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4. The Tropics
H. J. Diamond and C. J. Schreck, Eds.

a. Overview
�H. J. Diamond and C. J. Schreck
In ����, the El Niæo�Southern Oscillation (ENSO) transitioned to El Niæo after three years of 

La Niæa conditions. ENSO-neutral conditions were briefly present in the tropical Pacific between 
January�March and March�May, before El Niæo conditions emerged in April�June. El Niæo 
strengthened steadily through the second half of ����, with the Oceanic Niæo Index reaching a 
value of +�.�°C in October�December.

For the global tropics (defined here as ��°S���°N), the NOAA Merged Land Ocean Global 
Surface Temperature Analysis (NOAA GlobalTemp; Vose et al. ����) indicates that the combined 
average land and ocean surface temperature was �.�°C above the ��������� average, the 
warmest year for the tropics in the ���-year data record. The six warmest years in the tropics 
since ���� have all occurred since ����. Data from the Global Precipitation Climatology Project 
indicate a mean annual total precipitation value of ���� mm across the tropics (��°S���°N 
latitude band) over land. This is �� mm below the ��������� average and was the third lowest 
for the ��������� period of record.

Globally, �� named tropical cyclones (TCs; ��� kt; or ��� m s��) were observed during the 
���� Northern Hemisphere season (January�December ����) and the ����/�� Southern 
Hemisphere season (July�June ����/��; see Table �.�), as documented by the National Hurricane 
Center and the Joint Typhoon Warning Center in International Best Track Archive for Climate 
Stewardship Version � (Knapp et al. ����). Overall, this number was below the ��������� global 
average of �� TCs and also below the �� TCs reported during the ���� season (Diamond and 
Schreck ����). The record for most named storms in a single TC season is ��� in ����.

Of the �� named storms, �� reached hurricane strength (one-minute maximum sus-
tained winds ��� kt) and �� reached major hurricane strength (one-minute maximum winds 
��� kt). Both of these counts were below their ��������� averages. The accumulated cyclone 
energy (ACE; an integrated metric of the strength, frequency, and duration of tropical storms 
and hurricanes; Bell et al. ����) rebounded from the lowest on record in ���� (since reliable 
data began in ����) to an above-normal level in ����. Four of the seven TC basins were above 
normal in ���� in contrast to zero in ����. The North Indian Ocean had its second highest ACE 
on record behind ����, and the North Atlantic had its seventh above-normal season in the last 
eight years. The western North Pacific had its fourth consecutive season with below-normal 
activity. A total of seven storms reached Category � intensity on the Saffir-Simpson Hurricane 
Wind Scale (one-minute maximum sustained winds ���� kt) during ����, compared with only 
three in ����. All of the basins, except for the Australian and southwest Pacific, had at least one  
Category � storm.

The �� named storms in the North Atlantic during ���� was equal with ���� for the fourth-highest 
total in the HURDAT� database (Landsea and Franklin ����). In contrast, the number of hur-
ricanes and major hurricanes were at their long-term (���������) average of seven and three, 
respectively. The ���� hurricane season was classified by NOAA as an above-normal season. 
NOAA uses ��������� terciles of ACE to delineate below-normal, normal, and above-normal 
seasons, and �����s ACE of ��� × ��� kt� places it in the upper tercile. Two storms of particular 
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note this season were Hurricane Otis, which was the strongest landfalling hurricane on record 
for the west coast of Mexico (see Sidebar �.�), and Cyclone Freddy in the Southern Hemisphere 
(see Sidebar �.�). Freddy was one of the world�s longest-lived TCs, crossing the full width of the 
Indian Ocean. Freddy is the first TC since ���� to form in the Australian region and make landfall 
on the mainland African coast. Freddy made a total of three landfalls: one in Madagascar and 
two in Mozambique.

b. ENSO and the tropical Pacific
�E. Becker,  M. L�Heureux,  Z.-Z. Hu,  and A. Kumar
The El Niæo�Southern Oscillation (ENSO) is an ocean and atmosphere-coupled climate phe-

nomenon across the tropical Pacific Ocean, with its warm (cold) phases called El Niæo (La Niæa). 
NOAA�s Climate Prediction Center classifies and assesses the strength and duration of El Niæo 
and La Niæa events using the Oceanic Niæo Index (ONI, shown for mid-���� through ���� in 
Fig. �.�). The ONI is the three-month (seasonal) running average of sea-surface temperature 
(SST) anomalies in the Niæo-�.� region (�°S��°N, ���°W����°W), currently calculated as the 
departure from the ��������� base period 
mean�. El Niæo is classified when the ONI is 
at or greater than +�.�°C for at least five con-
secutive, overlapping seasons, while La Niæa 
is classified when the ONI is at or less than 
��.�°C for at least five consecutive, overlap-
ping seasons.

The time series of the ONI (Fig. �.�) shows a 
transition from �����s La Niæa conditions�the 
third La Niæa year in a row�to strong El Niæo 
in ����, where strong El Niæo is defined in 
this chapter as ONI ��.�°C. La Niæa developed 
in July�September ���� and lasted nearly 
continuously through December�February 
(DJF) ����/��, with a brief period of 
ENSO-neutral conditions in the summer of 
����. ENSO-neutral conditions were briefly 
present in the tropical Pacific in ����, 
between January�March and March�May 
(MAM), before El Niæo emerged in April�June. 
El Niæo strengthened steadily through the 
second half of ����, with the ONI reaching a 
value of +�.�°C in October�December.

(i) Oceanic conditions
Figure �.� displays the mean SST (left column) and SST anomalies (right column) during DJF 

����/�� through September�November (SON) ����. During DJF, below-average SST anomalies 
were on the order of ��.�°C to ��.�°C across the central equatorial Pacific (approximately 
���°E����°E), reflecting a weak and waning La Niæa (Fig. �.�b). During MAM, a small region of 
SST anomalies exceeding +�.�°C developed off the coast of Peru and Ecuador, while most of the 
tropical Pacific was near average, with a slight positive anomaly (+�.�°C to +�.�°C) in the western 
Pacific (Fig. �.�d). By June�August (JJA), positive anomalies spread westward along the equator, 
with western Pacific SSTs closer to average (Fig. �.�f). The SST pattern in SON reflects a strong 
El Niæo, with equatorial Pacific anomalies in excess of +�.�°C extending from the dateline to the 
coast of South America (Fig. �.�h). Some weak off-equatorial negative SST anomalies in the 
eastern half of the tropical basin were present from MAM through SON (Figs. �.�d,f,h). Also of 

�	 The ONI is an index measuring ENSO, and to highlight its seasonal-to-interannual component, the base period is updated every 
five years with a rolling ��-year climatology. SSTs in the Niæo�.� region have multi-decadal and longer trends going back to ���� or 
earlier. The rolling climatology reduces the influence of trend on the state of ENSO.

Fig. �.�. Time series of the Oceanic Niæo Index (ONI, °C) 
from mid-���� through ����. 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 less than ��.�°C. Black bars indicate 
values between ��.�°C and �.�°C, while red bars indicate 
positive values greater than �.�°C. ONI values are derived 
from the ERSSTv� dataset and are based on departures from 
the ��������� period monthly means (Huang et al. ����).

Howard Diamond - NOAA Federal
We will need to change this sentence as well to, "Freddy is now recognized as the world's longest-lived TC (Earl-Spurr et al., 2024)"...

Howard Diamond - NOAA Federal
Somehow the x-axis labeling does not match what I was given by the author.  After the 5th label (SON) it should say OND (instead of NDJ as it is currently written) and that is what the original figure.  In addition,  after the label MAM it should say AMJ (instead of OND as it is currently written).  Will re-send  .EPS file to Jessica and Liz.
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convection pattern (Fig. �.�c). By SON, the 
low-level trade winds slowed, exhibiting sea-
sonally averaged westerly anomalies along 
the equatorial Pacific (Fig. �.�d).

Reflecting La Niæa, upper-level (���-hPa) 
westerly wind anomalies also prevailed over 
most of the equatorial Pacific Ocean during 
DJF ����/�� (Fig. �.�a). Upper-level westerly 
anomalies persisted over much of the central 
and eastern Pacific through MAM (Fig. �.�b), 
but diminished by JJA when weak easterly 
anomalies developed over the central Pacific 
(Fig. �.�c). Easterly upper-level wind anoma-
lies, expected during El Niæo and its 
associated weaker Walker circulation, were 
more widespread and noticeable in SON ���� 
(Fig. �.�d).

Collectively, these oceanic and atmo-
spheric anomalies reflected the well-known, 
basin-wide atmospheric and oceanic 
coupling of ENSO (Bjerknes ����). Overall, 
the atmospheric circulation reflected the 
transition from La Niæa early in the year to a 
strong El Niæo by the end of ����.

(iii) Global precipitation
ENSO-driven teleconnections can affect 

precipitation anomalies globally (Bjerknes 
����; Ropelewski and Halpert ����). While 
a rigorous attribution is beyond the scope of 
this chapter, some precipitation anomalies 
during JJA and SON ���� that resemble the 
expected ENSO teleconnection impacts can 
be identified. In JJA, drier-than-average con-
ditions were evident across eastern Australia 
(with some stations recording less than ��% of their average precipitation) and through central 
America and northern South America (Fig. A�.�a). Many stations in India recorded below-average 
precipitation, although some were above average. Drier-than-average conditions continued in 
eastern Australia and central America in SON ���� (Fig. A�.�b). Also in SON ����, stations in 
southern Brazil and Uruguay observed positive precipitation anomalies.

c. Tropical intraseasonal activity
�A. Allgood and C. J. Schreck
Organized tropical intraseasonal activity is modulated by several different modes of coherent 

atmospheric variability, most notably the Madden-Julian Oscillation (MJO, Madden and Julian 
����, ����, ����; Zhang ����). The MJO is characterized by eastward-propagating envelopes of 
large-scale anomalous enhanced and suppressed convection that typically circumnavigate the 
globe in a ��-to-��-day period. MJO-related convective anomalies are similar in spatial extent to 
those generated by the atmospheric response to the El Niæo�Southern Oscillation (ENSO), but 
the latter signal remains largely stationary and lasts for several months. Other impactful modes 
of variability include convectively-coupled atmospheric waves, such as Kelvin waves (which 
exhibit a faster phase speed than the MJO), and westward propagating equatorial Rossby waves 

Fig. �.�. Anomalous ���-hPa wind vectors (m s��, arrows) and 
zonal wind speed (m s��, shading) during (a) Dec�Feb (DJF) 
����/��, (b) Mar�May (MAM) ����, (c) Jun�Aug (JJA) ����, 
and (d) Sep�Nov (SON) ����. The reference wind vector 
is located on the bottom left. Anomalies are departures 
from the ��������� period monthly means. Data are from 
the National Centers for Environmental Prediction (NCEP)/ 
National Center for Atmospheric Research (NCAR) reanalysis 
(Kalnay et al. ����).

Jessica Blunden - NOAA Federal
change comma to a semicolon
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in approximately �� days and triggering 
additional strong westerly wind bursts across 
the Pacific during the latter half of December. 
While El Niæo-related SST anomalies were 
strongest across the central and eastern 
Pacific, positive SST anomalies remained in 
place across the West Pacific Warm Pool 
region despite the repeated downwelling 
oceanic Kelvin wave events. This unusual 
structure may have aided in continued MJO 
propagation, allowing strong convection to 
develop over the far western Pacific region.

d. Intertropical convergence zones
1. PACIFIC

N. Fauchereau
Tropical Pacific rainfall patterns are 

dominated by two convergence zones: 
the Intertropical Convergence Zone (ITCZ; 
Schneider et al. ����) north of the equator 
and the South Pacific Convergence Zone 
(SPCZ; Vincent ����) in the southwest 
Pacific. The position and intensity of these 
convergence zones throughout the year are 
highly sensitive to sea-surface temperature 
anomalies (SSTAs) and, therefore, the state 
of the El Niæo�Southern Oscillation (ENSO; 
Trenberth ����). During the course of ����, 
the Pacific region underwent a transition 
from weak La Niæa conditions to a strong 
El Niæo. These dramatic changes in SSTAs 
were reflected in rainfall patterns, driven 
by significant changes in the position and 
intensity of the ITCZ and SPCZ.

Figure �.�� summarizes the behavior for both convergence zones during ���� using rainfall 
from the Multi-Source Weighted-Ensemble Precipitation (MSWEP) �.�.� dataset (Beck et al. 
����). Rainfall transects over ��°S to ��°N are presented for each quarter of the year, averaged 
across successive ��-degree longitude bands, starting in the western Pacific at ���°E����°E. The 
���� seasonal variations are compared against the longer-term ��������� climatology.

The transects for January�March (Fig. �.��a) for the western and central Pacific (���°E����°W, 
especially from ���°E to the dateline) show that at the beginning of ����, the SPCZ was shifted 
south and west of its climatological position. Rainfall rates within the ITCZ were reduced 
compared to climatology, a signature consistent with typical anomalies recorded in the Southern 
Hemisphere summer during La Niæa. By contrast, in October�December, when the SSTAs were 
fully consistent with strong El Niæo conditions, this pattern was broadly reversed: Fig. �.��d 
shows that the ITCZ, especially in the central Pacific (���°����°W and ���°W����°W sectors) 
was positioned south of its climatological position, with strong positive anomalies (enhanced 
rainfall rates compared to climatology) south of ~�°N and negative anomalies (decreased rainfall 
rates compared to climatology) to the north. Accordingly, the SPCZ appeared to be shifted north 
and east of its climatological position, although the amplitude of the anomalies was smaller 
than those observed during the opposite situation (i.e., the La Niæa-like pattern) observed at the 
beginning of the year.

Fig. �.�. Wheeler and Hendon (����) Real-time Multivariate 
(RMM) index for (a) Jan�Mar, (b) Apr�Jun, (c) Jul�Sep, and 
(d) Oct�Dec ����. Each point represents the Madden-Julian 
Oscillation (MJO) amplitude and location on a given day, 
and the connecting lines illustrate its propagation. The MJO 
amplitude as diagnosed by the RMM was so strong that 
it went off the plot in March. Amplitude is indicated by 
distance from the origin, with points inside the unit circle 
representing weak or no MJO. The eight phases around the 
origin identify the region experiencing enhanced convec-
tion, and counter-clockwise movement is consistent with 
eastward propagation.
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October�December was broadly reversed. Of note during the last quarter of ���� was the large 
amplitude of the anomalies recorded, especially along the equator eastward from about the 
dateline to about ���°W, with positive anomalies exceeding �� mm day�� just north of the equator.

The exceptional nature of the rainfall anomalies observed during the last quarter of ����, 
when El Niæo conditions were fully established, are well illustrated in Fig. �.��, which shows a 
more detailed comparison of the central Pacific (���°����°W) rainfall transect during 
October�December, relative to all other years in this dataset. During this three-month period, 
the recorded rainfall north of ~�°N, averaged over all longitudes (black line), exceeded by a large 
margin the rainfall rates recorded on average for all El Niæo years (thick red line in Fig. �.��).

In summary, precipitation anomaly patterns 
throughout ���� underwent a dramatic shift 
from La Niæa to El Niæo-like and reached excep-
tional amplitude, especially just north of the 
equator in the eastern Pacific, corresponding to 
rainfall rates greatly enhanced within an ITCZ 
shifted south of its climatological position and, 
according to the MSWEP �.�.�, the strongest 
anomalies on record going back to ����.

2. ATLANTIC
A. B. Pezza and C. A. S. Coelho

The Atlantic ITCZ is a well-organized convec-
tive band that oscillates between approximately 
�°N���°N during July�November and �°S��°N 
during January�May (Waliser and Gautier ����; 
Nobre and Shukla ����). Equatorial atmospheric 
Kelvin waves can modulate ITCZ intraseasonal 
variability (Guo et al. ����). ENSO and the 
Southern Annular Mode (SAM) can also influence the ITCZ on interannual time scales (Münnich 
and Neelin ����). The SAM, also known as the Antarctic Oscillation, describes the north�south 
movement of the westerly wind belt that circles Antarctica. A positive SAM event reflects a con-
traction of the westerly wind belt away from the equator, with stronger subtropical ridges and 
less precipitation in the midlatitudes (Ding et al. ����; Liu et al. ����; Moreno et al. ����).

The South Atlantic responded to the demise of the last three years of La Niæa from January to 
May with a slightly stronger-than-normal subtropical anticyclone accompanied by anomalously 
warm water north of the equator and increased pressure gradients towards Antarctica, where 
anomalous cyclonic activity prevailed. As a result, well-below-average precipitation was wide-
spread over much of the area in and around northern Brazil (Figs. �.��a,b). The precipitation 
deficit was much stronger than observed in ���� when La Niæa was at its peak. This pattern was 

Fig. �.��. Rainfall rate (mm day��) for Oct�Dec for each 
year from ���� to ����, averaged over the longitude 
sector ���°����°W. The cross-sections are color-coded 
according to NOAA�s Oceanic Niæo Index (with a threshold 
of –�.�°C), except ����, which is shown in black. Dotted 
lines are individual years, and solid lines are the average 
overall years in each El Niæo�Southern Oscillation phase. 
The inset legend indicates how many years went into 
each composite sample. (Source: MSWEP v�.�.�.)

Fig. �.��. Jan�May ���� (a) tropical and Southern Hemisphere mean sea-level pressure (MSLP; hPa) anomalies and 
(b) precipitation anomalies (mm day��) over the Atlantic sector. MSLP anomalies are calculated with respect to the 
��������� climatology and are derived from National Centers for Environmental Prediction (NCEP)/National Center for 
Atmospheric Research (NCAR) reanalysis (Kalnay et al. ����). Precipitation anomalies are calculated with respect to the 
��������� climatology and are derived from Climate Prediction Center Morphing technique (CMORPH; Joyce et al. ����).
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accompanied by a largely positive SAM, as seen by the negative pressure anomalies over the 
Antarctic Peninsula (Fig. �.��a). The movement of the ITCZ was markedly north of climatology 
during its lifecycle (Fig. �.��a). The Atlantic Index (see Fig. �.��b for definition) was strongly 
negative, as expected for a northerly-displaced ITCZ. This pattern was associated with low-level 
wind convergence well north of the equator toward the areas of anomalously warm waters, with 
subsidence and drought conditions resulting for much of the area in and around tropical Brazil.

e. Global monsoon summary
�B. Wang and Q. He
The global monsoon is the dominant mode of annual precipitation and circulation variability 

and is one of the defining features of Earth�s climate system (Wang and Ding ����). 
Figure �.�� depicts the monsoon domain (red lines) defined by rainfall characteristics (rainy 
summer versus dry winter; Wang ����) rather than the traditional definition by winds (Ramage 
����). The Northern Hemisphere (NH) monsoon includes five regional monsoons: northern 
Africa, India, East Asia, the western North Pacific, and North America. The Southern Hemisphere 
(SH) monsoon consists of three monsoons: southern Africa, Australia, and South America. Here, 
we summarize both global and regional monsoon anomalies in the ���� �monsoon year�, 

Fig. �.��. (a) Atlantic Intertropical Convergence Zone (ITCZ) position inferred from outgoing longwave radiation (Liebmann 
and Smith ����) during Mar ����. The colored thin lines indicate the approximate position for the six pentads of the 
month. The thick black line indicates the Atlantic ITCZ climatological position for Mar. The sea-surface temperature (SST) 
anomalies (°C) for Mar ���� calculated with respect to the ��������� climatology are shaded. The two boxes indicate 
the areas used for the calculation of the Atlantic index in panel (b), which shows the monthly OISST (Reynolds et al. 
����) anomaly time series averaged over the South Atlantic (SA) sector (SA region: �°S��°N, ��°W���°W) minus the SST 
anomaly time series averaged over the North Atlantic (NA) sector (NA region: �°N���°N, ��°W���°W) for the period of 
�������, forming the Atlantic index. A positive phase of the index indicates favorable conditions for enhanced Atlantic 
ITCZ activity south of the equator.
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focusing on the SH summer (November 
�����April ����) and NH summer 
(May�October ����) monsoons. 

1. NH AND SH LAND MONSOON 
PRECIPITATION

Since monsoon rainfall over land has 
more important socioeconomic impacts than 
oceanic-monsoon rainfall, we first examine 
land-monsoon rainfall (LMR) in the NH 
(May�October) and the SH (November�April) 
summer monsoon. The NH and SH LMR are 
measured by the mean precipitation rate 
averaged over the land areas only in the NH 
and SH monsoon domains, respectively.

Historically, the year-to-year variations 
of the NH and SH LMR are dominated by 
the El Niæo�Southern Oscillation (ENSO; 
Wang et al. ����). Figure �.�� highlights this 
relationship. Both the NH and SH summer 
LMR are significantly anti-correlated with 
the corresponding Niæo-�.� index. The NH 
LMR has a correlation of ��.�� from ���� to 
���� (Fig. �.��a). The SH LMR was also neg-
atively correlated with the Niæo-�.� index  
(r = ��.��) during ����/�������/��. However, 
in the past three years the SH LMR and 
Niæo-�.� indices have both been negative 

(Fig. �.��) such that the correlation coefficient for 
����/�������/�� is only ��.�� (Fig. �.��b).

During November �����April ����, the tropical 
Pacific experienced La Niæa conditions (the third 
year of the ������� triple La Niæa). The SH LMR 
was well below average (��.� std. dev.) as noted in 
Fig. �.��b. This positive relationship between ENSO 
and SH LMR is at odds with the historical negative 
correlation. As noted in the previous paragraph, 
this is the third consecutive year during which the 
SH LMR is positively related to the Niæo-�.� index. 
The breakdown of the negative correlation between 
the ENSO and SH LMR deserves further exploration.

Fig. �.��. Mean precipitation anomalies (mm day��) and 
���-hPa wind anomalies (m s��) for (a) the Southern 
Hemisphere summer monsoon season: Nov �����Apr 
���� and (b) the Northern Hemisphere summer monsoon 
season: May�Oct ����. The anomalies are departures 
from the ��������� climatology. Red lines outline the 
global monsoon precipitation domain. Two criteria define 
the monsoon domain: �) the annual precipitation range 
(summer-minus-winter mean) exceeds ��� mm, and �) the 
summer precipitation is greater than ��% of the total annual 
precipitation amount, where summer here means Nov�Mar 
for the Southern Hemisphere and May�Oct for the Northern 
Hemisphere (Wang and Ding ����). The blue rectangular 
boxes denote the regions where the regional monsoon pre-
cipitation indices are measured. The dotted area represents 
the dry region with a local summer precipitation rate below 
� mm day��. (Source: GPCP; Huffman et al. ����.)

Fig. �.��. Correlation between the El Niæo�Southern Oscillation and the Northern Hemisphere (NH) and Southern 
Hemisphere (SH) land monsoon rainfall. (a) NH summer (May�Oct) land monsoon precipitation anomaly (blue) normal-
ized by its standard deviation. The climatological mean NH summer land monsoon precipitation (mean) and std. dev. 
are shown in the lower right panel (mm day��). Numbers in the top right of each panel denote the correlation coefficient 
(R) between the seasonal mean precipitation anomaly and the simultaneous Niæo-�.� index (red). Dashed lines indicate 
–�.�. (b) As in (a) except for the SH summer (Nov�Apr). The land monsoon precipitation excludes the monsoon rainfall 
over the oceanic monsoon domain. (Source: GPCP for precipitation; HadISST and ERSSTv� for SST.)
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El Niæo conditions developed during May�October ����, which were likely the predominant 
driver of the reduced NH LMR (��.� std. dev., i.e., about �.�� mm day�� or �� mm per six months in 
the NH land monsoon regions; Fig. �.��a). The decreased NH LMR in response to the ���� El Niæo 
is consistent with the historically observed negative El Niæo�NH LMR relationship.

2. REGIONAL MONSOON PRECIPITATION AND CIRCULATION
We use regional monsoon precipitation and circulation indices to measure the integrated 

regional monsoon intensity. The regional summer monsoon precipitation indices signify the 
anomalous precipitation rate averaged over each of the blue rectangular box regions shown in 
Fig. �.��. The precipitation averaged in each blue box can represent well the precipitation 
averaged over the corresponding, actual regional monsoon domain (Yim et al. ����). The defini-
tions of the circulation indices for each monsoon region are provided in Table �.�. The circulation 
indices are generally defined by the meridional shear of the zonal winds at ��� hPa, which 
measures the intensity (shear relative vorticity) of the monsoon troughs, except for the northern 
African and East Asian monsoons. The northern African monsoon circulation index is defined 
by the westerly monsoon strength, reflecting the south�north thermal contrast between the 
South and North Atlantic. The East Asian summer monsoon circulation index is determined by 
the meridional wind strength, reflecting the east�west thermal contrast between the Asian con-
tinent and the western North Pacific. The precipitation and circulation indices are well correlated 
for most regional monsoons, with monthly mean correlation coefficients ranging from �.�� to 
�.��, except for the southern African monsoon (Table �.�). Thus, the regional precipitation and 
circulation indices generally provide consistent measurements of the strength of each regional 
monsoon system. Notably, in the Indian and southern African monsoon regions, the circulation 
indices represent land monsoon rainfall less faithfully due to the fact that the leading modes of 
the precipitation anomalies in these two regions show a dipolar pattern (Yim et al. ����).

During SH summer from November ���� to April ����, the La Niæa-enhanced Walker 
Circulation contributed to suppressed rainfall over the central-eastern Pacific and increased 
rainfall over the Maritime Continent and northern Australia (Fig. �.��a). However, precipitation 
was significantly reduced over the South American and southern African monsoon regions, 
which is abnormal for La Niæa. Figure �.�� shows areal-averaged monsoon precipitation and 

Table 4.1. Definition of the regional summer monsoon circulation indices and their correlation coefficients with the 
corresponding regional summer monsoon precipitation indices for 1979/80�2022/23. The precipitation indices are defined 
by the areal mean precipitation anomalies over the blue box regions shown in Fig. 4.15. R (r) represents the correlation 
coefficient between the total (land) monsoon precipitation and the corresponding circulation index. The correlation 
coefficients were computed using monthly time series (176 summer months; Jun�Sep in the Northern Hemisphere [1980�
2023] and Dec�Mar in the Southern Hemisphere [1979/80�2022/23]). Bolded numbers represent significance at the 99% 
confidence level.

Regional monsoon Definition of the circulation index R (r)

Indian (ISM) U850 (5°N�15°N, 40°E�80°E) minus
U850 (25°N�30°N, 60°E�90°E) 0.71 (0.58)

Western North Pacific (WNPSM) U850 (5°N�15°N, 100°E�130°E) minus
U850 (20°N�35°N, 110°E�140°E) 0.87 (0.71)

East Asian (EASM) V850 (20°N�35°N, 120°E�140°E) plus 
V850 (10°N�25°N, 105°E�115°E) 0.72 (0.72)

North American (NASM) U850 (5°N�15°N, 130°W�100°W) minus
U850 (20°N�30°N, 110°W�80°W) 0.86 (0.79)

Northern African (NAFSM) U850 (0°�10°N, 40°W�10°E) 0.71 (0.71)

South American (SASM) U850 (20°S�5°S, 70°W�40°W) minus
U850 (35°S�20°S, 70°W�40°W) 0.80 (0.80)

Southern African (SAFSM) U850 (12°S�2°S, 10°W�30°E) minus
U850 (30°S�10°S, 40°E�60°E) 0.58 (0.45)

Australian (AUSSM) U850 (15°S�0°, 90°E�130°E) minus
U850 (30°S�20°S, 100°E�140°E) 0.88 (0.79)
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warming pattern increased precipitation in the far western Pacific (north of New Guinea) and the 
Philippine Sea and reduced precipitation over the western Maritime Continent and the south-
east tropical Indian Ocean (Fig. �.��b). Compared to the canonical response for eastern Pacific 
El Niæo development, the dry anomalies over the Maritime Continent were shifted westward, 
possibly due to the relatively warm central Pacific. The suppressed rainfall anomaly over the 
western Maritime Continent and the eastern Indian Ocean could excite atmospheric descending 
Rossby waves residing on both sides of the equator. This pattern then reduces Indian summer 
monsoon rainfall and triggers the development of a positive phase of the Indian Ocean (IO)  
dipole sea-surface temperature anomalies (e.g., anomalous east IO cooling and west IO 
warming). Regionally, the Indian and North American monsoon precipitation and circulation 
indices all showed significant negative anomalies (Figs. �.��b,e), which contributed to the 
decreased NH LMR (Fig. �.��a). Over the northern African and East Asian summer monsoon 
regions, both the precipitation and circulation patterns were near normal (Figs. �.��a,c). The 
western North Pacific monsoon circulation and rainfall were both positive. In summary, regard-
less of the westward shift of the convective anomalies over the Maritime Continent during the 
development of the ���� El Niæo, the NH regional monsoon responses basically followed the 
typical El Niæo�monsoon relationships.

f. Indian Ocean dipole
�L. Chen and J.-J. Luo
The Indian Ocean dipole (IOD) is the 

dominant interannual mode in the tropical 
Indian Ocean (IO), characterized by a zonal 
dipole of sea-surface temperature (SST) 
anomalies in the equatorial IO (Saji et al. 
����; Luo et al. ����, ����). The dipole origi-
nates from local air�sea interaction processes 
in the tropical IO and/or ENSO forcing (Luo 
et al. ����, ����). The IOD typically develops 
in boreal spring and summer, matures in 
autumn, and rapidly terminates in early 
winter. A positive IOD (pIOD) event usually 
features negative SST anomalies in the 
eastern IO and positive SST anomalies in the 
west during boreal summer and autumn, and 
vice versa for a negative IOD (nIOD). The IOD 
phenomenon has a strong nonlinear feature, 
that is, the pIOD is usually stronger than the 
nIOD due to the asymmetric strength of the 
air�sea feedback between the two phases of 
the IOD (Luo et al. ����; Hong et al. ����).

In ����, the tropical IO witnessed a strong 
pIOD event with significant negative SST 
anomalies in the eastern IO and positive SST 
anomalies in the western IO (Fig. �.��a). The 
IOD index reached ~�.�°C in boreal autumn 
���� based on the OISST dataset (Fig. �.��b). 
There have been �� pIOD events from ���� to 
the present (����, ����, ����, ����, ����, 
����, ����, ����, ����, ����, ����, ����), and 
they tend to be associated with El Niæo 
events as in ����. The pIOD event in ���� was 
the fourth-strongest pIOD event in the past 
�� years (the three stronger events occurred 
in ����, ����, and ����).

Fig. �.��. (a) Monthly anomalies of sea-surface temperature 
(SST; °C; solid lines) and precipitation (mm day��; dashed 
lines) of the Indian Ocean dipole (IOD) in the eastern pole 
(IODE; ��°S��°, ��°E����°E; blue lines) and the western 
pole (IODW; ��°S���°N, ��E°���°E; red lines) of the IOD. 
(b) As in (a), but for the IOD index (measured by the SST 
difference between IODW and IODE, green line) and 
surface zonal wind anomaly (m s��) in the central equato-
rial IO (Ucio; �°S��°N, ��°E���°E; black line). (c) As in (a), 
but for the SST anomalies in the Niæo-�.� region (�°S��°N, 
���°W����°W; black line) and the tropical IO (IOB; 
��°S���°N, ��°E����°E; red line). Anomalies are relative to 
the ��������� base period. (Sources: NOAA OISST [Reynolds 
et al. ����]; monthly CMAP precipitation analysis] available 
at http://ftpprd.ncep.noaa.gov/pub/precip/cmap/]; and 
JRA-�� atmospheric reanalysis [Ebita et al. ����].)
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of the IO, the pIOD event rapidly grew from late spring to boreal summer ����, as shown in 
Figs. �.��b, �.��b,c, �.��b,c. As a result of the positive air�sea feedback processes among the 
anomalous SST, low-level winds, and precipitation fields, an obvious dipole structure of SST 
and precipitation anomalies occurred in the tropical IO during boreal autumn ����, with anom-
alous cool and dry conditions in the eastern IO and warm and wet conditions in the western IO 
(Figs. �.��, �.��).

In summary, a strong pIOD event occurred in ����, with the IOD index reaching �.�°C during 
boreal autumn. The development of this pIOD event appears to have been driven by El Niæo 
conditions, following two consecutive negative IOD events in ���� and ���� that coincided 
with La Niæa conditions in the Pacific (Chen and Luo ����). In response to the development of 
El Niæo in ����, an anomalous Walker circulation occurred over the tropical Indo-Pacific sector, 
with a stronger descending branch over the western equatorial Pacific, the Maritime Continent, 
and the eastern equatorial IO. Consequently, anomalous easterly winds developed in boreal 
summer ����, causing a dipole of SST anomalies to develop. There was a clear zonal dipole of 
SST and precipitation anomalies in the equatorial IO during boreal autumn ����. In early winter 
(November�December) ����, the pIOD started to decay due to IOD dynamics.

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, including all of the World 
Meteorological Organization (WMO) Regional 
Specialized Meteorological Centers (RSMCs; 
Knapp et al. ����). This dataset represents 
the most complete compilation of global TC 
data. From these data, ��������� climatolog-
ical values of TC activity for each basin using 
statistics from both the WMO RSMCs and the 
Joint Typhoon Warning Center (JTWC) are cal-
culated following Schreck et al. (����). These 
values are referenced in each subsection. 
Tallying the global TC numbers is challenging 
and involves more than simply adding up 
basin totals, as some storms cross TC basin 
boundaries, some TC basins overlap, and 
multiple agencies track and categorize them. 
The Northern Hemisphere (NH) basins are 
typically measured from January to December 
while Southern Hemisphere (SH) basins are 
typically measured from July to June. Global 
values here are the sum of NH for ���� and 
SH for ����/��. Unless otherwise noted, the 
statistics are based on preliminary data from 
NOAA�s National Hurricane Center (NHC) and 
the JTWC. However, differences between the 
JTWC and the WMO RSMCs or other local 
agencies will be noted as appropriate.

Based on preliminary data from the NHC 
and the JTWC as archived in IBTrACS 
(Fig. �.��), the combined ���� season had 
�� named storms (sustained wind speeds 

Fig. �.��. (a) Global summary of tropical cyclone (TC) tracks 
overlaid on associated OISST anomalies (°C; Reynolds et al. 
����) for the ���� season relative to ���������; (b) global 
TC counts; and (c) global accumulated cyclone energy (ACE) 
values (× ��� kt�). Horizontal lines in (b) and (c) are the 
��������� normal values.
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2. ATLANTIC BASIN
M. Rosencrans,  E. S. Blake,  C. W. Landsea,  H. Wang,  S. B. Goldenberg,  R. J. Pasch,  D. S. Harnos,  and 
H. Lopez

(i) ���� Seasonal activity
The ���� Atlantic hurricane season produced �� named storms (plus one tropical depres-

sion), of which � became hurricanes and � of those became major hurricanes (Fig. �.��a). The 
HURDAT� ��������� seasonal averages (included in IBTrACS) are ��.� named storms, �.� hurri-
canes, and �.� major hurricanes (Landsea and Franklin ����). The �� named storms during 
���� equaled ���� for the fourth-highest total in the HURDAT� database, with the top three 
seasons for most named storms being ���� 
(��), ���� (��), and ���� (��). In contrast, the 
number of hurricanes and major hurricanes 
were at the long-term average. The ���� hur-
ricane season was classified by NOAA as an 
above-normal season, as ACE exceeded the 
threshold necessary for an above-normal 
season (discussed in detail later in this 
section). This was the seventh above-normal 
season since ����, with only ���� being clas-
sified as a near-normal season and no years 
in that period classified as below normal.

Seven of the �� named storms during 
���� were short-lived (�� days), including the 
subtropical storm that developed in January. 
There has been a large artificial increase 
(approximately five per year) in these 
�shorties� since ���� (Landsea et al. ����). 
These increased counts primarily reflect new 
observational capabilities such as scatterom-
eters, Advanced Microwave Sounding Units, 
and the Advanced Dvorak Technique, and 
have no association with any known climate 
variability (Villarini et al. ����).

The ���� seasonal accumulated 
cyclone energy ACE value was ���% of the 
��������� median of ��.� × ��� kt� as noted 
in Fig. �.��b. This value is above NOAA�s 
threshold for an above-normal season 
(���.� × ��� kt�, or ���% of the 
��������� median). Since the current Atlantic 
high-activity era began in ���� (Goldenberg 
et al. ����; Bell et al. ����, ����), there have 
been �� above-normal seasons, with �� clas-
sified as extremely (aka hyper-) active (ACE 
>���% of median). By comparison, the pre-
ceding ��-year low-activity era of ������� had 
only two above-normal seasons, with none 
classified as extremely active.

(ii) Storm formation times, regions, and landfalls
Tropical cyclone activity was abundant during August�October (Fig. �.��a), the core months 

of the season, with one early formation in January and no activity in November. Activity for the 
calendar year started on �� January with the development of an unnamed subtropical storm. 
During the Atlantic hurricane season, at least one named storm developed in every month except 
November, including three named storm formations during June. Named storm formations 

Fig. �.��. Seasonal Atlantic hurricane activity during 
the period ���������. (a) Numbers of named storms 
(blue), hurricanes (orange), and major hurricanes (gray). 
(b) The accumulated cyclone energy (ACE) index expressed 
as percent of the ��������� median value. ACE is calculated 
by summing the squares of the six-hourly maximum sus-
tained surface wind speed (kt) for all periods while the storm 
is at least of tropical storm strength. The black (orange) 
line represents NOAA�s threshold for an above-normal 
(below-normal) season (https://www.cpc.ncep.noaa.gov/
products/outlooks/Background.html). Note that there is a 
low bias in activity during the ����s to the early ����s due 
to the lack of satellite imagery and a technique (Dvorak) 
to interpret tropical cyclone intensity for systems over the 
open ocean. (c) ���� Atlantic basin storm tracks. (Source: 
HURDAT� [Landsea and Franklin ����].)
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El Niæo years. Vertical wind shear was below 
normal (Fig. �.��a) in the MDR, and mid-level 
moisture was above normal for most of the 
MDR (Fig. �.��b), but anomalous subsidence 
was evident over the western portions. 
Additionally, although the named storm 
activity was relatively high, the fraction of 
named storms that developed into hurri-
canes was low (��%) compared to the average 
(��%). The fraction of hurricanes that 
became major hurricanes (��%) was close to 
the average (��%). The proximal cause of the 
lower relative fraction could be due to 
El Niæo-related subsidence impacting inten-
sification. The supportive influence of 
record-high SSTs and above-normal mid-level 
moisture (not present during ����) could 
have been enough to promote more tropical 
cyclone formations, while the detrimental 
impacts from El Niæo (higher vertical wind 
shear over the Gulf of Mexico and anomalous 
subsidence over the western MDR) might 
have limited intensification for several of 
these tropical cyclones, keeping the number 
of major hurricanes to near-average and the 
ACE to just slightly above average.

The unnamed subtropical storm that 
developed in January was the first system 
to develop before May since Tropical Storm 
Arlene in April ���� and the first January 
Atlantic storm formation since Hurricane 
Alex in ����.

3. EASTERN NORTH PACIFIC AND 
CENTRAL NORTH PACIFIC BASINS
K. M. Wood and C. J. Schreck

(i) Seasonal activity
Tropical cyclone activity in this section is combined 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 (for the region from the Pacific Coast of North America 
to ���°W), and NOAA�s Central Pacific Hurricane Center in Honolulu, Hawaii (for the region 
between ���°W and the dateline, known as the Central North Pacific [CNP]).

A total of �� named storms formed within the combined ENP/CNP basin in ����, �� of which 
became hurricanes and � became major hurricanes (Fig. �.��a). This activity was near normal 
for named storms and above normal for hurricanes and major hurricanes compared with the 
��������� averages of ��.� named storms, �.� hurricanes, and �.� major hurricanes. All storms 
in ���� occurred between the official ENP hurricane season start date of �� May and end date of 
�� November. The first named storm of the season, Hurricane Adrian, marked the second-latest 
first formation on record (�� June) after Tropical Storm Agatha in ���� (� July). The final named 
storm, Tropical Storm Ramon, weakened to a tropical depression on �� November. No named 
storms formed within the CNP, but three ENP TCs crossed ���°W (Calvin, Dora, and Greg), which 
is near the ��������� average of �.� named storms for the CNP.

The ���� seasonal ACE index was ��� × ��� kt�, which was ���% of the ��������� mean of 
��� × ��� kt� (Fig. �.��b; Bell et al. ����), breaking a four-year streak of below-normal activity 
(Wood and Schreck ����, ����, ����, ����). Almost half of the season�s activity occurred during 

Fig. �.��. Aug�Oct (ASO) magnitude of the ���-hPa����-hPa 
vertical wind shear (m s��): (a) ���� anomalous magnitude 
and vector, and (b),(c) time series of ASO vertical shear mag-
nitude (black) and five-point running mean of the time series 
(red) averaged over (b) the Main Development Region (MDR; 
spanning ��°W���°W and ��°N���.�°N) and (c) the western 
Gulf of Mexico (spanning ��°W���.�°W and ��.�°N���°N). 
Anomalies are departures from the ��������� means. 
(Source: National Centers for Environmental Prediction 
[NCEP]/National Center for Atmospheric Research [NCAR] 
reanalysis [Kalnay et al. ����].)
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seven storms, all but Pilar hit Mexico, making ���� the third consecutive season during which 
landfalling ENP TC activity well exceeded the average for Mexico (�.�; Raga et al. ����; Wood 
and Schreck ����, ����). Likely related in part to below-average wind shear and above-average 
SSTs, all eight major hurricanes exhibited periods of rapid intensification (��� kt; ��.� m s�� in 
�� hours). In fact, the two hurricanes that did not reach major hurricane strength, Adrian and 
Beatriz, also reached this intensification threshold. Of the �� TCs that peaked as either hur-
ricanes or major hurricanes, � underwent at least one rapid weakening period while over the 
open ocean (���� kt or ���.� m s�� in �� hours; Wood and Ritchie ����): Adrian, Calvin, Dora, 
Fernanda, Hilary, Jova, and Norma.

The ���� ENP hurricane season exemplified the range of intensities at which TCs affecting 
land can produce significant impacts. Heavy rain from Beatriz caused isolated flooding in Mexico 
while the system was making landfall as a tropical storm (Blake ����). Hurricane Dora spent an 
estimated ��� hours at Category � intensity and may have affected strong winds in Hawaii that 
impacted devastating wildfires in August, though Dora�s exact role has yet to be quantified. 
Hurricane Hilary peaked as a Category � storm and weakened prior to landfall in Baja California 
but prompted the first-ever tropical storm warning for the U.S. state of California, with damage 
largely due to heavy rain estimated at ���� million (U.S. dollars; Aon ����). Hurricane Lidia 
made landfall with estimated winds of ��� kt (�� m s��), tying Hurricane Kenna from ���� as the 
fourth-strongest storm to make landfall in Mexico. Damage was estimated in the tens of millions 
of U.S. dollars (Aon ����). Two deaths were attributed to Tropical Storm Max, and rain from this 
TC affected communities in Guerrero, Mexico, that were impacted by Hurricane Otis two weeks 
later (Berg ����). Though Hurricane Norma rapidly weakened prior to landfall, the storm caused 
estimated economic losses of ��� million (U.S. dollars; Aon ����), largely attributed to flooding 
and mudslides due to heavy rainfall. Hurricane Otis caused ������� billion (U.S. dollars) in 
economic losses (Reinhart and Reinhart ����) when it devastated Acapulco as a Category � hur-
ricane (see Fig. SB�.�). Its estimated landfall intensity of ��� kt (�� m s��) broke the record for the 
strongest ENP TC landfall previously held by Hurricane Patricia (����). Finally, Tropical Storm 
Pilar dumped heavy rain in Central America when it stalled offshore of El Salvador, with damage 
estimated at ��� million (U.S. dollars; Aon ����).

4. WESTERN NORTH PACIFIC BASIN
S. J. Camargo

(i) Overview
This was the fourth consecutive season with below-normal activity in the western North 

Pacific (WNP) for most measures of tropical cyclone (TC: tropical storms and typhoons) activity. 
Figure �.�� compares the activity for ���� as identified by both the JTWC and the Japan 
Meteorological Agency (JMA) with their climatologies for ���������. Only �� storms reached 
tropical-storm intensity in ���� (bottom quartile <��; Fig. �.��a) based on the JTWC (best-track 
dataset for ���������, preliminary operational data for ����), matching the number in ���� and 
close to the historical lows of ���� (��) and ���� (��), the only two years with fewer storms in the 
historical record. From these, �� reached typhoon intensity (bottom quartile <��), with � reaching 
super-typhoon status (���� kt, bottom quartile <�), matching exactly the number of typhoons 
and super typhoons in ����. This corresponds to ��% of the tropical storms intensifying into 
typhoons (top quartile >��%), with ��% of the typhoons reaching super-typhoon intensity 
(median: ��%). These statistics include Typhoon Dora, which formed in the eastern North 
Pacific, where it was named Hurricane Dora. Dora then tracked across the dateline into the WNP. 
There were also two tropical depressions (bottom quartile <�) in ����. The JMA also recorded 
�� TCs (bottom quartile <��; Fig. �.��b), including � tropical storms (bottom quartile <�), � severe 
tropical storms (bottom quartile <�), and �� typhoons (bottom quartile <��). ��.�% of the storms 
reached typhoon intensity (top quartile >��%). Similar to other years, there were some differ-
ences between the JTWC and JMA storm counts, intensities, and categories�. Talim and Damrey  
 

�	 It is well known that there are systematic differences between the JMA and JTWC datasets, which have been extensively docu-
mented in the literature (e.g. Knapp et al. ����; Schreck et al. ����).
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in TC activity in the WNP in the last few years to decadal variability (e.g., Zhao et al. ����, ����; 
Chan and Liu ����).

(iv) Impacts
In ����, �� storms (including TCs) made landfall in the WNP basin (bottom quartile <��, clima-

tology �������). From these, � made landfall as tropical depressions (median: �), � made landfall 
as tropical storms (bottom quartile <�), � made landfall as Saffir-Simpson Category ��� typhoons 
(Talim, Doksuri, Lan, and Saola; median: �), and � made landfall as major typhoons (Haiku 
and Koinu; median: �). Here, landfalls are defined as instances when the center of a storm that 
is over the ocean moves over land. The observed TC tracks were interpolated into ��-minute 
intervals, and we then used a high-resolution land mask in order to determine the occurrence of 
landfall. In our analysis, we only considered the highest-intensity landfall event for each storm 
in cases of multiple landfalls.

The largest impacts from the ���� typhoon season were caused by Typhoon Doksuri (named 
Egay in the Philippines), which affected the northern Philippines and China, leading to 
���.� billion (U.S. dollars) in economic losses (Gallagher Re ����). The remnants of Typhoon 
Doksuri led to high rainfall rates, causing floods and landslides in northern China, in partic-
ular in the Beijing area. The total rainfall from the storm in Beijing was ���.� mm in a ��-hour 
period, which was the heaviest in the ���-year record, according to the China Meteorological 
Administration. The resulting floods caused 
��� deaths and displaced ��,��� people in 
China and ���,��� in the Philippines, in 
addition to causing numerous power outages 
and a lack of running water across the region, 
according to Relief Web.

5. NORTH INDIAN OCEAN BASIN
J. Uehling 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 �°N and ��°N. The 
Bay of Bengal, on average, experiences four 
times more TCs than the Arabian Sea (Dube 
et al. ����).

The ���� NIO TC season had � named storms 
according to the JTWC, which was above the 
IBTrACS JTWC ��������� climatology of �.�. 
Two of those reached tropical storm strength 
according to the JTWC but were considered 
depressions by the India Meteorological 
Department. Four storms reached cyclone 
strength, and � of those reached major cyclone 
strength. These values were above the climato-
logical average of �.� cyclones and well above 
the average of �.� major cyclones (Fig. �.��). 
The ���� seasonal ACE index 
(January�December) of ��.� × ��� kt� was more 
than double the ��������� mean of 
��.� × ��� kt�.

Fig. �.��. (a) North Indian Ocean (NIO) tropical cyclone 
tracks in ����. (b),(c) Annual tropical cyclone statistics for 
the NIO basin for the period ���������: (b) number of 
named storms, cyclones, and major cyclones, and (c) accu-
mulated cyclone energy (ACE; × ��� kt�). Horizontal lines, 
representing the ��������� climatology, are included in 
both (b) and (c).
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