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Abstract
—J. BLUNDEN, J. REAGAN, AND R. J. H. DUNN

In 2024, a strong El Nifio at the beginning of the year tran-
sitioned to neutral conditions in boreal spring and then to La
Nifa-like conditions by year's end. Atmospheric concentrations
of Earth’s major greenhouse gases—carbon dioxide, methane,
and nitrous oxide—continued to climb to record-high levels.
The annual global average carbon dioxide concentration in the
atmosphere rose to 422.8+0.1 ppm, which is a 52% increase
over the pre-industrial level of ~278 ppm. The growth from
2023 to 2024 was 3.4 ppm, equal to the observed change
between 2015 and 2016, which is the highest in the record
since the 1960s.

The annual global temperature across land and ocean was
the highest recorded in the observational record dating back to
1850, breaking the record just recently set in 2023. The warmth
was widespread. Of the countries that report annual tem-
perature rankings, dozens across the world observed record
warmth for the year, including India, China, South Africa, and
Brazil. Regions—including North America, the Caribbean,
Africa, Oceania, and Europe as a whole—also experienced
record warmth. Extreme temperature records were set in indi-
vidual locations as well. On 7-8 October, Villamontes, Bolivia,
recorded a new national record maximum temperature of
47.0°C. In central Myanmar, 48.2°C was recorded at Chank on
28 April, setting a new maximum temperature record for the
country and breaking the previous record of 47.4°C set just 22
days earlier at the same location.

Across the Arctic, the annual surface air temperature
was the second highest in the 125-year record. An intense
August heatwave brought all-time record-high temperatures
to parts of the northwest North American Arctic, and record-
high August monthly mean temperatures at Svalbard Airport
reached more than 11°C. In September, temperatures above
30°C were observed in Norway, marking the latest time of the
year in the observational record that such high temperatures
have occurred there.

Arctic maximum sea ice extent in 2024 was the second
smallest in the 46-year satellite record, while minimum sea ice
extent was the sixth smallest. The Northern Sea Route, which
runs along the northern coast of Russia, opened later than
recent years' average due to persistent ice in the southwest
Chukchi Sea. The Northwest Passage’s southern route through
northwestern Canada opened again this year and, quite unusu-
ally considering past climatology, its northern route was also
almost entirely ice-free at the end of September. In Antarctica,
following record lows in 2023, net sea ice extent was larger
than last year but continued to be well below average during
much of 2024. The Antarctic daily minimum and maximum sea
ice extents for the year were each the second lowest on record
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behind 2023, marking a continuation of low and record-low
sea ice extent since 2016.

Significant weather events impacted Antarctica in 2024. A
major warming event in the stratosphere in July and another
at the surface in August led to numerous high-pressure and
temperature records. Reanalysis estimates indicated that tem-
peratures were 6°C-10°C above average across much of the
interior during this two-month period, consistent with avail-
able but sparse observations. In terms of area, the Antarctic
ozone hole was the seventh smallest in the 32-year record,
appearing later than average and reaching its peak of 22.4
million square kilometers on 28 September.

Also within the cryosphere, the annual average snow
cover extent was the smallest in the 55-year record for North
America, and third smallest for the Northern Hemisphere
overall. Glaciers lost a record amount of their mass in 2024;
all 58 reference glaciers across the globe reported loss,
marking only the second year—along with 2023 —that this
has occurred since the start of the record in 1970. In Colombia,
the Conejeres Glacier was declared extinct, joining a growing
number of glaciers on this list. In Venezuela, all glaciers have
now officially disappeared.

Across the global oceans, record-breaking temperatures
in 2023 persisted into 2024, with daily mean sea surface tem-
peratures at record-high levels until late June. The annual sea
surface temperature was the highest in the 171-year record,
marking the second year in a row that the global ocean set such
a record. Approximately 91% of the ocean surface experienced
at least one marine heatwave in 2024, while only 26% expe-
rienced at least one cold spell. The surface-to-2000-m depth
global ocean heat content was also a record high in 2024.
Global mean sea level reached 105.8 mm above the average
for 1993 —when satellite measurements began—marking a
new record high for the 13th consecutive year, with an increase
of 4.6+1.4 mm over 2023.

A total of 82 named tropical cyclones were observed during
the Northern and Southern Hemispheres' storm seasons,
below the 1991-2020 average of 87 and equal to the number
recorded in 2023. Hurricane Helene brought destruction from
Florida far inland to the southern Appalachian Mountains.
Helene caused devastating record flooding that contributed to
over 200 deaths, the most in the United States since Hurricane
Katrina in 2005. Hurricane Milton impacted Florida's Gulf
Coast just 12 days after Helene affected the region, marking
the shortest time between major hurricane landfalls in Florida.
In the northwest Pacific basin, Super Typhoon Yagi became
one of the most destructive storms to affect China and Vietnam
in recent years, causing more than 800 fatalities.
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The record-warm temperatures in 2024 created conditions
that helped intensify the hydrological cycle. The annual global
mean precipitation total for 2024 was the third highest since
1983; precipitation over land areas was near-normal while it
was fourth highest over the oceans. This is likely associated
with warm sea surface temperatures that enhanced regional
evaporation. One-day maximum totals measured across the
globe were also record high, indicating an increase in rainfall
intensity.

Exceptionally heavy rainfall in early January caused the
Congo River in Africa to rise to 6.26 m, marking its highest
level since 1961. In April, Dubai in the southern Persian Gulf
recorded 250 mm of rain in 24 hours—nearly three times
its annual average. The torrential downpour submerged
highways and paralyzed Dubai International Airport, where
floodwaters halted operations for 48 hours. In South America,
widespread rainfall totals of 400 mm or more from late April
to early May in the state of Rio Grande do Sul triggered the
worst flooding event on record in Brazil. Storm Boris brought
record rainfall to eastern Central Europe in mid-September. The
storm led to 24 fatalities and several billion dollars in damage;
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however, the death toll was significantly lower than in past
major floods, highlighting the effectiveness of early warning
systems and emergency management. Record rainfall led to
major flooding in Valencia, Spain, on 29 October, with 720 mm
recorded in a 12-hour period. At least 223 people were killed,
and the economic damage exceeded $14 billion U.S. dollars.

Global drought decreased in 2024, both in intensity and
extent, compared to 2023. Even so, Canada experienced both
its driest and hottest year on record, contributing to one of its
worst national wildfire seasons on record. Both Peru and Brazil
reported their third driest year on record, with large swathes
of the Amazon basin impacted by extreme drought conditions.
By mid-October, the Rio Negro at Manaus, a major tributary
of the Amazon River, recorded its lowest water levels since
records began in 1902, surpassing the previous low in October
2023. Northwest Africa also saw exceptionally dry conditions
as did Greece, Romania, and Bulgaria in Europe. The El Nifio
teleconnection patterns contributed to widespread drought
across many countries of southern Africa. The resulting food
and water shortages affected over 25 million people.
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1. INTRODUCTION

J. Blunden, J. Reagan, and R. J. H. Dunn

Thisis the thirty-fifth issuance of the annual assessment now known as the State of the Climate,
published in the Bulletin since 1996. Each year the report documents the status and trajectory of
many components of the climate system across land, oceans, and cryosphere, and throughout
Earth’s atmosphere. Every year, authors of this report introduce new datasets (often with new
variables), improved measurement and analysis methodologies, and an additional year of data
that helps bring our understanding of Earth’s system into sharper focus. Data are collected in
a variety of ways, often in remote areas and sometimes in challenging conditions. This year’s
cover for the “Antarctica and the Southern Ocean” chapter depicts two researchers installing
instrumentation in February 2024 near Crane Glacier on the Antarctic Peninsula to track glacier
response to the 2022 loss of decadal fast ice in the Larsen B embayment. The cover of the Global
Oceans chapter features a NEMO float, which is part of the global Argo array of ocean observing
platforms that measure variables such as temperature and salinity from the surface of the ocean
to depths of two kilometers. This chapter’s cover highlights the Mauna Loa Observatory, which
is set in a pristine environment on the Big Island of Hawaii and has been operational since
1958, where variables such as long-lived greenhouse gases, tropospheric ozone, and aerosols are
continuously measured. These, and all datasets in this report, are documented in appendices at
the end of each chapter, providing readers and researchers alike easy access to the data used in
each section.

Several analyses informed us that 2024 began where 2023 ended—with a strong El Nifio that
helped elevate the annual global temperature to a record high in the more-than-170-year record
for the second consecutive year. This new record occurred despite the El Nifio quickly decaying
to neutral conditions by the boreal spring of 2024. Most of the annual global surface high tem-
perature records have occurred when the El Nifio—Southern Oscillation (ENSO) is in its warm
El Nifio phase for at least part of the year. The last time the global temperature record was set
two years in a row was in 2015 and 2016, which was also the last time a strong El Nifio straddled
two years.

The anomalous warmth in 2024 occurred across most of the world and contributed to many
of the continued changes in key climate indicators that are documented throughout this report.
Year-over-year changes and trends over each variable’s period of record can be gleaned from the
time series shown in Plate 1.1, which now features 39 variables, an increase of 3 from last year’s
report.

Annual, seasonal, monthly, and even daily climate data at scales ranging from local to global
are of utmost importance for tracking changes and trends in our climate system. These changes
can have direct impacts on ecosystems and the human population. For example, Canada—along
with North America as a whole—reported its warmest year on record. Record-high maximum
temperatures were set in northwest North America during August. The heat, along with dry
conditions, contributed to substantial wildfire activity in the region that caused community
evacuations and smoke-related health impacts.

For the second consecutive year, all 58 global reference glaciers across five continents lost
mass in 2024, setting a new record for ice loss. In South America, Venezuela became the first
Andes country to register the loss of all glaciers. In Colombia, the Conejeras Glacier was declared
extinct, joining the list of glaciers that have disappeared in recent years. The continuing loss of
these glaciers here and around the world affect people and surrounding ecosystems who depend
on their meltwater during the warm season.
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Across the globe, there were 82 named tropical cyclones, slightly below the annual average of
87 that occurred between 1991 and 2020. This statistic, while important for tracking such events
at the global level, only tells part of a story. Several of these storms reached land and wreaked
havoc, bringing heavy rains, strong winds, and destruction to places that were in and near their
path. The impacts can be felt far inland from the location of the storm’s landfall.

Our full report cover this year is a personal one for several of the authors, editors, and tech-
nical staff of this report. The photo, taken by one of our former colleagues who provided graphics
support to this series for many years, depicts the aftermath of debris that was carried away by
floodwaters and slammed into a bridge over the Swannanoa River in Asheville, North Carolina,
on 27 September 2024, as Hurricane Helene decimated much of the area. Similarly, the cover for
The Tropics chapter shows a broader aerial view of widespread flooding from the French Broad
River that inundated homes and businesses a few miles away in another part of Asheville in the
immediate aftermath of Helene. More than 100 people were killed and tens of billions of dollars
in damage occurred in the western North Carolina region alone.

Many other extreme rainfall events occurred in other parts of the world during 2024, including
unprecedented rainfall from late April to early May in the Brazilian state of Rio Grande do Sul,
which is considered to be the worst climate disaster in Brazil’s history in terms of damage and
loss. The cover of the Regional Climates chapter captures a snapshot of this flooding in Canoas,
one of many cities that were submerged in the region. On the other end of precipitation extremes,
northern Ghana in Africa experienced its worst drought in four decades, which led to significant
crop loss. These are only a few highlights of the many extreme events included throughout this
year’s report.

The compilation of the State of the Climate is possible due to the dedication of the 590 authors
and editors from 58 countries. It would be an impossible feat for one country to perform this
sort of comprehensive analysis on the state of today’s climate, and we express our sincere
appreciation to those who volunteer their time and expertise to provide a well-rounded and
scientifically sound view of our climate system as well as to those who provide thoughtful
feedback and peer review. The sequence of the State of the Climate in 2024 is similar to previous
years: Chapter 1—Introduction (i.e., this chapter); Chapter 2—Global Climate; Chapter 3—Global
Oceans; Chapter 4—The Tropics; Chapter 5—The Arctic; Chapter 6—Antarctica and the Southern
Ocean; and Chapter 7—Regional Climates, which covers the seven regions of North America,
Central America and the Caribbean, South America, Africa, Europe and the Middle East, Asia,
and Oceania.
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Selected Significant Climate Anomalies and Events: Annual 2024

GLOBAL AVERAGE TEMPERATURE
The Jan-Dec 2024 global surface temperature was the highest since global records began in 1850.

PERSIAN GULF REGION

An extreme rain storm in April brought up to two years
of precipitation in 24 hours—it caused major disruption
and more than 20 fatalities in the UAE and Oman and
severely impacted neighboring countries.

GREAT LAKES

Persistently warmer-than-average
temperatures led to historically
low mid-Feb ice coverage on the
Great Lakes.

ARCTIC

The 2024 Arctic minimum sea ice extent
was seventh smallest on record. The Arctic
had its second-warmest year on record.
NORTH AMERICA
North America had its
warmest year on record,
eclipsing 2023.

WESTERN NORTH PACIFIC
TYPHOON SEASON
Below-average activity: 23 storms including 15 typhoons.

EUROPE
Europe had its warmest

year on record.
GLOBAL TROPICAL CYCLONES

Very slightly below-average activity: 82 storms including
43 hurricanes/cyclones/typhoons—23 storms reached
major tropical cyclone strength.

EASTERN NORTH PACIFIC
HURRICANE SEASON
Below-average activity: 13 storms
including five hurricanes.

HURRICANE HELENE

Helene was the deadliest Atlantic hurricane
since Maria in 2017 and the deadliest hurricane
to affect the continental United States since
Hurricane Katrina in 2005, with 219 fatalities.

SEASON

HURRICANE BERYL
Beryl became the first Category 4 hurricane in

ATLANTIC HURRICANE

Above-average activity: 18 storms
including 11 hurricanes.

o
S

ASI A/(@

Asia had its
second-warmest

SPAIN year on record.

A historic deluge of rain in southern
Spain in late Oct caused catastrophic NORTH INDIAN OCEAN

the Atlantic Ocean during the month of Jun. It

destruction and more than 200 deaths CYCLONE SEASON

TYPHOON YAGI

Yagi peaked as a Category 4
equivalent and was one of
the strongest typhoons to
strike northern Vietnam and
southern China, resulting

in widespread damage and
hundreds of fatalities.

SOUTHWEST PACIFIC
CYCLONE SEASON*
Near-normal activity: nine storms
including five severe storms.

caused extensive damage across the Windward
Islands and later peaked as the earliest Atlantic
Category 5 hurricane on record.

in the area of Valencia. Much-below-average activity: four
storms including one cyclone.

SOUTH INDIAN OCEAN
CYCLONE SEASON*
Below-average activity: 13 storms
including five tropical cyclones.

SOUTH AMERICA DROUGHT
Severe drought conditions affected large parts
of South America as record and near-record heat
dominated the continent.

AFRICA

2024 eclipsed 2023 as Africa’s
warmest year on record. AUSTRALIA CYCLONE SEASON*
Near-average activity: Nine storms

including six tropical cyclones.

OCEANIA
Oceania had its
warmest year
on record.

SOUTH AMERICA

South America tied with 2023 as the
warmest year on record.
AUSTRALIA

Australia had its second-warmest
year since national records began
in 1910.

GLOBAL OCEAN

Global ocean surface temperature was
record warm for 15 consecutive months
from Apr 2023-Jun 2024 and was

record warm for 2024. ANTARCTIC

The 2024 Antarctic maximum sea ice extent was second

lowest on record, while the minimum extent was third lowest. *Cyclone season runs from Jul 2023-Jun 2024

Please note: Material provided in this map was compiled from NOAA's State of the Climate Reports. For more information please visit: https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/

Fig. 1.1. Geographical distribution of selected notable climate anomalies and events in 2024.

Plate 1.1. (Next page.) Global (or representative) average time series for essential climate variables through 2024.
Anomalies are shown relative to the base period in parentheses, although base periods used in other sections of the
report may differ. The numbers in the parentheses in the lower left or right side of each panel indicate how many in
situ (red), reanalysis (blue), and satellite (orange) datasets are used to create each time series, in that order. (a) Northern
Hemisphere (NH) polar stratospheric ozone (Mar); (b) Southern Hemisphere polar stratospheric ozone (Oct); (c) surface
temperature; (d) night marine air temperature; (e) lower-tropospheric temperature; (f) lower-stratospheric temperature;
(9) land surface temperature extremes (warm days [TX90p, solid] and cool nights [TN;,p, dotted]); (h) equivalent tem-
perature; (i) Arctic sea ice extent (max [solid] and min [dotted]); (j) Antarctic sea ice extent (max [solid] and min [dotted]);
(k) glacier cumulative mean specific balance; (I) NH snow cover extent; (m) NH lake ice duration; (n) Mauna Loa apparent
transmission; (o) lower-stratospheric water vapor; (p) cloud area fraction; (q) total column water vapor—Iland; (r) total
column water vapor—ocean; (s) upper-tropospheric humidity; (t) specific humidity—land; (u) specific humidity—ocean;
(v) relative humidity—land; (w) relative humidity—ocean; (x) humid heat extreme frequency (days per year exceeding
the 90th percentile of the climatological daily maximum wet-bulb temperature [TwX90p; solid] and days per year below
the 10th percentile of the climatological daily-minimum wet-bulb temperature [TwN;,p [dotted]); (y) precipitation—land;
(z) precipitation—ocean; (aa) ocean heat content (0 m-700 m); (ab) sea level rise; (ac) tropospheric ozone; (ad) tropospheric
wind speed at 850 hPa; (ae) land wind speed; (af) ocean wind speed; (ag) biomass burning; (ah) land evaporation; (ai) soil
moisture; (aj) terrestrial groundwater storage; (ak) fraction of absorbed photosynthetically active radiation (FAPAR); (al)
land surface albedo—uvisible (solid) and infrared (dotted); (am) vegetation optical depth.
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Essential Climate Variables
J. BLUNDEN, J. REAGAN, AND R. J. H. DUNN

The following variables are considered fully monitored in
this report, in that there are sufficient spatial and temporal
data, with peer-reviewed documentation to characterize them
on a global scale:

Surface atmosphere: air pressure, precipitation, tem-
perature, water vapor, wind speed and direction

Upper atmosphere: Earth radiation budget, tempera-
ture, water vapor, wind speed and direction
Atmospheric composition: carbon dioxide, methane and
other greenhouse gases, ozone

Ocean physics: ocean surface heat flux, sea ice, sea
level, surface salinity, sea surface temperature, subsur-
face salinity, subsurface temperature, surface currents,
surface stress

Ocean biogeochemistry: ocean color

Ocean biogeosystems: plankton

Land: albedo, river discharge, snow

The following variables are considered partially monitored,
in that there is systematic, rigorous measurement found in this
report, but some coverage of the variable in time and space is
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lacking due to observing limitations or limited availability of
data or authors:

Atmospheric composition: aerosols properties, cloud
properties, precursors of aerosol and ozone

Upper atmosphere: lightning

Ocean physics: subsurface currents

Ocean biogeochemistry: inorganic carbon

Land:  above-ground  biomass,  anthropogenic
greenhouse gas fluxes, fire, fraction of absorbed photo-
synthetically active radiation, glaciers, groundwater, ice
sheets and ice shelves, lakes, permafrost, soil moisture,
land surface temperature

Surface atmosphere: surface radiation budget

The following variables are not yet covered in this report, or
are outside the scope of it.

Ocean physics: sea state

Ocean biogeochemistry: nitrous oxide, nutrients,
oxygen, transient tracers

Ocean biogeosystems: marine habitat properties

Land: anthropogenic water use, land cover, latent and
sensible heat fluxes, leaf area index, soil carbon
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2. GLOBAL CLIMATE

R. J. H. Dunn, J. Blannin, K. M. Willett, N. Gobron, and G. A. Morris, Eds.

a. Overview

—R. J. H. Dunn, J. Blannin, K. M. Willett, N. Gobron, and G. A. Morris

For the second year in a row, record-high global surface temperatures were set in 2024,
according to all six global temperature datasets assessed in this report (Berkeley Earth,
GISTEMP, HadCRUT5, the NOAA Merged Land Ocean Global Surface Temperature Analysis
[NOAAGlobalTemp], ERA5, and the Japanese Reanalysis for Three Quarters of a Century
[JRA-3Q]). The last time consecutive years set records was in 2015 and 2016 when a strong El Nifio
similarly boosted global temperatures. The last 10 years (2015-24) are now the warmest 10 in
the instrumental record—warmer than the 201120 average—and hence “more likely than not
warmer than any multi-century period after the last interglacial period, roughly 125,000 years
ago” (Gulev et al. 2021). The increased energy within the climate system is detectable at the top
of the atmosphere, with the outgoing longwave radiation anomaly continuing to be above the
range of natural variability.

During 2024, El Nifio conditions that had been present since the middle of 2023 faded to
neutral by the end of the year. The warm conditions observed around the globe over the last two
years had impacts across the climate system, as demonstrated by many of the metrics presented
in this chapter. Other temperature metrics also reached record levels over the instrumental
periods assessed in this chapter: over the oceans at night, on the surfaces of lakes, and in the
lower troposphere as well as measures of equivalent temperature (which considers the moisture
contribution to heat), and high and low temperature extremes.

The frozen parts of Earth responded with permafrost temperatures continuing to reach
record-high levels in many locations, and the active-layer thickness (the portion that melts and
refreezes annually) also increasing at most sites. Repeated high temperatures over the European
Alps during recent summers has led to large increases in rock glacier velocities in that region.
The Great Lakes had much-below-average ice cover over the 2023/24 winter, and there was
below-average snow cover extent in the Northern Hemisphere. All 58 reference glaciers across
five continents lost ice during 2024, resulting in the greatest average ice loss in the record, which
began in 1970. One more glacier was also declared extinct during 2024.

Higher global temperatures impacted the water cycle. Although lower than 2023 values, water
evaporation from land in the Northern Hemisphere reached one of the highest annual values
on record, in line with the long-term increasing trend. Specific humidity reached record levels
over land and ocean, and relative humidity over both domains was higher than 2023. There was
little relief from high humid-heat conditions, with the frequency of high humid-heat days at a
record level and intensity at the second-highest level in the record—only a fraction of a degree
cooler than that of 2023. The global atmosphere contained the greatest amount of water vapor in
the record, and over one-fifth of the globe recorded their highest values. This far exceeded 2023,
where only one-tenth of the globe experienced record-high total column water vapor. Rainfall
was globally high; 2024 was the third-wettest year since records began in 1983. However, rainfall
over land was close to average, while over the ocean it was the fourth-wettest year on record
(following 2015, 2016, and 1998). Extreme rainfall, as characterized by the annual maximum
daily rainfall over land, was the wettest on record. Averaged globally (4190 lakes), lakes had a
small increase in water storage, and regionally, over 40% of monitored lakes showed significant
changes in storage and level.
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The effects of ongoing droughts in southern Africa and in North and South America can be
seen in the soil moisture and water storage patterns. They are also apparent in the river dis-
charge and runoff levels, which are topics that will be covered in the chapter after a few years of
absence. Globally, however, drought severity and extent decreased from the record set in 2023.

Atmospheric concentrations of the three main greenhouse gases (carbon dioxide [CO,),
methane [CH,], nitrous oxide [N,0]) again all reached record levels, with a record-equal annual
increase in the annual change of CO, concentrations. However, concentrations of ozone-depleting
substances continued to decline, corroborated by stratospheric ozone columns well above the
1998-2008 average, especially in the Northern Hemisphere. In contrast, stratospheric aerosols
remained high because of the Ruang eruption in April 2024, affecting the atmospheric trans-
mission of solar radiation over Hawaii later in the year, and the ongoing effects from the Hunga
eruption in 2022. The latter eruption also caused the ongoing elevated stratospheric water vapor
concentrations.

Our planet’s surface albedo continued to darken with increased plant growth and decreased
snow and ice cover. Plants responded to the warmer temperatures with some of the earliest starts
to spring in the record over Europe—one to two weeks earlier than the 2000-20 baseline—and
a warm autumn resulted in a much longer leaf-on season. Severe wildfire seasons occurred in
South America (the worst since 2010), Canada (for the second consecutive year), and the Arctic,
contributing to the second-highest atmospheric carbon monoxide concentrations since 2003 and
the highest tropospheric aerosol optical depth since 2019, at 550 nm.

This year’s iteration of the Global Climate chapter features two Sidebars, both of which
present new topics that have not yet been explored in the report. The first covers the ability
of satellite products to monitor changes in land surface temperature extremes and identify
hotspots where regions of Earth are becoming uninhabitable. This Sidebar also discusses the
importance of dataset stability for climate studies, as well as the correlation of land surface
temperature and air temperature anomalies. The second Sidebar complements the section on
greenhouse gas concentrations by examining short-lived climate forcers—compounds that have
lifetimes ranging from a few hours to a few decades.

As usual in the Global Climate chapter, Plate 2.1 shows maps of global annual anomalies for
many of the variables and metrics presented herein. Many of these variables are also presented
as time series in Plate 1.1. Most sections now use the 1991-2020 climatological reference period,
in line with the World Meteorological Organization’s (WMO) recommendations, although this
reference period is not possible for all datasets due to their length or legacy processing methods.
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(a) Surface Temperature (b) Lake Temperature
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Plate 2.1. (a) NOAA NCEI Global land and ocean surface
annual temperature anomalies (°C); (b) Satellite-derived
lake surface water temperature annual anomalies, from
European Space Agency (ESA) Climate Change Initiative
(CCl) LAKES/Copernicus Climate Change Service (C3S) /
Earth Observation Climate Information Service (EOCIS) (°C);
(c) Climate Linked Atlantic Sector Science Night Marine Air
Temperature (CLASSnmat) night marine air temperature
annual average anomalies (°C); (d) ERA5 warm day threshold
exceedance (TX90p); (e) ERA5 cool night threshold exceed-
ance (TN10p); (f) Average of Remote Sensing Systems (RSS)
and University of Alabama in Huntsville (UAH)
lower-tropospheric annual temperature anomalies (°C).
Hatching denotes regions in which 2024 was the warmest
Anomalies from 1991-2020 (°C) year on record; (g) ERA5 annual equivalent temperature
anomalies (°C);
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(h) Surface Specific Humidity
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(i) Surface Relative Humidity
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(k) High Maximum Humid-Heat Frequency (TwX90p)
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(m) Upper-Tropospheric Humidity
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Plate 2.1 (cont.) (h) ERAS surface specific humidity anomalies
(g kg™); (i) ERAS5 surface relative humidity anomalies (%rh);
(j) Met Office Hadley Centre International Surface Dataset of
Humidity extremes (HadISDH.extremes) humid heat inten-
sity (TwX), measured by the annual median anomaly of daily
maximum wet-bulb temperature (°C). Gray background
(over land) represent regions with insufficient data;
(k) HadIlSDH.extremes humid heat frequency anomalies
(TwX90p), measured by the number of days where the daily
maximum wet-bulb temperature exceeds the local daily 90th
percentile (days yr'). Gray background (over land) represent
regions with insufficient data; (I) JRA-3Q Total column water
vapor (TCWV) anomalies (%). Data from Global Navigation
Satellite System (GNSS) stations are plotted as filled circles;
(m) Annual microwave-based upper-tropospheric humidity
(UTH) anomalies (%rh); (n) Global Precipitation Climatology
Centre (GPCC) annual mean precipitation anomalies (mm yr~");
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(0) Rx5day Anomalies (p) Cloudiness
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(u) Terrestrial Water Storage

Plate 2.1 (cont.) (0) GPCC maximum five-day (Rx5day) annual
precipitation anomalies (mm); (p) PATMOS-x 6.0 cloud
fraction annual anomalies (%); (q) GloLakes lake water
storage anomalies (%); (r) Global Flood Awareness System
version 4 (GloFASv4) runoff anomalies (mm yr);

e : (s) GloFASv4 river discharge anomalies (m? s™); (t) Gravity
[ I ' ' | | [ Recovery and Climate Experiment Follow-On (GRACE-FO)

= -2 g 3 =l ] _ 3 _6 12 24 difference in annual-mean terrestrial water storage between
Anomaly from 2002-2020 average, Equivalent Height of Water (cm) 2023 and 2024 (cm); (u) GRACE-FO terrestrial water storage

anomalies (cm);
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(v) Soil Moisture (w) Drought (self-calibrating PDSI)
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Anomalies from 1991-2020 (m s™") Anomalies from 1991-2020 (m s™")
_ Plate 2.1 (cont.) (v) Copernicus Climate Change Service (C3S)
(ab) Total Aerosol Optical Depth average surface soil moisture anomalies (m? m-3). Data are masked

where no retrieval is possible or where the quality is not assured
and flagged, for example due to dense vegetation, frozen soil, or
radio frequency interference; (w) Mean self-calibrating Palmer
Drought Severity Index (scPDSI). Droughts are indicated by
negative values (brown), wet episodes by positive values (green).
No calculation is made where a drought index is meaningless
(gray areas: ice sheets or deserts with approximately zero mean
precipitation); (x) Great Lakes Environmental Assessment and
Mapping Project (GLEAM) land evaporation anomalies (mm yr™');
(y) ERA5 mean sea level pressure anomalies (hPa); (z) Surface wind
speed anomalies (m s') from the observational HadISD3 dataset

[ . | (land, circles), the ERA5 reanalysis output (land, shaded areas),
-0.15 -0.1 -0.05 -0.03 -001 0.01 003 005 01 015 and RSS satellite observations (ocean, shaded areas); (aa)
Anomalies from 2003-23 (AOD) ERA5 850-hPa eastward wind speed anomalies for Oct-Dec (m s™);

(ab) Copernicus Atmosphere Monitoring Service (CAMS) reanalysis
total aerosol optical depth (AOD) anomalies at 550 nm;
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(ac) PM2.5

(ad) Extreme Aerosol Days
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Plate 2.1 (cont.) (ac) CAMS reanalysis PM2.5 anomalies (pg
m-3); (ad) Number of days with AOD above the 99.9th per-
centile from CAMS reanalysis. Areas with zero days appear
as the white/gray background; (ae) Ozone Monitoring
Instrument (OMI)/Microwave Limb Sounder (MLS) tropo-
spheric ozone column anomalies for 60°S-60°N (DU); (af)
total column ozone anomalies determined from
Tropospheric Monitoring Instrument (TROPOMI) aboard
Sentinel-5 Precursor (S5P; DU); (ag) CAMS reanalysis total
column carbon monoxide anomalies (x 10" molecules cm~2);
(ah) Visible Infrared Imaging Radiometer Suite (VIIRS) land
surface visible broadband albedo anomalies (%); (ai) VIIRS
land surface near-infrared albedo anomalies (%);
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(aj) Shortwave Land Surface Albedo

o\

(ak) Fraction of Absorbed Photosynthetically Active Radiation
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Anomalies from 2003-2020 (%) Anomalies from 1998-2020 (FAPAR)

(al) Carbon Emissions from Biomass Burning
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Plate 2.1 (cont.) (aj) VIIRS land surface shortwave broadband albedo anomalies (%); (ak) Fraction of absorbed photosyn-
thetically active radiation (FAPAR) anomalies; (al) Global Fire Assimilation System version 1.4 (GFASv1.4) carbonaceous
emission anomalies (g C m~2 yr') from biomass burning; (am) Vegetation Optical Depth Climate Archive (VODCA)
CXKu-band vegetation optical depth (VOD) anomalies.
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b. Temperature
1. SURFACE TEMPERATURE

—A. Arguez, A. Bunno, A. Goto, C. Morice, J. P. Nicolas, A. Sdnchez-Lugo, and F. Sezaki
For the second consecutive year, a new global surface temperature record was set. According
to six global temperature datasets, the global surface temperature for 2024 was 0.63°C-0.72°C
above the 1991-2020 average, (Table 2.1; Fig. 2.1). This was the highest value since global records
began in the mid-1800s to mid-1900s, surpassing the previous warmest year on record set only
last year (2023) by a margin of +0.08°C to +0.12°C.

According to all six global datasets, the
last 10 years (2015-24) were the 10 warmest
years on record. The datasets consist of four
global in situ surface temperature analyses
(GISTEMP, Lenssen et al. 2019; HadCRUTS5,
Morice et al. 2021; the NOAA Merged Land
Ocean Global Surface Temperature Analysis
[NOAAGlobalTemp], Vose et al. 2021; Berkeley
Earth, Rhode and Hausfather 2020) and
two global atmospheric reanalyses (ERAS5,
Hersbach et al. 2020, Soci et al. 2024; the
Japanese Reanalysis for Three Quarters of a
Century [JRA-3Q], Kosaka et al. 2024).

The global surface temperature for
2024 was also 1.46°C-1.62°C above the
1850-1900 average (a period commonly used
to represent pre-industrial conditions). The
pre-industrial temperature anomaly range was
computed using the three datasets that extend
back to 1850 (NOAAGlobalTemp, HadCRUTS5,
Berkeley Earth) using each dataset’s own
1850-1900 baseline. Two of the three datasets
indicated that the yearly temperature anomaly
surpassed +1.5°C, the most ambitious limit
set by the Paris Agreement (Paris Agreement
2015). Of note, exceeding +1.5°C in a single
year does not represent a failure to achieve
the Paris Agreement limit; this would require
breaching +1.5°C over a longer period (WMO
2025a).

The global trends are within 0.20°C-0.22°C
decade™ for the short-term (1981-2024) and
are within 0.08°C-0.09°C decade™ for the
long-term (1880-2024). Following the Arguez
et al. (2020) approach, 2024 was 0.23°C—-0.29°C
above the value derived from the linear trend
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%, 0.0 - WL AVA" ol
>
£-05 .
2
<-1.0 \ -
-15 ........ Lo g v poop e |y | P, L]
B A HHHHHHH THH
1 (c) Ocean only
—— NOAAGlobalTemp — JRA-3Q
0.5 —— NASA GISTEMPv4 —— ERA5
—— HadSST4
0.0
-0.5
-1.0
] A Lo bevvinees Liveriines Livestl
1900 1950 2000 2010 2020

Fig. 2.1. Global average surface air temperature anomalies
(°C; 1991-2020 base period). In situ estimates are shown
from the NOAA Merged Land Ocean Global Surface
Temperature Analysis (NOAAGIlobalTemp; Vose et al.
2021), NASA Goddard Institute for Space Studies Surface
Temperature Analysis version 4 (GISTEMPv4; Lenssen et al.
2019), Hadley Centre/Climatic Research Unit Temperature
version 5 (HadCRUTS5; Morice et al. 2021), Climatic Research
Unit temperature version 5 (CRUTEMS5; Osborn et al. 2021),
Hadley Centre Sea Surface Temperature Dataset version 4
(HadSST4; Kennedy et al. 2019), and Berkeley Earth (Rhode
and Hausfather 2020). Reanalysis estimates are shown
from ERA5 (Hersbach et al. 2020; Bell et al. 2021) and
the Japanese Reanalysis for Three Quarters of a Century
(JRA-3Q; Kosaka et al. 2024).

Table 2.1. Global temperature anomalies (°C; 1991-2020 base period) for 2024. Note that for the HadCRUT5 column, land values
were computed using the Climatic Research Unit Temperature version 5 (CRUTEM.5.0.2.0) dataset (Osborn et al. 2021), ocean values
were computed using the Hadley Centre Sea Surface Temperature Dataset version 4 (HadSST.4.0.1.0) dataset (Kennedy et al. 2019),
and global land and ocean values were computed using the HadCRUT.5.0.2.0 dataset (Morice et al. 2021).

NASA- NOAA
Global GISTEMPvA HadCRUT5 GlobalTemp Berkeley Earth
Land +0.98 +0.89 +1.04 +0.94 +1.06 +1.01
Ocean +0.50 +0.50 +0.49 +0.58 +0.56
Land and Ocean +0.67 +0.63 +0.67 +0.65 +0.72 +0.69
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calculated over the last 50 years (1975-2024), registering the highest departures above the trend
lines in all six global datasets.

The annual global land-only and ocean-only surface temperatures were also record high,
at 0.89°C-1.06°C and 0.49°C-0.58°C above the 1991-2020 average, respectively (Table 2.1). The
year was characterized by much-warmer-than-average conditions across most of the world’s
surface (Plate 2.1a; Appendix Figs. A2.1-A2.4), with record-high annual temperatures observed
across parts of each continent and across large areas in the North and tropical Atlantic Ocean,
North Indian Ocean, western Pacific Ocean, Arctic Ocean, and the Southern Ocean. In contrast,
below-average annual temperatures were observed across Iceland, southern Greenland, the
Bering Sea, the Okhotsk Sea, and parts of the eastern South Pacific, Southern Ocean, and
Antarctica.

Monthly global surface temperatures were exceptionally high throughout the year, with each
month ranking either as the warmest or the second-warmest on record. A strong El Nifio event,
which began during boreal summer 2023, continued into early 2024 before ending in boreal
spring. The ensuing El Nifio—Southern Oscillation (ENSO)-neutral conditions persisted through
the remainder of the year until La Nifia-like conditions emerged at the end of 2024. While several
factors may have contributed to the record-high temperature in 2024, the influence of El Nifio
together with unusually warm oceans across many basins were key contributors to the high
monthly global surface temperature records observed, especially during the first half of the year,
adding warmth on top of the long-term warming caused by anthropogenic greenhouse gas emis-
sions. The last time at least two consecutive years reached a new global surface temperature
record was in 2015 and 2016, when a strong El Nifio developed during the latter half of 2015 and
dissipated by May 2016.

2. LAKE SURFACE TEMPERATURE RS OARSAREL
1.0 (a) Global, 1944 lakes

—L. Carrea, C.J. Merchant, R. | Woolway,
J.-F. Creatux, T. M. Dokulil, H. Dugan,

A. Laas, E. Leibensperger, S.-1. Matsuzaki,
D. Pierson, M. Pulkkanen, 0. O. Rusanovskaya, —1.0F

S. V. Shimaraeva, E. A. Silow, M. Schmid, e
M. A. Timofeyev, and P. Verburg 1.0f (b) Europe, 267 lakes

In 2024, the global average lake surface
water temperature (LSWT) anomaly derived
from satellite data during the warm season was
+0.52°C with respect to the 1995-2020 baseline;
the anomalies were positive for 79% and
negative for 21% of the 1944 studied lakes. The
2024 anomaly is the largest since the record
began in 1995. The mean LSWT trend during
1995 to 2024 was 0.22+0.01°C decade™, broadly
consistent with previous analyses even though
the number of lakes analyzed has doubled since
2022 (Woolway et al. 2017, 2018; Carrea et al.
2019, 2020, 2021, 2022a, 2023b, 2024; Fig. 2.2).
The warm-season lake-mean LSWT anomalies
for each lake are shown in Plate 2.1b.

In 2024, 56% of all observed lakes showed
LSWT anomalies in excess of +0.5°C, and exten-
sive regions with consistently large LSWT
anomalies were detected. (Plate 2.1b). The
largest positive anomalies were reported for

1.0[ (c) Africa, 146 lakes

Anomaly from 1995-2020 (°C)

PR IS T T [T T TN T [N VT TN T T AN S T T [N T S S S N WY ST ST S
1995 2000 2005 2010 2015 2020 2025

lakes situated in Canada, China, Japan, the
Tibetan area, eastern Europe, and the Middle
East, while in Patagonia, Greenland, Alaska,
and northeast Russia, lakes were found to be
cooler than average.
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Fig. 2.2. Annual time series of satellite-derived
warm-season lake surface water temperature anomalies
(°C; 1995-2020 base period) from 1995 to 2024 for lakes
distributed (a) globally, and regionally in (b) Europe,
(c) Africa, (d) Canada, and (e) the Tibetan Plateau.
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As in previous reports (see for example
Carrea et al. 2023b, 2024), four regions were
studied in more detail: Europe (number of
lakes, n = 267, Figs. 2.2b, 2.3a), Africa (n =146,
Figs. 2.2c, 2.3b), Tibet (n = 145, Figs. 2.2e, 2.3d),
and Canada (n = 495, Figs. 2.2d, 2.3c). In these
areas, the warm-season LSWT anomalies gen-
erally align with the air temperature anomalies
extracted at the locations of the lakes from the
dataset compiled by NASA’s Goddard Institute
for Space Studies (GISS; Hansen et al. 2010;
GISTEMP Team 2025). The average LSWT trend
was +0.34+0.03°C decade™ in Europe (Fig. 2.2b)
and +0.22+0.03°C decade® in Canada
(Fig. 2.2d). In Canada, 96% of observed lakes
were warmer than average, with only 4% being
cooler than average, and the mean LSWT
anomaly was +0.87°C in 2024. In Europe, the
average anomaly was +0.77°C, and 86% of
lakes presented positive anomalies. In Africa
and Tibet, the long-term change in LSWT is
comparatively smaller, at +0.11:0.01°C
decade™ and +0.17+0.02°C decade™, respec-
tively (Figs. 2.2c,e). In Africa, 77% of the
146 lakes had positive LSWT anomalies, and
the average anomaly in 2024 was +0.37°C. In
Tibet, the average anomaly was +0.79°C, and
the LSWT anomaly was positive for 143 lakes
and negative for 2. In all these regions, the
2024 mean anomaly was the largest since the
record began in 1995.

In situ single-point observations from
38lakeswereused to compute the warm-season
temperature anomalies depicted in Fig. 2.4.
Among these lakes, 27 have measurements for
2024, with an average anomaly of +1.25°C. Only
three lakes experienced negative anomalies
(average —0.59°C) and 24 lakes had positive
anomalies (average +1.48°C) in 2024;
Fig. 2.4 clearly shows that lakes are warming,
especially after the year 2000. It is important
to note that anomalies based on in situ mea-
surements, which are point measurements,
generally differ from those derived from satel-
lite data, which instead represent lake-wide
averages, and therefore are more representa-
tive of the lake response than single point. On
the other hand, in situ measurements can offer
high coverage in time while satellite data are
sparser in time.

The period 19952020 is used as a baseline to
compute the anomalies for both in situ (unless
data were not available for the full period)
and satellite temperature. The warm-season
averages for midlatitude lakes were calculated
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Fig. 2.3. Lake temperature anomalies (°C, colored dots)
and 2-m air temperature anomalies (°C; NASA Goddard
Institute for Space Studies [GISS]; Hansen et al. 2010, GISS
Surface Temperature Analysis [GISTEMP] Team 2025) in
2024 for lakes in (a) Europe, (b) Africa, (c) Canada, and
(d) the Tibetan Plateau. These values were calculated for
the warm season (Jul-Sep in the extratropical Northern
Hemisphere; Jan-Mar in the extratropical Southern
Hemisphere; Jan-Dec in the tropics) with reference to the
1995-2020 base period.
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Fig.2.4.Insitulake surface watertemperature (LSWT) obser-
vations from 38 globally distributed lakes, showing the
annually averaged warm season (Jul-Sep in the Northern
Hemisphere; Jan-Mar in the Southern Hemisphere) anom-

alies (°C; 1995-2020 base period).
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for the summer months (July—September in the Northern Hemisphere and January—March in the
Southern Hemisphere), while annual averages are used for tropical lakes located within 23.5°
of the equator. For global averages, an unweighted mean of all the lake LSWT anomalies was
computed. LSWT time series were derived from the Copernicus Climate Change Service (until
2022) and the Earth Observation Climate Information Service climate data record (Carrea et al.
2022b, 2023a), which was based on the European Space Agency Climate Change Initiative LAKES
v2.1 dataset and subsequently extended. For 2024, LSWT was retrieved from satellite observa-
tions from Sea and Land Surface Temperature Radiometers (SLSTR) onboard Sentinel3A and 3B.
The retrieval method of MacCallum and Merchant (2012) was applied on image pixels filled with
water according to both the inland water dataset of Carrea et al. (2015) and a reflectance-based
water detection scheme (Carrea et al. 2023a).

The satellite-derived LSWT data were validated with in situ measurements with an average
satellite minus in situ temperature difference of less than 0.5°C (Carrea et al. 2023a). The
satellite-derived LSWT data were averaged spatially for each of a total of 1944 lakes, and
lake-wide average surface temperatures have been shown to give a more representative picture
of LSWT responses to climate change than single-point measurements (Woolway and Merchant
2018).

The averaged surface air temperature 1.0 -'(a)'GI'ob'al T T T Ty
was calculated from the Global Historical 0.5 2
Climatology Network version 4 (GHCNv4; 0.0k = vV _|
250-km smoothing radius) data of the NASA
GISS surface temperature analysis (Hansen
et al. 2010; GISTEMP Team 2025).

-0.5 -
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3. NIGHT MARINE AIR TEMPERATURE ' (b) Northern extratropics
—R. C. Cornes, R. Junod, and E. C. Kent

The global annual average night marine
air temperature (NMAT) for 2024 was 0.44°C
above the 1991-2020 baseline in the University
of Alabama in Huntsville Night Marine Air
Temperature (UAHNMAT; Junod and Christy
2020) dataset and 0.54°C in the Climate Linked
Atlantic Sector Science Night Marine Air
Temperature (CLASSnmat; Cornes et al. 2020)
dataset. These values represent the highest
in the record dating to 1900 and are 0.04°C
higher than those of 2023 in both datasets.

Between 1900 and 2024, annual global
average NMAT increased at a rate of 0.07°C
decade™ in UAHNMAT and 0.08°C decade™ in
CLASSnmat. As noted in previous State of the
Climate reports (e.g., Cornes et al. 2023), sea
surface temperatures (SSTs) have been —1-51;00- T T T R T VIV Ton T
increasing faster than NMAT for reasons that
are not fully understood. For example, over Fig. 2.5. Annual average night marine air temperature

the same 1900-2024 period, global annual anomalies (°C; 1991-2020 base period) calculated from
averages in the Hadley Centre Sea Surface the Climate Linked Atlantic Sector Science Night Marine

. . Air Temperature (CLASSnmat), University of Alabama in
Temperature Dataset version 4 (HadSST4; Huntsville Night Marine Air Temperature (UAHNMAT), and

Kennedy et al. 2019) increased at a rate of Hadley Centre Sea Surface Temperature Dataset version 4
0.09°C decade™. As a result, SST anomalies (HadSST4)datasetsaveragedoverthe(a)globe,(b)northern
have consistently been higher than NMAT extratropics, (c) tropics, and (d) southern extratropics. The
anomalies over the past decade (Fig. 2.5). The tropics is defined as the latitude range 30°S-30°N and the

. . 1. northern (southern) extratropics as >30°N (<30°S). The
differences between SST and NMAT for indi- averages only include values that are common to all three

vidual years over that period have generally gatasets for a given year; since UAHNMAT starts in 1900,
not been statistically significant due to the size  only values for the period 1900-2024 are plotted.
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of uncertainty estimates in the datasets (with 2-¢ uncertainty around 0.1°C), although the large
differences seen in 2021/22 have not been observed over the last two years.

Record temperatures were observed across the tropics in 2024, with anomalies of +0.54°C
in CLASSnmat and +0.44°C in UAHNMAT. In the northern extratropics, however, NMAT values
in 2024 were slightly lower than in 2023 (c.f. +0.71 in 2023 and +0.63°C in 2024 in CLASSnmat
and +0.55 versus +0.53°C in UAHNMAT), making 2024 the second-warmest year in the record.
In contrast, HadSST4 recorded 2024 as the warmest year in the northern extratropics, with
an anomaly of +0.84°C. To prevent unequal spatial sampling affecting these results, all three
datasets have been masked to ensure common coverage.

Regional differences in NMAT anomalies are further illustrated in Plate 2.1c. Temperature
anomalies above +0.5°C were widespread across the globe in 2024, with especially large anoma-
lies of up to +1.5°C relative to the 1991-2020 baseline observed across certain areas and notably
across the northwestern Pacific. Negative temperature anomalies were present in the south-
eastern Pacific—and to a lesser extent, the northeastern Pacific—linked to the weakening El Nifio
conditions throughout 2024 and the switch to La Nina-like conditions at the end of the year (see
section 4b for details). This change is reflected in the global monthly averages for NMAT and SST
(Fig. 2.6). Starting in June 2023, exceptional temperature anomalies were recorded in these data
(Cornes and Junod 2024) and continued into early 2024, with the highest anomalies peaking in
January. While temperature anomalies slightly reduced in the second half of 2024 compared to
2023, they remained notably higher than previous years, with anomalies still 0.4°C above
1991-2020 levels.

The causes of these anomalously high
temperatures in 2023 and 2024 have been
variously discussed in the literature (see also
section 2b1). Cattiaux et al. (2024) suggest that
a combination of long-term anthropogenic
warming and a significant peak in internal
variability accounts for the observed condi-
tions. Gettelman et al. (2024) propose that the
anomalies in 2022/23 are due to an increase
in net radiative forcing, driven by mandated
reductions in ship-based sulfur emissions

T T T T T T T T T T T T T T T T T T
(/) CLASSnmat v2 (b) UAHNMAT v1 (c) HadssT4

Anomaly (°C)

TPUN NRPU NP IR ISR T N NNPUR U NPU R NP NP I NEPUR NEPU SRR S U
an Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

. . : Fig. 2.6. Global monthly average night marine air tem-
that came into effect in 2020, Further analysis perature anomalies (°C; 1991-2020 base period) in the

is needed to understand the relative contri- (a) Climate Linked Atlantic Sector Science Night Marine Air
butions of these factors to NMAT versus SST.  Temperature (CLASSnmat), (b) University of Alabama in
However, based on the results presented here, Huntsville Night Marine Air Temperature (UAHNMAT), and
no distinct difference is observed between (c) Hadley Centre Sea Surface Temperature Dataset version

NMAT and SSTin terms ofargescale averages 3 H345ST4) datasels ach e eprecents a yea of doty
over the past two years. The fact that globaland  (eq, respectively.

tropical average anomalies from CLASSnmat

are now comparable to those from HadSST4 for the first time in 10 years may suggest an external

forcing mechanism. However, the differences between UAHNMAT and CLASSnmat—despite

using essentially the same input data, but undergoing different quality control and bias adjust-

ment processes—are of the same magnitude as the differences between SST and NMAT. This

suggests that structural uncertainties in dataset preparation may obscure any potential external

forcing mechanisms.

4. SURFACE TEMPERATURE EXTREMES
—R. J.H. Dunn, M. G. Donat, S. Kirkpatrick, and M. G. Bosilovich

Ongoing record-breaking average global surface temperatures in 2024 (section 2b1) again was
accompanied by further record-high numbers of warm days (TX90p; Table 2.2) and record-low
numbers of cool nights (TN10p; Table 2.2) across all datasets assessed herein.

The globally averaged number of warm days indicated by the Global Historical Climatology
Network Daily Extremes (GHCNDEX) dataset of gridded in situ observations (Donat et al. 2013)
was 75+7 days, four days more than the value for 2023 (Fig. 2.7a; Table 2.2). At the other end of
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the scale, there were only 1348 cool nights, the lowest in this dataset (starting 1951; Fig. 2.7b) and
substantially less than half the expected number (36.5 days by definition). As outlined in
previous reports (e.g., Dunn et al. 2024a), GHCNDEX has severely limited spatial coverage for
recent years (Appendix Fig. A2.5); thus three reanalysis products (ERA5, Hersbach et al. 2020,
Bell et al. 2021, Soci et al. 2024; JRA-3Q, Kosada et al. 2024; MERRA-2, Gelaro et al. 2017) were
used to give a globally complete (including Antarctica) assessment of the land surface extreme
temperatures following Dunn et al. (2022b). As shown in Fig. 2.7c and Table 2.2, all these products
show record-high and record-low values in 2024 for the number of warm days and cool nights,
respectively, in the global average over land. The large differences between the GHCNDEX values
in Table 2.2 and those from ERA5 and JRA-3Q

using a 1961-90 reference period are likely due _Ea') 'T'X:C)(I)[I) (1961-90)
to the low spatial coverage of GHCNDEX MO BHINDE e %20

(Appendix Fig. A2.5). 80

Especially high numbers of warm days 60
were experienced across almost all of Africa 40
and Central and South America as well as in
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and South America and Africa (Fig. 2.8e).

Moreover, areas in South America broke 70 _Zc> TX9(I)p (199'1-2020)I ' _
records in numbers of warm days (TX90p), sob— MermR2 2 i
which were only set last year (Fig. 2.8 in Dunn
et al. 2024a). >0
Figure 2.8b shows the time series from cal- 40
culating the land fraction setting record-high | 30
numbers of warm days sequentially in each § 20
year, i.e., the land area fraction in Fig. 2.8a 6199
categorized as “highest” but working through 8 90
each year in turn to determine the area setting 5 so
new records of TX90p per year. The first year “ 70
will by default set a record value across the 60
entire globe, but in a stable climate, records 50
should become rarer over time. Therefore, the 40
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values from the first 20 years of each reanalysis
are not shown. JRA-3Q has the largest land area

experiencing record numbers of warm days in

2024, but a lower fraction than ERA5 which, Fig. 2.7. (a),(b) Time series of the_ (a) annual number of

lone with MERRA-. has the second lareest Warm days (TX90p) and (b) cool nights (TN10p) averaged
along ) ’ ; 8 over global land regions based on gridded station data
(ERAS5 has most in 2010 and MERRA-2in 2002).  fyom Global Historical Climatology Network Daily Extremes

For TN10p, in 2024 MERRA-2 has the largest dataset (GHCNDEX), ERA5, and the Japanese Reanalysis
area with new record-fewest numbers of cool for Three Quarters of a Century (JRA-3Q) reanalyses using

nights, with JRA-3Q and ERAS5 tied for second 1961-90 as the reference period. The spatial coverage in
in 199é The fraction of land with the highest GHCNDEX is limited; the black dashed lines show the per-

. . centage of land area covered (right y-axis). The 2-c coverage
annual maximum temperature (TXx; Fig. 2.8f; uncertainty (following Brohan et al. 2006; Dunn et al.
Table 2.2) is greatest in MERRA-2 and a close  2020) is shown by the light red bands in (a),(b). (c),(d) As in
second to 1983 in JRA3Q. (a),(b), for three atmospheric reanalyses (ERA5, MERRA-2,
and JRA-3Q) using 1991-2020 as the reference period.
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Lower-than-expected numbers (36.5) of cool nights (TN10p) were found almost globally, with
only parts of the Amazon basin and central-southern Africa experiencing higher-than-expected
numbers (Plate 2.1e). This index is zero bounded (there cannot be fewer than zero cool nights,
an anomaly of —36.5 days), in contrast to TX90p, which is bounded to zero for cold anomalies
but asymmetrically bounded to 100% of days (i.e., 365 per year) for warm anomalies; with our
choice of reference period in the current climate, we are far from this upper bound. Therefore,
the magnitude of the anomalies in TN10p appear smaller as this index asymptotically reduces
to zero as the temperature distribution moves farther from the 10% threshold (Dunn and Morice
2022).

Regionally, the record-lowest numbers of cool nights (TN10p) were found across much of
tropical and northern Africa, Southeast Asia, eastern Europe, and northern South America
(Fig. 2.8¢), and the global area with record-low values is largest (in MERRA-2) or second largest
(in ERA5 and JRA-3Q, both record in 1998) within the periods of the respective datasets (Fig. 2.8d).
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Fig. 2.8. Maps indicating grid cells where (a) the warm day index (TX90p) from ERAS5 (since 1940), (c) the cool night index
(TN10p) from the Japanese Reanalysis for Three Quarters of a Century (JRA-3Q; since 1948), and (e) the annual maximum
temperature (TXx) from MERRA-2 (since 1980) for 2024 ranked in the three highest (orange to red) or three lowest (blue)
values. Time series of the percent of land area ranked as the highest value for (b) TX90p, (d) TN10p, and (f) TXx sequen-
tially in each year for ERA5 (from 1960), JRA-3Q (from 1968), and MERRA-2 (from 2000). The ranks from the first 20 years
of each reanalysis are not calculated.
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A number of indices have been recommended by the World Meteorological Organization to
characterize temperature and precipitation extremes (Zhang et al. 2011; Dunn et al. 2024b), of
which we present three here (Table 2.2). Dunn et al. (2022b) show there is good agreement
between the observation-based and reanalysis products, especially for the two percentile-based
indices used in this section. See Donat et al. (2013) and Dunn et al. (2022b) for details of indices
from the observation-based and reanalyses datasets, respectively.

The indices shown here use fixed reference periods, and an intercomparison between these
is not trivial (Dunn et al. 2020; Yosef et al. 2021; Dunn and Morice 2022); we show versions using
both 1961-90 (for GHCNDEX, ERA5, and JRA-3Q) and 1991-2020 (for ERA5, MERRA-2, and JRA-3Q).

Table 2.2. Definitions of indices used for land surface temperature extremes, their globally averaged values (days) for 2024,
and ranks from the four datasets. Coverage uncertainties are shown for GHCNDEX.

GHCNDEX ERA5 JRA-3Q ERA5 JRA-3Q MERRA-2
(1951-2024) (1940-2024) (1948-2024) (1940-2024) (1948-2024) (1980-2024)
Definition Value, [rank] Value, [rank] Value, [rank] Value, [rank] Value, [rank] Value, [rank]
Ref. Period Ref. Period Ref. Period Ref. Period Ref. Period Ref. Period
1961-90 1961-90 1961-90 1991-2020 1991-2020 1991-2020
Annual count of days
TX90p Warm when the daily maximum 75+7 107 94 73 68 72
days temperature exceeds the [highest] [highest] [highest] [highest] [highest] [highest]
90th percentile
Annual count of nights
TN10p Cool when the daily minimum 13+8 13 12 20 18 20
nights temperature falls below [lowest] [lowest] [lowest] [lowest] [lowest] [lowest]
the 10th percentile
TXx Warmest Annual maximum of the 36.5+0.3 _ i 31.1 30.6 31.7
T-max maximum temperature [highest] [highest] [highest] [highest]
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Sidebar 2.1: Super extreme land surface temperature hotspots
—E. GOOD, J. BLANNIN, A. WARING, K. VEAL, AND D. GHENT

It is well documented that as Earth’s climate warms, the
frequency of extreme heat events is increasing (IPCC 2021;
Dunn 2024a; Willett 2023b). Evidence suggests that the
fraction of land becoming uninhabitable due to extreme heat
will also increase with global warming (Matthews et al. 2025).
Surface temperatures are traditionally monitored using data
from weather stations measuring near-surface air temperature
at ~1.5m-2m above the surface (T2m). However, station
density and location limit spatial coverage and, therefore,
knowledge of how extreme temperature frequency and inten-
sity are evolving in many regions of the world (section 2b4;
Dunn et al. 2024).

An alternative, independent source of information can be
obtained from satellite observations of land surface tempera-
ture (LST) derived from sensors operating in the infrared (IR)

(@)

— CRUTEM5-SLSTR/A

Anomaly (°C)

— Trend = 0.42°C decade™

1

T
2025

T T T T T T T T
2017 2018 2019 2020 2021 2022 2023 2024

(c) CRUTEMS

and microwave regions of the electromagnetic spectrum. An
advantage of using LST from satellites over ground-based
T2m is in the global provision of data. However, a disadvan-
tage is that the LST cannot be measured directly, as it relies
on modeling of the impact of the atmosphere between the
satellite and the surface to estimate it; furthermore, in the
case of IR LSTs, only cloud-free observations are available.
Additionally, although strongly correlated, LST and T2m are
different variables. Over bare surfaces, LST represents how hot
Earth’s surface is to the touch, whereas over dense vegetation,
it more closely represents the canopy surface temperature.
Therefore, simultaneous LST-T2m differences often reach
several °C and may exceed 20°C in some conditions (Good
2016). However, studies have shown that the long-term
signal of change observed in LST and T2m datasets is similar
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Fig. SB2.1. Time series for spatially matched 5° latitude-longitude data between +60° latitude for (a) Sea and Land Surface
Temperature Radiometer onboard the Sentinel-3A platform (SLSTR/A) land surface temperature (LST)-Climatic Research
Unit temperature version 5 (CRUTEM5) anomalies of near-surface air temperature at ~1.5m-2m above the surface (T2m;
reference baseline period is May 2016 to Dec 2024; the CRUTEM5 anomalies have been adjusted from the 1961-90 baseline
period following Good et al. [2017]) and (b) Sea and Land Surface Temperature Radiometer onboard the Sentinel-3B
platform (SLSTR/B) LST-CRUTEM5 T2m anomalies (baseline period Nov 2018 to Dec 2024). Trends have been calculated
using the Theil-Sen/median of pairwise slopes method (Sen 1968). The Mar 2019 outlier in the SLSTR/B time series is due
to 19 days of missing SLSTR/B data. The Nov 2018 outlier is outside the super extreme hotspot analysis period. Example
5° latitude-longitude anomaly maps for April 2024 for (c) SLSTR/B LST and (d) CRUTEMS5 are also shown. All units are °C.
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(Good et al. 2017, 2022). The objective of this analysis is to
demonstrate how LST may be used to map and monitor super
extreme hotspots (SEHs)—where Earth may already be, or is
becoming, uninhabitable under climate change. Using LST is
advantageous as many of these SEHs occur in regions with few
T2m observations.

Thedatausedarefromthe SeaandLand Surface Temperature
Radiometer onboard the Sentinel-3B platform (SLSTR/B), which
has been in polar orbit since April 2018. LST data for November
2018 to December 2024 have been obtained from the European
Space Agency (ESA) Climate Change Initiative for LST (LST_cci;
https://climate.esa.int/en/projects/land-surface-temperature/;
version 4.00) and, for recent months in 2024, from the U.K. Earth
Observation Climate Information Service (https://eocis.org/).
The data from both sources are consistent and have been
processed using the same approach (Ghent et al. 2024). The
SLSTR/B instrument images Earth at ~1-km spatial resolu-
tion, providing a near-global view each day. However, as the
SLSTR/B operates in the IR, only cloud-free LSTs are available.
This dataset was selected as it is the only climate-quality LST
dataset currently available for 2024. The widely-used LSTs from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensors (2000—present) cannot be used, as these data are
temporally unstable from around 2021 due to a changing obser-
vation time (https://modis-land.gsfc.nasa.gov/news.html).
Similarly, data from the SLSTR onboard Sentinel-3A (SLSTR/A:
2016—24) cannot be used, as this dataset is unstable due to a
variation in the processing by the ESA of the raw satellite data
time series. Establishing temporal stability of LST datasets is
crucial due to its often strong diurnal variation (Good 2016); a
changing overpass time or any other non-climatic discontinuity
in the dataset can have a critical effect on time series analysis.

Following the approach used by Good et al. (2017, 2022),
the stability of SLSTR/A and /B between +60° latitude is
assessed using Climatic Research Unit temperature version
5 (CRUTEMS5; Osborn et al. 2021). CRUTEMS is a monthly 5°
latitude—longitude T2m dataset based on homogenized
global station data and provides a stable reference for
assessing LST stability. There is a statistically significant
slope in the mean daily SLSTR/A-minus-CRUTEM5 anomaly
time series (Fig. SB2.1a, 0.42°C decade™’; 95% confidence
interval [CI] 0.31°C decade™ to 0.54°C decade™") as well as a
non-climatic discontinuity. By contrast, the SLSTR/B dataset
(Fig. SB2.1b) appears stable (—0.08°C decade™"; 95% Cl —0.24°C
decade™ to 0.09°C decade™) and the monthly SLSTR/B and
CRUTEMS5 anomalies are similar and well correlated (Pearson
correlation coefficient r = 0.81). Also shown in Figs. SB2.1¢,d
are examples of the SLSTR/B and CRUTEM5 anomaly maps for
April 2024. The spatial pattern of the anomalies shows a high
degree of spatial consistency (r = 0.84), confirming the overall
similarity between the clear-sky LST and all-sky T2m signals
and the more complete spatial coverage of the LST data.
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With the stability of the SLSTR/B LSTs assured, the occur-
rence and temporal evolution of SEHs can be characterized. For
context, Fig. SB2.2 shows the maximum SLSTR/B LST observed
during 2024. The hottest regions occur in western North
America, North Africa, the Arabian Peninsula, parts of South
and Central Asia, and Australia, where LSTs of >60°C can occur.
Using only full-year daytime data between 2019 and 2024,
thresholds of 50°C and 55°C are used to identify SEHs; for
context, 55°C is above the 99th percentile for the
2019-24 SLSTR-B data (53.2°C), thus these are globally
extreme LSTs. Fig. SB2.3a shows the locations of SEHs in 2024;
together with exceedances of other LST thresholds, SEHs are
prevalent in the Arabian peninsula, Iran (Lut desert), across
central Asia, parts of North Africa, western North America, and
Australia, which is generally consistent with Mildrexler et al.
(2006) and Zhao et al. (2021), who used MODIS to map global
LST hotspots. Figure SB2.3b shows the annual time series of
the number of SEH locations. Figure SB2.3c shows the fraction
of valid observations across all grid cells exceeding each
threshold, essentially representing the accumulated global
frequency of SEHs each year. Both time series have small
negative trends, although the p values indicate these are sta-
tistically insignificant. This is not surprising given the relatively
short six-year period of data compared to the 30+ year record
often used for climate applications. For all SEH metrics, 2019 is
ranked as the most extreme year, followed by 2023, while

[ ]

20 -10 0 10 20 30 40 50 60
Maximum LST (°C)

-60 -50 -40 -30

Fig. SB2.2. Maximum land surface temperature (LST;
°C) observed during 2024 by the Sea and Land Surface
Temperature Radiometer onboard the Sentinel-3B
platform (SLSTR/B) at 0.1° latitude-longitude. The per-
centiles from the 2024 distribution of maximum LSTs
at the native 0.01° spatial resolution are: 50.5°C (95th),
57.7°C (99th), and 62.3°C (99.9th). The hottest LSTs above
~62°C often occur in isolated grid cells and are associated
with lava flows or wildfires.
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https://climate.esa.int/en/projects/land-surface-temperature/
https://eocis.org/
https://modis-land.gsfc.nasa.gov/news.html

2024 is third for both 50°C metrics and fourth for both 55°C demonstrates how LST could be used to monitor global heat

metrics (i.e., both for the number of locations and total fraction extremes and the occurrence of SEHs, which may not be
per year). With a longer stable LST time series, this analysis observable using T2m data.
(b) 4 g X10°
8 35 fomnTrond = 667 grid colslyear (p>0.05)
T
o 3.0
5
3 25 — 50°C threshold
-g ’ — 55°C threshold
2 0]
% Trend = -1048 grid cells/year (p>0.05)
B ™ ey
1.0
(c) 5 x10%
[
s
§ 4 4 Trend = -555/year (p>0.05)
2
O 34
%
s
B 21
LST Thresholds (°C) =2
g 11 Trend = -104/year (p>0.05)
Sl ) S A
0 T - - v
2019 2020 2021 2022 2023 2024

Fig. SB2.3. (a) Map showing where two or more valid Sea and Land Surface Temperature Radiometer onboard the
Sentinel-3B platform (SLSTR/B) land surface temperature (LST) observations in 2024 exceed selected LST thresholds (25°C,
30°C, 35°C, 40°C, 45°C, 50°C, and 55°C); the SLSTR/B data have been resampled to 0.1° latitude-longitude. The time series
of the number of (b) 0.1° grid cells for each year that exceed the 50°C (black) and 55°C (red) thresholds and (c) sum of the
annual fraction of valid observations in each year that exceed these thresholds across all grid cells. The linear trends and
p values are shown for information.
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5. TROPOSPHERIC TEMPERATURE
—S. Po-Chedley, J. R. Christy, C.-Z. Zou, C. Mears, and L. Haimberger

Record-high global lower tropospheric temperature (LTT) values in the second half of
2023 persisted through boreal summer in 2024 (Fig. 2.9), producing a 2024 global-mean LTT that
was 0.84°C (0.77°C-0.92°C depending on dataset) above the 1991-2020 climatological mean
(Fig. 2.10). All nine tropospheric temperature datasets considered here (Table 2.3) ranked 2024 as
the warmest year for global LTT, making 2023 the second-warmest year in most datasets.

Some of the recent tropospheric warmth is attributable to the strong El Nifio event that
peaked in the boreal winter of 2023/24. During El Nifio events, tropical and global tropospheric
temperatures lag behind warm central and eastern Pacific sea surface temperatures by three to
five months, which helps to explain the exceptional warmth in the first half of 2024 (Fig. 2.10).
Although the ENSO relaxed to neutral conditions by April-June and approached La Nifia con-
ditions by the end of the year (see section 4b for details), global LTT remained close to the
record-breaking warmth in the final months of 2024 (Fig. 2.9). Most of the tropics and roughly
half of Earth overall experienced record-warm LTT conditions in 2024 (Plate 2.1f).

Although the warmth seen over 2023/24 was above normal, it is consistent with long-term,
greenhouse gas-driven warming that is evident in both global LTT and tropical tropospheric
temperatures (TTTs) across a variety of tropospheric temperature datasets (Table 2.3); this is the
fourth time in the last 10 years that record-warm global tropospheric temperatures have been
reported in the State of the Climate (Po-Chedley et al. 2024, 2021; Christy 2017). Tropospheric
temperature time series are derived from sparse weather balloon-based radiosonde records that
measure temperatures as a function of height, satellite-borne microwave measurements that
provide near-global observations over broad
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Fig. 2.9. (a) Global and (b) tropical (20°S-20°N) Fig. 2.10. Monthly average global lower-tropospheric tem-

lower-tropospheric temperature (LTT) pentad averages
over two-year segments (gray lines) from the University of
Alabama in Huntsville (UAH) dataset. Each year is shown
only once: odd (even) years are on the left (right) side of
the figure. The most recent segment (2023/24) is shown
in black and the hottest and coldest pentad values (of all
years) are shown in red and blue, respectively.
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perature (LTT) anomalies for (a) satellite, (b) radiosonde,
and (c) reanalysis datasets. In panel (d), red (blue) denotes
positive (negative) values in the Nifio-3.4 index. Annual
averages are displayed for the Radiosonde Atmospheric
Temperature Products for Assessing Climate (RATPAC)-A
dataset. Anomalies are with respect to a 1991-2020 base
period.
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geophysical variables, including atmospheric temperature. In this report, the vertically resolved
atmospheric temperature data from radiosondes and reanalyses are converted into a
satellite-equivalent LTT time series, which represents the average temperature over a layer from
the surface to ~10 km, and a TTT time series, which spans the surface to the tropical tropopause.
Despite diversity in measurement methods and calibration procedures, all of the datasets exhibit
similar variability and long-term trends (Fig. 2.10; Table 2.3).

The annual-mean tropospheric temperature was above the 1991-2020 climatological mean
over more than 90% of Earth’s surface (Plate 2.1f). Record-setting values covered about half of
Earth’s surface, including the deep tropics (20°S-20°N), Europe, eastern Canada, East Asia, and
parts of the Southern Ocean. Below-average tropospheric temperatures were observed over less
than 5% of Earth’s surface (Plate 2.1f).

The recent surge in global temperatures in the past two years deserves continued scrutiny.
While the contributions of internal variability and greenhouse gas-driven warming are key com-
ponents of the record LTT values over 2023 and 2024, other factors including the solar cycle,
reductions in ship-based aerosol emissions, and multi-year trends in planetary albedo have also
likely played a role (e.g., Raghuraman et al. 2024; Goessling et al. 2025; Gettelman et al. 2024).
The evolution of the global climate beyond 2024 will be of significant scientific interest as we
strive to better understand the factors that contributed to the recent exceptional tropospheric
warmth.

Table 2.3. Temperature trends (°C decade™") for global lower-tropospheric temperature (LTT) and tropical (20°S-20°N) tropo-
spheric temperature (TTT) over the periods 1958-2024 and 1979-2024. NASA MERRA-2 data begin in 1980 and NOAA v5.0
LTT begins in 1981. Cells marked with a dash signify that the data do not extend back to 1958.

LTT (90°5-90°N) LTT (90°5-90°N) TTT (20°5-20°N) TTT (20°5-20°N)
1958 1979 1958 1979
Radiosonde O ST 1 0.19 024 0.18 0.20

(Free et al. 2005)

. RAOBCORE v1.9
Radiosonde (Haimberger et al. 2012) 0.17 0.19 0.15 0.17

RICHv1.9

Radiosonde (Haimberger et al, 2012) 0.19 0.21 0.19 0.21
Satellite (Spenge‘:Het"gf 2017) 0.15M - 0.15
sz (Mears aisdsv\\lltr?tz, 2016) i boE i Uik
Satellite (Zo':'f’e/t*glf’gg)zg) 0.15!1 - 0.13
Reanalysis (HersbacIEP\R?tSal. 2020) 0.17 0.20 0.17 0.19
Reanalysis JRA-3Q 0.19 0.20 0.19 0.18

(Kosaka et al. 2024)

. NASA MERRA-2
Reanalysis (Gelaro et al. 2017) - 0.21 - 0.21

Median N/A 0.19 0.20 0.18 0.19

W The vertical sampling in UAH and NOAA LTT is slightly different from other datasets and results in temperature trends that are approximately
0.01°C decade™" smaller than in other datasets.
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6. STRATOSPHERIC TEMPERATURE

—W. J. Randel, C. Covey, L. Polvani, and A. K. Steiner

Global-mean temperatures in the lower, middle, and upper stratosphere increased slightly
during 2024, mainly reflecting a recovery from anomalous cooling due to the Hunga volcanic
eruption in early 2022. The long-term trends during the satellite era of 1979-2024, however, show
multi-decadal cooling of the stratosphere due to ozone depletion in the first two decades as well
as anthropogenic CO, increases over the whole period. The Arctic stratospheric polar vortex was
disturbed by two major stratospheric warming events during early 2024, while the Antarctic
polar vortex was strong and persistent during the year. The stratospheric quasi-biennial oscilla-
tion (QBO) progressed normally in 2024, with equatorial westerly zonal wind shears and positive

L L L
— TLS —— SSU3

[—— SSUl —— MLS 50-70km 1
—— SSU2

Lol b v b b v s

— TLS —— SSU3 i
——— SSU1 —— MLS 50-70km !
— SSU2 i
:
1

[ el —— L

i

AUGUST 2025 | State of the Climate in 2024

BAMS

temperature anomalies descending from the
middle to lower stratosphere during the year.
Global stratospheric temperatures have
been monitored from satellite observations for
over 40 years, and Fig. 2.11a shows time series
of global monthly temperature anomalies
spanning the lower to upper stra