase.

The last system (Fig. SB4.4) developed south of Turkey on 14
December following the TT of a precursor system, then traveled
east along the southern Cypriot coastline. A second landfall
occurred along the Syrian coast while the remnant cloud mass
tracked to near the Syria-Iraq border. Maximum winds were
estimated around 45 kt (23 m s™). So, while the medicane is an
area still open for debate in the tropical cyclone community, it
is still an interesting feature, and to have three fairly significant
such storms during the 2020 season was a topic considered as
sufficiently interesting to highlight in this year’s report.
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Fig. SB4.4. System #1, 17 Sep (NOAA 20); System #2, 21 Nov (Aqua); and System #3, 16
Dec (Aqua). Imagery courtesy of NASA Worldview.

h. Tropical cyclone heat potential—R. Domingues, G. J. Goni, J. A. Knaff, I-I Lin, and F. Bringas

In this section, upper-ocean heat content conditions based on the tropical cyclone heat potential
(TCHP; e.g., Goni et al. 2009; 2017) are described as anomalies with respect to the long-term mean
(1993-2019) and differences to conditions observed in 2019. TCHP quantifies the excess heat con-
tent between the sea surface and the depth of the 26°C isotherm (D26, the minimum temperature
required for genesis and intensification; Leipper and Volgenau 1972; Dare and McBride 2011) and
provides information about the amount of heat stored in the upper ocean and available to fuel
TC intensification. As in this section, TCHP is often used as a convenient guide of pre-TC ocean
thermal conditions because it carries information about the integrated upper ocean thermal pro-
file (from sea surface temperature [SST] to D26). High TCHP before a TC usually leads to a smaller
amount of SST cooling during a TC, and hence higher enthalpy fluxes from the ocean into the
storm, favoring intensification (e.g., Lin et al. 2013). Similarly, upper-ocean salinity is another
condition of relevance for TC intensification because freshwater-induced barrier layers may also
modulate the upper ocean mixing and cooling during a TC, and hence the air-sea fluxes (e.g.,
Balaguru 2012; Domingues et al. 2015). Areas in the ocean with pre-TC TCHP values above 50 k]
cm™ have been associated with TC intensification (e.g., Shay et al. 2000; Mainelli et al. 2008; Lin
et al. 2014, Knaff et al. 2018), provided that atmospheric conditions are also favorable.
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TCHP seasonal anomalies (Fig. 4.41) are calculated as departures from the long-term mean
(1993-2019) for the primary months of TC activity in each hemisphere: June-November 2020 in
the Northern Hemisphere and November 2019—-April 2020 in the Southern Hemisphere (SH). Dif-
ferences between the 2020 and 2019 seasons are also analyzed (Fig. 4.42). In any of the regions
highlighted in Fig. 4.41 in which TCs are known to form and intensify, TCHP anomalies generally
exhibit large spatial and temporal variability due to mesoscale features and short- to long-term
modes of variability (e.g., E1 Nifio—Southern Oscillation [ENSO]) and trends.

The 2020 TC season exhibited above
the mean 1993-2019 TCHP values in most
of the tropical cyclone basins (Fig. 4.41),
suggesting that conditions for TC develop-
ment and intensification were generally
favorable in terms of upper-ocean heat
content. Notable anomalies with values
as large as 30 k] cm above the long-term
mean were observed in the North Indian,
South Indian, and West Pacific basins,
and in the western Caribbean Sea and
parts of the Gulf of Mexico. Compared to
2019, TCHP values also increased in all
basins (Fig. 4.42), with the exception of
the East Pacific, where lower TCHP values
observed in 2020 were associated with an
ongoing La Nifna event (additional details
below).

In the SH, TCHP was anomalously el-
evated in the southwest Indian Ocean (I0)
and beyond the date line during the TC
season, and was near normal elsewhere
(Fig. 4.41). The observed TC activity was
slightly elevated in the southwest 10,
which included TC Herold that skirted
north of Mauritius. Harold formed near
the Solomon Islands and later rapidly
intensified before making landfall on
Espiritu Santo and Pentecost Islands,
Vanuatu, at Category 5 intensity. See sec-
tion 4g8 for details of this storm.

In the IO, as indicated earlier, all three
TC basins exhibited above-normal TCHP
conditions (Fig. 4.41), with anomalies
up to ~30 k] cm™ above the long-term
average in the North IO basin inside the
Bay of Bengal and in the southwest 10
basin. All three basins also exhibited
notable warming of 20 k] cm ™ compared
to values observed in 2019 (Fig. 4.42). In
fact, the 2020 TCHP values were generally
within the 80-100 k] cm™ range in the
Bay of Bengal and southwest 10 basin.
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Fig. 4.41. Global anomalies of TCHP during 2020 computed as
described in the text. The boxes indicate the seven regions where
TCs occur: from left to right, southwest Indian, North Indian,
west North Pacific, southeast Indian, southwest Pacific, east
Pacific, and North Atlantic (shown as Gulf of Mexico and tropical
Atlantic separately). The green lines indicate the trajectories of all
tropical cyclones reaching at least Category 1 strength (= 64 kt,
34 m s™') and above during Jun-Nov 2020 in the NH and Nov
2019-Apr 2020 in the SH. The numbers above each box correspond
to the number of Category 1 and above cyclones that traveled
within each box. The Gulf of Mexico conditions are shown in the
inset in the lower right corner.
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Fig. 4.42. TCHP anomaly difference (kg cm™) between the 2020
and 2019 tropical cyclone seasons (Jun—Nov in the NH and Nov
2019-Apr 2020 in the SH).
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Associated with these upper-ocean conditions, the North IO basin exhibited above-average TC
activity, the southwest I0 basin exhibited slightly above-normal TC activity, and the southeast 10
basin exhibited normal activity. With the above-average activity observed in the North IO basin,
the 2020 TC season was also the costliest on record, largely due to Cyclone Amphan (16-21 May),
which underwent rapid intensification over the anomalously large TCHP in the Bay of Bengal.
Similarly, TC (Gati), which was the most intense (100 kt, 51 m s™') to make landfall in Somalia
since at least the start of the satellite era, rapidly and unexpectedly intensified over warm TCHP
anomalies before striking land.

In the North Pacific, the ENSO state generally plays a large role in defining the large-scale upper-
ocean thermal conditions that can impact both the eastern and western North Pacific basins (e.g.,
Lin et al. 2014, 2020; Zheng et al. 2015). In early 2020, ENSO transitioned from a weak positive
phase to a negative phase by mid-year. La Nifia conditions developed in August and persisted
throughout the entire 2020 TC season. Associated with this ENSO state, TCHP values increased
by over 20 k] cm™ in the western North Pacific and decreased by 20 k] cm™ in the eastern North
Pacific basins with respect to conditions seen in 2019 (Fig. 4.42). Despite these changes, TCHP
values were still 10-20 k] cm™ and 30 kJ cm™ above the long-term mean in the eastern North
Pacific and western North Pacific basins, respectively.

While upper-ocean conditions were warmer than normal, which is generally conducive for TC
genesis and intensification, TC frequency in the western North Pacific basin was below average
in 2020, as often found in La Nifia years (Lin et al. 2020). This is because TC frequency in this
basin is primarily controlled by atmospheric dynamics (Lin and Chan 2015) rather than by upper-
ocean conditions. Despite the overall lower TC activity, large TCHP values likely contributed to the
significant intensification of several storms in this basin, as also observed in previous La Nifia or
La Nifia-like years (e.g., TC Megi in 2010, TC Haiyan in 2013; Lin et al. 2014). Among those, Super
Typhoon Goni was a notable example. Goni developed south of Guam and followed a similar
track to TC Haiyan in 2013 in the southwestern North Pacific main development region (Lin et al.
2014; i.e., east of the Philippines between 5°N and 20°N). As it traveled over areas characterized
by high SSTs and high TCHP values (not shown), it experienced a very rapid intensification of 80
kt (41 m s™) during a 24-hour window, surpassing Haiyan’s 60-kt intensification. Goni eventually
reached the same record intensity of 170 kt (87 m s™) as Haiyan in 2013 before making landfall
in the Philippines.

In the eastern North Pacific basin, there was an average number of TCs but a below-average
number of hurricanes. The La Nifia conditions observed in the North Pacific, which were associ-
ated with negative SST anomalies (not shown) and lower TCHP values compared to 2019 (Fig.
4.42), likely contributed to the reduced hurricane activity in this basin during the 2020 season.

The North Atlantic basin exhibited TCHP values 10-20 k] cm ™ above the long-term mean in
most areas within this basin (Fig. 4.41). Compared with conditions recorded in 2019, TCHP values
were also approximately 10 k] cm™ larger in value for 2020 within the western Caribbean Sea,
southern Gulf of Mexico, and along the southeast U.S. coast. A notable increase in TCHP values
was observed in the western Caribbean Sea, where TCHP was approximately 30 k] cm™ larger-than-
average conditions, with absolute values typically above 100 k] cm™ and as large as 140 k] cm™
(not shown). Associated with these conditions, the North Atlantic basin recorded unprecedented
levels of TC activity (section 4g2). From the 14 TCs that reached Category 1 intensity, seven traveled
through the open North Atlantic, Caribbean Sea, and Gulf of Mexico (Fig. 4.41). Hurricane Hanna
(23-27 July) was the only system to develop and intensify strictly within the Gulf of Mexico. The
positive TCHP anomalies observed in 2020 provided the favorable ocean conditions that likely
contributed to this very intense TC activity, especially in the western Caribbean Sea, where Cat-
egory 4 Hurricanes Delta (5-12 October), Eta (31 October—14 November), and Category 4 Hurricane
Iota (13-18 November) reached their peak intensity. Iota, for example, rapidly intensified into a
Category 5 hurricane over extremely anomalously high TCHP values for November.
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In summary, the 2020 TC season exhibited positive TCHP anomalies in most of the TC basins
(Fig. 4.41), with notable increases in the upper-ocean heat content in the North Indian, South In-
dian, and western North Pacific basins, and the western Caribbean and southern Gulf of Mexico.
While this could suggest that upper-ocean conditions conducive for TC development and intensi-
fication were anomalously favorable in these basins in terms of upper-ocean heat content, in fact,
global TC activity in terms of ACE was below normal in association with the La Nifia conditions
in place. In fact, some of the notable TCs of 2020 highlighted above, such as Cyclone Amphan
in the North Indian Ocean, Super Typhoon Goni in the West Pacific, and Hurricane Iota in the
Atlantic, underwent rapid intensification while traveling over areas with large TCHP values. In
the Pacific Ocean, upper-ocean thermal conditions and TC activity were largely modulated by an
ongoing La Nifia, which likely caused below-normal TC activity in both the eastern and western
North Pacific basins. In the Atlantic, a record number of named TCs were observed, with sev-
eral major hurricanes reaching their peak intensity while traveling over the anomalously warm
western Caribbean Sea. The 2020 season also featured the development of three hurricane-like
cyclones or “medicanes” that were recorded within the Mediterranean Sea and were associated
with positive SST anomalies.
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Chapter 4 - Acronyms

ACE
AE)J
AMO
ASO
CMORPH
CNP
CPC
DJF
EASM
ENP
ENP
ENSO
GPCP
GPI
HTCs
IBTrACS
10
IOB
IOD
ITCZ
JAS
JASO
JA
JIMA
JTWC
MAM
MDR
MJO
NDJ
NAF
NH
NIO
OLR
OND
ONI
PAGASA

RMM
RSMCs
SAM

SH

SON
SPCZ
SPEAITC
SSHWS
SST

accumulated cyclone energy

African Easterly Jet

Atlantic Multi-decadal Oscillation
August-October

CPC Morphing Technique

central North Pacific

Climate Prediction Center
December-February

East Asian summer monsoon

East Asian summer monsoon

eastern North Pacific

El Nifio-Southern Oscillation

Global Precipitation Climatology Project
genesis potential index
Hhurricanes/typhoons/cyclones
International Best Track Archive for Climate Stewardship
Indian Ocean

Indian Ocean basin

Indian Ocean dipole

Intertropical Convergence Zone
July-September

July—October

June-August

Japan Meteorological Agency

Joint Typhoon Warning Center
March-May

main development region
Madden-Julian Oscillation
November-January

northern Africa

Northern Hemisphere

North Indian Ocean

outgoing longwave radiation
October-December

Oceanic Nifio Index

Philippine Atmospheric, Geophysical and Astronomical
Services Administration

Real-time Multivariate MJO

Regional Specialized Meteorological Centers
Southern Annular Mode

Southern Hemisphere
September-November

South Pacific Convergence Zone

South Pacific Enhanced Archive of Tropical Cyclones
Saffir-Simpson Hurricane Wind Scale
sea surface temperature
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TC

tropical cyclone

TCHP tropical cyclone heat potential

TD tropical depression

TT tropical transition

TUTT tropical upper-tropospheric trough
WMO World Meteorological Organization
WNP western North Pacific

WWBs westerly wind bursts

YHRV Yangtze and Huaihe River Valleys
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