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Executive Summary 

Context 
Tuvalu has nine islands: five coral atolls, three table reef islands and one atoll/reef island. The 

landmass of only 25.3 km2 is spread over an Exclusive Economic Zone (EEZ) of 749,790 km2. The 

population is about 11,500, of which 60 % live on the main (capital) island of Funafuti. The land mass 

is entirely low lying with the latest reported, highest (natural) elevation level at 6.54 metres above 

sea level. Communities are reliant on subsistence agriculture and fisheries which also underpin a 

large part of the national economy.  

The purpose of this report is to summarise the findings of the assessment of the key climate hazards 

impacting Tuvalu over current and future (multi-decadal) climate change timescales, in particular as 

relates to six priority sectors, viz: agriculture, fisheries, water, health, coastal 

development/infrastructure and disaster management. More specifically, this assessment is 

intended to provide science-based evidence to inform an integrated Climate Impact, Vulnerability 

and Risk Assessment (CIVRA) as part of the development of the new National Adaptation Plan (NAP) 

for Tuvalu funded by the Green Climate Fund (GCF). The key audience for this report is the 

Secretariat of the Pacific Environment Program (SPREP), as the designated GCF-Implementation 

Entity for the Tuvalu NAP project, and the Government of Tuvalu through the mechanism of the 

Tuvalu NAP Country Team. It is however expected the report also has broader utility for other key 

stakeholders and users of the data and information as might require technical insights around better 

understanding and reporting of Tuvalu’s current and future climate. 

Whereas coastal inundation is already an issue due to high tides, storm-surges and sea level rise, 

other key hazards have also been identified as having material impacts on the priority and related 

cross-cutting sectors and systems for Tuvalu; both now and into the future, with the hazard extent 

dictated by the various global greenhouse gas emissions scenarios. Existing and future climate 

vulnerabilities and exposure exacerbate the risks and associated challenges faced by communities, 

thereby dictating the need for an appropriate adaptation response as part of the new NAP.  

Climate averages 
Tuvalu’s climate is tropical, with minimum temperatures around 25 °C, maximum temperatures 

around 31 °C, a wet season from December to March, and a dry season from April to November. The 

annual-average rainfall is 3,400 mm in the south islands and 2,900 mm in the north.  

Ocean temperature, as measured at the Tuvalu tide‑gauge in Funafuti lagoon from 1993 to 2021, 

ranges from 29 °C to 30 °C, exhibiting unique bimodal peaks around 30 °C in November/December 

and April/May. From the 1980s to 2000s, the average duration of marine heat waves was 5–16 days. 

Tuvalu is vulnerable to cyclone-generated winds, storm surges and swells (typically from the east), as 

well as spring tides. Over the period 1971 to 2021, an average of twelve cyclones per decade passed 

within the Tuvalu EEZ, though none directly impacted the islands.  

Climate variability 
Climate variability in the western tropical Pacific is significantly influenced by the El Niño Southern 

Oscillation (ENSO). This is a natural, large-scale ocean-atmosphere circulation that affects 

temperature, rainfall, and tropical cyclones in the region. Sea surface temperature north-east of 

Tuvalu is warmer than normal during an El Niño event, cooler than normal during a La Niña event, 
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and close to normal in a neutral year. This affects the position and strength of the South Pacific 

Convergence Zone (SPCZ) which is another large-scale climate feature characterised by a band of 

heavy rainfall and cyclone activity. During El Niño events, the SPCZ tends to move north-east, so 

Tuvalu gets more rainfall and more cyclones. During La Niña events, the SPCZ tends to move south-

west, so Tuvalu gets less rainfall and fewer cyclones. Historically, El Niño events occur every 3–5 

years and typically last 6–24 months, while La Niña events occur every 3–7 years and half of them 

have lasted 24–36 months. 

Climate variable La Niña El Niño 

Rainfall Drier Wetter 

Drought More Less 

Tropical cyclones Less More 

Sea surface temperature Cooler Warmer 

Sea level Lower No effect 

Historical and current climate trends 
Climate change due to increases in greenhouse gas concentrations has contributed to changes in 

temperature, rainfall, sea level and ocean chemistry. 

Since 1951, minimum temperatures have increased by 0.20 °C per decade, maximum temperatures 

have increased by 0.17 °C per decade, and hot days (temperature above the 90th percentile for 

1961–1990) have increased by 29 days per decade. Since 1951, annual total rainfall has varied from 

2000 to 4800 mm at Funafuti, though there has been no significant trend. The annual maximum 

daily rainfall amount varies from around 100 to 350 mm/day, with no statistically significant trend. 

While there is no trend in meteorological drought (measured by the Standardised Precipitation 

Index) between 1951 to 2022, a statistically significant increase in consecutive dry days (0.36 

days/decade) has been observed in Funafuti (1951–2020).  

Sea level has risen near Tuvalu by about 4.5 mm per year since 1993, above the global average of 

3.2–4.2 mm per year. In Funafuti, the mean annual wave height has remained unchanged since 

1979. 

During 1982–2022, sea surface temperatures (SSTs) increased by 0.22 °C per decade. Marine 

heatwave (MHW) duration increased significantly in the 2010s over most of the Pacific to 8–20 days. 

Oceanic pH measurements since 1988 showed that the tropical Pacific Ocean became 12 % more 

acidic.  

There has been no significant change in the number of tropical cyclones since 1981. An 

intensification of the easterly trade winds in the tropics. Substantial wave runup can be generated 

either by nearby tropical storms and cyclones both in the vicinity or even more remote from Tuvalu 

leading to significant impacts for the coastlines of Tuvalu.  

Projected climate changes  
Projected changes in climate have been estimated over the coming decades for Tuvalu for low and 

high greenhouse gas emissions pathways, based on simulations from global climate models. These 

changes are summarised in Table 18-1. 
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Figure 1-1: Overview of projected climate changes for Tuvalu. 

Annual-average temperature is projected to increase 0.7 °C by 2030, relative to the average for 

1986–2005, regardless of the emissions pathway. By 2050, the increase is 0.8 °C for low emissions 

and 1.4 °C for high emissions. By 2070, the increase is 0.8 °C for low emissions and 2.1 °C for high 

emissions. This means more extremely hot days.  

Annual-average rainfall is projected to increase 4 % by 2030 and 3 % by 2050, for both low and high 

emissions, relative to the average for 1986–2005.  

Extreme daily rainfall events are projected to become more intense. For example, a 200 mm/day 

extreme rainfall event occurring once every 30 years during 1970–2000 may occur once on average 

every 18 years by 2070–2100 for low emissions, and once on average every 2 years for high 

emissions. 

Drought duration is projected to decline in future across all three drought categories (moderate, 

severe, extreme). A general decrease in the frequency of moderate and severe droughts is 

projected. Little change in drought intensity is projected. 

Given Tuvalu is located on the northern boundary of the tropical cyclone (TC) formation region for 

the Southern Hemisphere, TCs making landfall in Tuvalu are rare, and are not usually in the severe 

category. However, associated impacts such as storm surge from remotely occurring TCs can have a 

large influence on coastal inundation. On the balance of evidence, TCs and associated impacts 

affecting Tuvalu are projected to become less frequent but more intense in future. 

Annual-average sea level is projected to increase 13 cm by 2030, relative to the average for 1986–

2005. By 2050, the rise is 22 cm for low emissions and 27 cm for high emissions. Under present sea 

levels ∼6.9 km2 (∼27.2%) of land area inundate once every 5‐year across all of Tuvalu. By 2060 

under high emissions (SSP5-8.5), this value almost doubles to ∼13.5 km2 (∼53.1%) for an ARI of 100 

years. However, some islands are more likely to experience flooding than others. 

In Funafuti, the frequency of MHWs increases from less than 10 days/year during a 20-year period 

centred on 1995 to around 130 days/year by 2050 (low warming model/low emissions) up to 360 

days per year (high warming model/high emissions). This will have implications for marine 
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ecosystems and coral bleaching. Annual severe bleaching conditions (Degree heating weeks > 8), 

where there is no break in this destructive event for the coral to recover, are projected to occur on 

average within the Tuvalu EEZ by around 2060 (for low emissions; SSP1-2.6), and by around by 2035 

(for very high emissions; SSP5-8.5) 

Ocean acidification is projected to continue. Under a high emissions scenario, aragonite saturation 

states may fall below 3 by 2060, a level where coral reefs in Tuvalu may not only stop growing but 

start to get smaller, as they dissolve faster than they are built. However, if emissions follow a low 

scenario, consistent with the Paris Agreement target of keeping global warming well below 2 °C, 

then the aragonite saturation state may start to recover after 2060. 

By 2050, ocean pH around Tuvalu is projected to decline 0.05 units for a low emissions scenario and 

0.12 units for a high emissions scenario, which represents an increase in the acidity of the ocean.  

There may be more extreme El Niños and more extreme La Niñas in future, causing greater climate 

variability and extreme events.  

-------------------------------------------------------------------------------------------------------------------------------------- 

Confidence, limitations and uncertainties 

Where possible, confidence ratings are provided for each climate projection. This is based on the 

Intergovernmental Panel on Climate Change (IPCC) framework that assesses the amount of scientific 

evidence and the degree of agreement between different lines of evidence. For example, limited 

evidence and low agreement leads to low confidence, while robust evidence and high agreement 

leads to high confidence. 

Global climate models have limitations. Their coarse resolution (about 200 km between data points) 

is adequate for simulating large-scale climate features but inadequate for regional and local climate 

features. Statistical and/or dynamical downscaling is required for better representation of regional 

and local climate features, especially extreme weather events. Climate projections over the next 

decade are strongly influenced by natural variability, which is hard to predict. This is an active area 

of research. 

Uncertainties in climate projections are due to different emissions pathways, different regional 

climate responses simulated by climate models for each pathway, and natural climate variability 

from days to years.  Where possible these uncertainties are quantified. The median (50th percentile) 

change is usually given along with an uncertainty estimate, often defined by the 10-90 percentile 

range, e.g. a median temperature change of 2 °C (uncertainty range 1-3 °C). 

Changes outside these ranges are possible but hard to quantify. For example, larger and irreversible 

tipping points may be triggered with modest global warming, such as thawing of Boreal permafrost, 

collapse of the overturning circulation in the north Atlantic Ocean, and rapid disintegration of the 

Greenland and Antarctic ice sheets. 

The magnitude and direction of projected change reported for climate variables affecting Tuvalu for 

2030 and 2050 (low and high emissions), relative to 1995 observed climate may increase or decrease 

the related consequences in future (assuming no adaptation). 
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Impacts and hazard ratings 

This assessment is focussed on the materiality of climate hazards impacting six priority sectors for 

the Tuvalu NAP both now and into the future: fisheries, agriculture, coastal development and 

infrastructure, health, water and disaster risk management. Infrastructure includes transport, waste 

management, energy, telecommunications. These sectors are systematically interconnected, so in 

practice there can be cascading and compounding impacts across multiple interdependent sectors 

and systems; and thereby material to the risks informing the design and priorities of the NAP. A 

discussion of sectoral impacts affected by climate hazards, drawn from the scientific literature and 

from anecdotal information and feedback provided through key in-country stakeholder consultation, 

is summarised in   
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Table 1-2. 

Based on an assessment of climate hazards, exposure, vulnerability and related impacts currently 

experienced in Tuvalu, each hazard has been assigned a rating (Table 0-3  
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Table 1-3). Currently, sea level and droughts are given a ‘very high’ impact rating, while the other 

climate hazards have a medium or high rating (Table 0-3  
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Table 1-3). These may, or may not, change under projected climate conditions. For example, the 

projected decrease in droughts by 2050 is expected to reduce the impact rating from high to 

medium. The projected increase in sea level by 2050 is likely to raise the impact rating from very 

high to extreme for low emissions and very extreme for high emissions. The impact ratings will also 

increase for marine heatwaves and extreme rainfall. The rating for cyclones does not change in 

future because the projected decrease in frequency and increase in intensity have high uncertainty 

and low confidence. The future hazard ratings do not explicitly consider sectoral/system 

interdependencies; however such interdependencies are considered once the integrated risk ratings 

are separately and subsequently estimated for the CIVRA project.  

Knowledge gaps and research priorities 

The estimate climate hazard ratings (Table 0-3) are a primary line of science-based evidence from 
this assessment, including both quantitative data/metrics and associated qualitative data and 
information, informing the overall integrated risk ratings for the CIVRA as part of the Tuvalu NAP 
(n.b. risk ratings reported separately). This assessment is based for the most part on existing, readily 
accessible data that is scientifically robust and/or anecdotal inforation that is appropriately validated 
through formal and systematically structured key stakeholder engagemenht.  

It follows the assessment has provided a compelling line of evidence to inform the intergated risk 
assessment and associated NAP design for Tuvalu. However it has also revealed a number of 
relevant knowledge gaps and informed the following list of research priorities for future reference 
and planning as might enhance the overall scientific understanding of Tuvalu’s future climate: 

• Ongoing digitisation, quality control, monitoring and analysis of historical climate data 

observations. 

• Detection and attribution of historical trends. 

• Projections based on analysis of the latest archive of global climate model (GCM) data 

(currently CMIP6). 

• Pacific downscaled climate projections based on best available CORDEX domain, GCMs, 

downscaling methods and standards to improve local detail/reliability at a spatial and 

temporal scale relevant to decision-making for ocean temperature, ENSO variability, 

extreme sea level, extreme rainfall, cyclones, extreme heat, drought and marine heatwaves. 

• Tipping points relevant to the Pacific, including so-called ‘low likelihood-hyigh consequence’ 

events. 

• Better information about historical links between climate hazards and impacts, particularly 

as relates to climate extremes and acute shocks to the economy, to inform computationally 

robust 'damage functions' that can be used in future risk and associated ‘loss and damage’ 

assessments. 

• Co-design and co-development of communication products with local end-users of the 

CIVRA to inform policy development, planning, capacity development and associated 

decision-making. 

There is an opportunity to address these issues at a regional level in the western tropical pacific in an 

updated version of the Pacific Climate Change Research Roadmap (currently in preparation under 

direction of the Pacific Meteorological Council and the Pacific Climate Change Centre). 

 



ix 
 

Table 1-1 Historical climate (20-years centred on 1995) and projected climate change for 20-year periods centred on 2030 and 2050, relative to a 20-year period centred on 1995. Changes are 
based on simulations from CMIP5 global climate models (GCMs) for low (RCP2.6) and high (RCP8.5) greenhouse gas emissions scenarios. However, changes in extreme wind speed and marine 
heat waves are based on CMIP6 GCMs for low (SSP1-2.6) and high (SSP5-8.5) emissions scenarios. For some variables, the Tuvalu EEZ region is assessed, rather than Funafuti, as indicated. 
Confidence ratings are based on the IPCC framework (Mastrandrea et al, 2010) involving an assessment of the amount of evidence and the degree of agreement between lines of evidence.  

Funafuti 
 

Projected change 

20-years centred 
on 1995 2030 

2050 2050  

Low emissions RCP2.6 Very high emissions RCP8.5 Confidence 

 ATMOSPHERIC VARIABLES  

Min 26 °C  
Max 31 °C 

Annual average temperature (°C) +0.7 (0.4 to 1.0) +0.8 (0.5 to 1.2) +1.4 (1.0 to 1.9) high 

12 (0 to 31)   Hot days (days > 33 °C) a 
 

+181 (140 to 222) +264 (140 to 331) high 

3460 mm  Annual average rainfall (%) +4 (-4 to +12) +3 (-6 to +11) +3 (-11 to +17) medium 

134 (119 to 160) 
mm/day  

Annual maximum daily rainfall (mm/day) 
 

+12 (-17 to 39) +15 (-15 to 65) medium 

  Average drought intensity  
(more negative = more intense) 

Slight increase No data Slight increase medium 

1.2 per 20 years Average drought frequency (per 20 years) Slight decrease No data Slight decrease medium 

~17 months Average drought duration (months) Slight decrease No data Slight decrease  medium 

~30 (20-39) m/s Tropical cyclone windspeed (m/s) 
  

Increase low 

12 per decade Tropical cyclone frequency (%) 
  

Decrease low 

 OCEAN VARIABLES  

0m  Annual average sea level (m) +0.13 (0.09 to 0.17) +0.22 (0.17 to 0.29) +0.27 (0.19 to 0.37) high 

11 km2  Extreme sea level proxy: 
50-yr ARI Tuvalu flooded area (km2)b 

No data ~16 (2060; SSP2-4.5) ~16.5 (2060) high 

28.6-29.5 °C  Sea surface temperature (°C) over EEZ c, f +0.7 (-0.6 to 1.7) +0.9 (-0.5 to 2.1) +1.3 (0.0 to 2.5) high 

~ 10 days/ yr  Marine heatwave frequency (days/year) c,f 110-290 130-340 220-360 high 

0 days/ 20 yr  Coral bleaching days (per 20 years) d,f  No data 169-2934 1652-6460 high 

~8.08 (8.1-8.07)  Annual average ocean pH over EEZ (c,e) 8.02 (7.99-8.04) 8.0 (7.99-8.02) 7.95 (7.93-7.96) high 

~4.1 (4.0-4.2)  Annual average aragonite saturation (c,e) 3.77 (3.51-4.06) 3.69 (3.53-4.01) 3.4 (3.18-3.70) high 
a number of days over the 95th percentile of 1985-2014 daily temperatures b data source .c Future values are reported, not changes. d Exceed coral bleaching Alert level 2 at Niutao. e Baseline 
figures are estimated from   
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Table 1-2 Climate related hazards affecting sectors in Tuvalu.  

Climate Hazard Fisheries and marine 
resources 

Agriculture Coastal development and 
infrastructure 

Disaster Management and 
emergency response 

Health Water resources 

Annual average 
temperature 

Fish storage in boats and 
while processing 

Crop suitability. 
Crop disease 

  
Vector borne disease  

Extreme 
temperature 

Fish storage at port and on 
vessel. 
Fishers’ and fish processors 
heat stress and workforce 
productivity. 

Crop stress 
Farm-worker heat-
stress 
Pig and chicken 
heat-stress 

Health of outside workers for 
general maintenance and 
installations. 
Melting of Road tar. 
High energy demand for air 
conditioning may cause black 
outs.  
May require more solar/battery 
back-up. 
Increased demand for 
replacement parts and 
equipment.  
Black outs may cut telecoms.  

Increased demand for 
communal air-conditioned 
refuges to escape heat. 

Heat stress increases hospital 
and health centre admissions 
from heat stroke.  
Power outages may affect 
sewage pumping facilities. 
Food-borne disease due to 
inadequate cooling. 
Labour productivity 
Mental/ psychosocial disorders 

High water demand for 
domestic and agricultural 
use for stock watering and 
irrigation. 

Annual average 
rainfall 

 
Crop suitability. 
Water for livestock. 

  
Vector borne disease. Availability/ storage 

Extreme rainfall Nutrient and sediment 
Runoff into coastal areas. 

Limited farm access 
due to flooding.  
Damage to some 
crops. 
Increased disease 
pressure. 

Flood risk depends on road 
design and flood mitigation e.g. 
drainage. 
Extreme rain can result in 
flooding of Funafuti airport 
runway. 
Flooding of electricity 
infrastructure may cause 
blackouts. 
Flood related black outs may 
cut telecoms. 
Require functioning gutters and 
rooves to collect water to water 
tanks. 

Require flood early warning 
systems, evacuation 
centres, and post-flood 
impact assessments. 

Water quality affects health, 
sanitation and hygiene.  
Post-flood trauma may affect 
mental health. 

Flooding can overwhelm 
drains, with overflow of 
septic tanks, affecting 
ground water quality. 
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Drought Invasive seaweed e.g. 
Sargassum polycystum has 
been observed during 
drought events. 

Crop stress e.g. 
reduced yield from 
Pulaka (Giant 
swamp Taro).  
Loss of cultural 
livelihood. 

Towers caking with salt, with no 
rainfall to wash salt away, can 
also affect telecoms. 
Water supply from household 
water tanks becomes 
inadequate. 

RO capacity. 
Reliance on trucks to 
deliver RO water. 
Supply of RO water to outer 
islands.  

 Water Shortage. 
Reliance on RO water.  

Extreme 
windspeed 

More days too windy for 
fishing (<20 knots) 
 
Relevant to both lagoon and 
off-reef/FAD pelagic fishery. 
When very windy more 
fishing in the lagoon. 

Crop damage. Large waves and storm surges 
causing overtopping of barriers 
Disruption of air and sea 
transport 
Wind-damage to infrastructure 
can cause blackouts. 
Blackouts, wind-borne debris 
and fallen trees may cut 
telecoms. 
Towers caking with salt from 
sea spray can affect telecoms. 

Deaths, injuries, damage 
and disruption in general.  
Post cyclone impact 
assessments can inform 
climate-resilient recovery. 

Injuries due to airborne debris 
and building collapse during 
cyclones. 

Ocean overtopping of 
barriers can cause salt-water 
contamination of 
groundwater. 

Sea level rise, 
extreme sea level 
(inc waves and TC 
impacts) 

Coral reefs provide less 
defence against storm surge 
and tsunami. 
Sea-Turtle nests and 
Mangroves may be 
inundated. 

Saltwater 
inundation affects 
Pulaka pits. 

Infrastructure, houses, roads 
and bridges affected. 
Underground copper wiring 
becoming corroded with 
inundation, with upgrading to 
fibre-optic cable expensive. 

Need barriers and land 
reclamation to reduce 
inundation risk. 

Mental health issues due to 
inundation of property, and 
loss of livelihood & income, 
internal and external 
relocation. 

Contamination of freshwater 
lens. 

Ocean 
temperature and 
marine heatwave 

Changing distribution of 
Tuna fisheries ($). 
Coral bleaching. 
Sea-Turtle gender. 
Fish kills. 

 
Coral bleaching/die-back/reef 
erosion. 

 
Ciguatera- links to SST unclear. 
More study needed. 

 

Ocean pH Fisheries, reef and aquatic 
ecosystem viability, 
productivity, and diversity. 

 
Marine infrastructure e.g. 
fixings such as nails, rivets, bolts 
etc. 
Coral bleaching/die-back/reef 
erosion reducing island 
protection. 

   

Aragonite 
saturation 

Coral formation and reef 
integrity, shells, and fish 
skeletons. 

 
Coral integrity, lagoon 
protection 
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Table 1-3 Climate hazard assessment for Tuvalu, based on current and future climate hazards (Table 18-1) for 2030 and 2050 for low and high emissions scenarios, noting current 
vulnerabilities and exposure based on the TVAR , Chapter 2 of this report (L), or in-country (IC) missions. Colours are aligned to the consequence rating scale below. SST is sea surface 
temperature and MHW is marine heatwave. 

Low Medium High Very high Extreme Very Extreme Unclear 

 

Sector/Theme Source Current vulnerability and exposure Current hazard ratings  
 

Climate hazard ratings 

2030 2050 

Low/high Low High 

Fisheries: ocean L National revenue is strongly dependent on offshore fish catches and licences SST    

Fisheries: coastal T*, L Household consumption is strongly dependent on inshore fisheries 
productivity and marine biodiversity 

SST    

T Invasive species affect marine biodiversity and ecosystem health (e.g. Crown 
of thorns seastars). 

L Food and fish are vulnerable to spoiling post-harvest on very hot days due to 
lack of suitable cold storage 

Extreme temperature    

T Invasive species affecting land crabs etc. (e.g. yellow crazy ants) Temperature    

T, L Maritime saftey and fishing activity for coastal fishers can be affected and/or 
weather / waves too rough  

Wind speed    

L Fish being processed may spoil in the heat without refrigeration, affecting 
potential sale value and suitability for consumption 

Extreme temperature    

T Declining ecosystem health of coastal marine habitat such as coral reefs and 
lagoons 

MHW    

Ocean acidification    

T Low resilience of marine food sources observed in past droughts 
(Nukulaelae) maybe due to high temperatures and low water flushing 
through the lagoon impacting water quality 

Drought    

L, T Nutrient runoff, pollution and wastewater degrades water quality in lagoons Extreme rainfall    

L Sea turtle gender affected by sand temperature (air temperature and SST) Sand temperature     

L Sargassum polycystum infestation of reefs and lagoons due to high nutrient 
levels near densely populated areas  (mainly in Funafuti) 

Wind 
Rainfall 

   

Agriculture T High exposure of agriculture  in low lying coastal areas with reducing 
reslience to coastal inundation, declining or poor soil quality for farming 
with salt water intrusion and storm surge (Vaitupu in particular).  

Extreme sea level    
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Low resilience of crops to salt water leading to declining or limited crop 
diversity (Niutao, Nui). Crops can become inundated with saline water from 
wave overtopping 

T Poor soil quality and exposure of crops to salinity from groundwater 
intrusion  

Extreme sea level    

L Livestock (pigs) are vulnerable to heat stress Extreme temperature    

T, L Crops have shown low resilience to droughts in the past Drought    

T Crops have shown low resilience to floods causing recrurrent crop failure Extreme rainfall    

T Low resilience of crops to tropical cyclone winds and waves e.g. breadfruit 
dropping, tree damage etc 

Cyclones    

Coastal 
infrastructure 
and ecosystems 

T*, L With high exposure in low lying coastal areas, and limited coastal protection,  
shorelines are retreating due to coastal inundation and erosion (Nanumea 
and Nanumaga in particular). Exposure to salt water due to coastal 
inundation causes decline in shoreline vegetation health and cover. 

Extreme sea level    

L Asphalt road surfaces/ airport runways are poorly maintained and exposed 
to coastal inundation/erosion, e.g. pot holes (Funafuti and Vaitupu) 

Extreme sea level    

Extreme rainfall    

Extreme temperature    

L, IC Water, electricity and other infrastructure subject to surface flooding, 
coastal inundation and groundwater intrusion  

Extreme rainfall    

Extreme sea level    

L Inadequate marine resource (natural infrastructure) conservation including 
coral / coastal protection, also to waves generated by remote severe 
cyclones. 

Ocean acidification    

Marine heatwaves    

Cyclones    

Health L, IC Heat stress occurs where there are buildings with inadequate cooling,lack of 
communal ‘green space’/natural shade and at outdoor worksites without 
protection from the sun; compounded during power outages 

Extreme temperature    

L Limited capacity to cope with heat related morbidity, diabetes, and heat 
related mental health issues 

L Food safety issues where adequate refrigeration is limited or not available 

T Lack of refrigeration for timely and effective transportation and storage of 
medical supplies  

T Changes to coastal fisheries production may affect availability of fresh food 
quality and quantity 

SST    

IC Incidence of Cigateurra poisoning  SST    

T Exposure to vector borne disease (Chikungunya, dengue and lymphatic 
filariasis) 

Temperature    

Rainfall    
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T Exposure to water borne diseases due to poor water quality, availability and 
environmental health and sanitation, especially during floods 

Extreme rainfall    

L Flood related water borne disease and sanitation issues due to limited  
water treatment and sewage treatment plants 

L High exposure to inundation, loss and damage in low lying coastal areas, 
affecting mental health 

Extreme sea level 
 

   

T Low resilience of health infrastructure to inundation    

L Communities affected by lack of access to potable quality water and reduced 
water for agriculture, contributing to water/food stress and physical 
(sanitation-related) and mental health issues 

Drought    

Water  L, IC Water demand increases under extreme heat conditions Extreme temperature    

T Salt water intrusion affects ground water quality, affecting potable water 
supply  

Extreme sea level     

L, T Increasing pressure on water resources occurs during drought due to limited  
access to water treatment equipment, inadequate household and communal 
water tank capacity, leaking or faulty household water tanks, and 
inadequate public water supply system and services 

Drought    

L Drainage affected during flooding events leading to reduced water quality, 
excessive run-off, damage to infrastructure and loss of public amenity  

Extreme rainfall    

T* Limited ability to capture water in household water tanks due to land 
availability and cost of purchasing and maintaining water tanks 

Rainfall    

 
Disaster risk 
management 

T Lack of cyclone-proof and extreme climate-resilient housing, e.g cyclone 
straps, poorly fixed roofing materials 

Cyclones    

Extreme rainfall    

T Limited access to post-disaster building reconstruction services, including 
shipping and transporation being affected by waves generated by remote 
severe cyclones. 

Cyclones    

T* Limited or no access to adequately sized and located climate-resilient 
evacuation centres (Vaitupu, Nui and Nukufetau) (Top TIVA priority) 

Cyclones    

Extreme sea level    

T, IC High exposure to coastal inundation in low lying areas affects power supply, 
ctelecommunications and evacuation centres 

Extreme sea level    

L, IC Inundation and damage to roads and airports and other public infrastructre 
affecting transport and other critical support services 

Extreme rainfall    

*denotes vulnerability issue with the highest frequency of total responses across all islands, according to TVAR 
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Chapter 1 Introduction  
The purpose of this report is to summarise the findings of the assessment of the key climate hazards 

impacting Tuvalu over current and future (multi-decadal) climate change timescales, in particular as 

relates to six priority sectors, viz: agriculture, fisheries, water, health, coastal 

development/infrastructure and disaster management. More specifically, this assessment is 

intended to provide science-based evidence to inform an integrated Climate Impact, Vulnerability 

and Risk Assessment (CIVRA) as part of the development of the new National Adaptation Plan (NAP) 

for Tuvalu funded by the Green Climate Fund (GCF).   

The report follows a standardised, step-wise methodological approach to hazard-based materiality 

and impact assessments for the Pacific, consistent with guidance materials from the IPCC and 

associate peer-reviewed literature. This includes an enironmental scan of relevant ‘open source’ 

(published and/or otherwise reliablae and accessible) data and information, in-country face-to-face 

inception meetings and consultations with key stakeholders, and further ancillary engagements with 

related projects, initiatives and assessments. For the most part the assessment is also based on 

existing, readily accessible data, information, analytics and metrics from the peer-reviewed 

literature and/or anecdotal data and information that are otherwise deemed to be scientifically 

robust and/or otherwise appropriately validated through formal and systematically structured key 

stakeholder consultation.  

The key audience for this report is the Secretariat of the Pacific Environment Program (SPREP), as 

the designated GCF-Implementation Entity for the Tuvalu NAP project, and the Government of 

Tuvalu through the mechanism of the Tuvalu NAP Country Team. It is however expected the report 

also has broader utility for other key stakeholders and users of the data and information as might 

require technical insights around better understanding and reporting of Tuvalu’s current and future 

climate. 

Background 
Tuvalu is a Polynesian nation, located between the latitude of 5° and 10° south and longitude of 176° 

and 180° in the South Pacific Ocean (Figure 1-1). Tuvalu’s nearest neighbouring states (more than 

1,000 km away) are Kiribati to the north and Fiji to the South, while the nearest major (developed 

nation) market is New Zealand, 3,500 km away [1]. The relatively small landmass of Tuvalu, 

alongside its isolated location, scattered population and limited transport services between the 

outer islands, poses major logistical challenges for local communities and the economy. 

Tuvalu consists of five coral atolls (Nanumea, Nui, Nukufetau, Funafuti, Nukulaelae), and three table 

reef islands (Nanumaga, Niutao, Niulakita) with one composite (coralline atoll/table reef) island 

(Vaitupu) (Figure 1-1; inset).  
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Figure 1-1. Tuvalu Exclusive Economic Zone (green) and the surrounding western tropical Pacific Exclusive Economic Zones 
(EEZ). Inset shows Tuvalu islands and atolls. 

Geomorphology and geography 
The country’s nine islands have a landmass of only 25.3 km2 above mean high water spring (MHWS) 

[2] in an Exclusive Economic Zone (EEZ) of 749,790 km2 (Figure 1-2). The islands in most places are 

less than 75 meters wide, which provides limited space for development. The islands are made up of 

young, poorly developed, infertile sandy or gravel coralline soil, which is relatively poor quality, so 

there has been limited agricultural development [1]. All of the islands are extremely low-lying, with 

the highest natural (non-anthropogenic) elevation being 6.5 m above mean sea level (MSL) on 

Niulakita and Nanumaga, associated with the ocean‐side storm berm landforms of the islands [2]. 

Fongafale is the largest of Funafuti's islets (Figure 1-2). It is a long narrow sliver of land, 12 

kilometres long and between 10 and 400 metres wide, with the South Pacific Ocean and reef on the 

east and the predominately reef-protected lagoon on the west. Funafuti International Airport runs 

from northeast to southwest on the widest part of the island, with the village and administrative 

centre of Vaiaku on the lagoon side. The country’s tide gauge is found on the northern arm of the 

main atoll, the Tengako peninsula (Figure 1-2). 
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Figure 1-2 Tuvalu islands and atolls, located across the EEZ, with Fongafale Islet of Funafuti shown in the right panel. 
Funafuti B tide gauge is indicated by green square. 

Inter-island transport is already impacted by ongoing maintenance and down-time of boats, plus 

frequent poor weather making sea transport high risk, at the same time as high demand from 

communities. 

Climate overview 
Tuvalu is located within the South Pacific Convergence Zone (SPCZ) and the Intertropical 

Convergence Zone (ITCZ), both of which are bands of frequent heavy rainfall extending from near 

the equator (Figure 1-3)[3]. The SPCZ is the dominant influence on the regional weather and climate 

[4]. In the central tropical Pacific Ocean, easterly winds help to moderate the heat and humidity 

associated with the warm ocean close to the equator. Contributing to climate variability, three main 

climate processes operate across the tropical Pacific [3]: the Madden-Julian Oscillation (MJO) [5, 6], 

El Niño Southern Oscillation (ENSO) [7] and Interdecadal Pacific Oscillation [8]. Extreme weather 

events such as heatwaves, droughts and floods, resulting from climate variability, can cause 

considerable economic loss and damage for Tuvalu. 
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Figure 1-3 Schematic representation of major climatic features and drivers in the western tropical Pacific. The Intertropical 
Convergence Zone (ITCZ), South Pacific Convergence Zone (SPCZ) and West Pacific Monsoon are characteristic features 
where convective activities such as tropical cyclones and thunderstorms are frequently spawned. (Source: [3]) 

Socio-economic status 
Tuvalu is a Polynesian island nation located in the Pacific Ocean, midway between Hawaii and 

Australia, with a population of around 11,500 population in 2024, based on the latest UN estimates 

[9]. In 2022, the Gross domestic product (GDP) for Tuvalu was nearly US$60 million ([10]. The 

economy of Tuvalu is constrained by its remoteness and lack of economies of scale. Government 

revenues largely come from fishing licences [11] and direct grants from international donors 

(government donors as well as from the Asian Development Bank). Tuvalu has hardly any tourism. It 

has no tour guides, tour operators or organised activities and no cruise ships visit. 

Funafuti atoll is home to around, approximately 60 % of the country’s people and is also where the 

country’s hospital, primary school, university campus, radio station, main port, international airport 

and most businesses and government offices are located [1]. The outer islands are for the most part 

populated at relatively low density compared to Funafuti, and with reasonably abundant and healthy 

natural resources, although key infrastructure and services are somewhat limited by comparison. 

Risks to cultural heritage and social cohesiveness are becoming evident due to a net increase in the 

population density of Funafuti (returning citizens from abroad plus migration from outer islands). 

Fish and fisheries contribute significantly to the economies, livelihoods, food security and income of 

Pacific Island countries and territories, including Tuvalu [12]. Located in the east of the main 

equatorial tuna fishing grounds, Tuvalu’s EEZ supports substantial purse seine and longline fisheries 

[1]. Tuvalu’s economy has been termed ‘tuna-dependent’ with tuna access fees being US$25.6 

million per year, equivalent to 54 % of government revenue [11]. Longline and pole-and-line fishing 

also occurs, making relatively minor contributions to these economies compared with purse-seine 

fishing [11]. The value of fishery production in Tuvalu increased between 2007 and 2014 [12] (Figure 

1-4). In the five countries that gained the most over the period (Tokelau, Cook Islands, Kiribati, 

Tuvalu, and Nauru), this was largely due to an “El Niño bonus”. In the five that declined the most, 

the reasons were more diverse and include the decline of locally based longlining (American Samoa, 

Samoa), the decline of pearl farming (French Polynesia), and an “El Niño penalty” (Solomon Islands) 

[12]. 
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Figure 1-4 Changes in the Real Value of Fisheries and Aquaculture Production, 2007–2014 (Source [12]). 

Coastal subsistence and commercial fisheries also contribute to the food security, livelihoods and 

cultures of Pacific Island countries and territories. Approximately 75% of households in Tuvalu 

participate in some kind of fishing, with the vast majority undertaking subsistence fishing (FAO, 

2024). As of 2014, the production volume of coastal subsidence fisheries (1,135 t; USD$1,120,287) 

was greater than coastal commercial fisheries (300 t; USD$747 851). A 2016 report compared fish 

consumption across 16 Pacific Island countries and Territories, indicating Tuvalu has the highest 

annual per capita fish consumption after Kiribati and Tokelau [12], with this largely sourced from 

subsistence fisheries [13]. For those engaged in subsistence fishing, men mostly fish from canoes or 

boats while women glean and collect on reef flats [14]. 

According to the World Bank and ADB (2021) [15], Tuvalu’s biodiversity faces extreme pressure, with 

loss of some fish, coral, bird and terrestrial species. Tuvalu relies heavily on subsistence agriculture 

and fisheries, however agricultural productivity is limited due to land availability and over-fishing in 

various locations. Having a high dependence on these natural resources, which are exposed to 

climate change impacts, threatens food and water security and economic livelihoods. This exposure 

is further exacerbated by limited ecological, socio-economic and technological capacities [16].  

Tuvalu’s agricultural sector is characterized by a harsh physical environment, poor soil quality and 

small land area. This is intensified by very high population density, especially on the island of 

Funafuti, declining outer island population, lack of interest in traditional farming and limited local 

market access [1]. 

There is a long-term threat from increasing frequency and magnitude of coastal inundation and 

storm-surge/wave-driven flooding due to projected sea level rise (SLR). ‘Climate’ migration of some 

local communities has already occurred, with permanent relocation to higher ground within and 

beyond Tuvalu. Anthropogenic sea-level rise (SLR) is predicted to impact, and, in many cases, 

displace, a large proportion of the population via inundation and heightened SLR-related hazards. 
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With the global coastal population projected to surpass one billion people this century, SLR might be 

among the most costly and permanent future consequences of climate change [17]. This climate-

exposed population is being problematically positioned to speak for an entire planet under threat 

[18]. Geographic isolation and economic vulnerabilities, including dependence on foreign aid (e.g. 

the proposed UNFCCC loss and damage fund), exacerbates the challenges faced by communities, 

who will need increasing support to adapt to the changing climate. 

As a remote and import-dependent nation, Tuvalu’s competitiveness is restricted. As international 

air service is limited, shipping is crucial for Tuvalu’s economic and social development. In the 

absence of domestic air services, Tuvalu relies solely on inter-island vessels for the movement of its 

people and goods around the nine Islands and connecting people with the key social services 

available in Funafuti. The government-owned and operated ships service the outer islands and 

intermittently Fiji. Therefore, each island has access to these ships once in 2-3 weeks. The costs 

associated with shipping services and maintaining the conditions of the vessels has been a major 

expenditure outlay for the national budget [1]. 

The runway of Funafuti International Airport (FUN) is located at the widest part of Fongafale (about 

650m), covers around one third of the whole island, and plays a key role in connecting Tuvalu to the 

region. Unlike most other Pacific Island Countries, which predominantly rely on their airports for 

bringing tourists into their countries, FUN is Tuvalu’s strategic lifeline. Tourism accounts for roughly 

half of all arrivals, however, given the shortage of work opportunities in Tuvalu there is a significant 

migrant work culture reliant on air-services to reach work destinations. Travel for education, health 

and family connections are also common [1]. 

Access to infrastructure such as water tanks has been inequitable in the past [19]. Housing 

structures lack functioning gutters and pipes to channel the water into the water tanks. On Funafuti, 

where average household size is larger than the outer islands, water shortage becomes a major issue 

as there is not enough water tanks per household nor is there any physical space to put additional 

tanks onsite (K. Morioka Pers. Comm). Projects aimed at increasing water capacity are being initiated 

to repair water tanks as shown in the photograph [16]. Through this initiative, the tanks have been 

installed at nurseries, near home gardens, a clinic, village halls, and schools in Nanumea, where 

storage capacity has been increased by 400 m³.  

According to a 2020 report, [20] there are only two Reverse Osmosis (RO) desalination plants that 

are fully operational - one 10m3/day plant and one 100m3/day plant. These plants are insufficient to 

meet the water demand of the country. One of the two plants is portable and can be deployed to 

outer islands in case of drought or in water emergency crisis. However, this is inadequate to supply 

freshwater to the nine islands. As of 2020, there was a new 300m³/day RO unit purchased by the 

Government of Tuvalu and stored in Funafuti waiting to be installed. The installation is pending 

technical assistance from the RO supplier, Suez Company. Once this assistance is acquired, 

installation of the unit was planned to commence in Funafuti. In the past, two smaller plants were 

also installed in other parts of the group, Vaitupu and Nanumaga (both 30 m³/d). Recent reporting 

by the Public Works Department (PWD) recommends a new 20m3/day desalination plant [20]. 

Tuvalu’s Renewable Energy Master Plan 2012-2020 articulates Government’s vision to enhance 

energy security by reducing its dependence on imported fuel for power generation and achieving 

100 percent renewable energy for all its power generation by the end of 2020 and increase energy 

efficiency in Funafuti by 30 percent [1]. 
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Recent national initiatives 
Two recent donor-funded national initiatives, Tuvalu completed an integrated vulnerability analysis 

(IVA) have provided highly relevant data, information and both sectoral and local community 

insights for informing this assessment: 

Tuvalu IVA (TIVA):  

In 2018-2021, Tuvalu completed an IVA for all nine islands [21]. The initial phase of the IVA was 

supported by the Global NAP Network via the International Institute for Sustainable Development. 

Drawing on the IVA framework for atoll islands, the Tuvalu IVA (TIVA; https://www.tuvaluiva.com/ ) 

is based on a sustainable livelihoods approach that combines the assessment of vulnerability to both 

climate change and disasters. Vulnerability was identified and assessed across seven human security 

sectors and five livelihood assets, producing a total of 35 intersecting components. 

The aggregation of the sub-national-level TIVA data provides a broad national picture of 

vulnerability, including: 

• Vulnerability issues vary considerably between islands, localities and groups (men, 

women and youths). 

• The most frequently cited vulnerability issues were: inadequate household water tank 

capacity, declining/retreating shoreline due to coastal erosion, limited to no access to 

adequately sized and safely located evaluation centre that is safe from storm surge and 

cyclones and declining inshore marine food source quantity yield (fisheries and 

invertebrates). 

• Nearly all of the islands expressed concerns about the need for long-term coastal 

protection measures that are fit-for-purpose, durable and appropriate for local 

conditions. 

• Majority of the islands identified the need for greater financial support from the national 

government to fund adaptation and resilience building initiatives. 

• Underlying social, economic and environmental issues, such as lack of basic income and 

housing, and inadequate waste management services, emerged as ongoing challenges 

for some islands. If these issues are not addressed, they may exacerbate the 

community’s vulnerability to climate hazards and impacts. 

Emerging themes from the focus group discussions were:  

• The need for greater community awareness of available government services and 

funding opportunities for climate change adaptation. 

• The need for better policy planning and coordination to manage environmental 

resources to address issues such as overfishing, pollution and sand extraction. 

• The importance of providing social protection for households on low incomes to address 

inequity issues. 

• The need for investments in scientific and technical research to assess the 

appropriateness and feasibility of long-term adaptation strategies. 

 

Tuvalu Coastal Adaptation Project (TCAP): 

TCAP (https://opm.gem.spc.int/tcap/home ) [22] offers highly interactive access to key national-

scale datasets including high resolution Digital Elevation Models (DEMs), inundation hazard and risk 

products as well as shoreline change layers and high-resolution imageries spanning over the last half 

about:blank
https://opm.gem.spc.int/tcap/home
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a century. Tuvalu’s increased risk to coastal inundation is highlighted, with the knowledge providing 

decision makers with ready-made risk products to support the development of short- to long-term 

effective adaptation strategies. This open-source dashboard is designed as a living platform enabling 

the integration of new datasets by government [22]. 

It follows this hazard assessment for the Tuvalu NAP CIVRA project leverages substantially off the 

outcomes of these two key initiatives, particularly in terms of i) the current vulnerability and 

associated adaptative capacity of local communities to the physical hazards and impacts of climate 

change (TIVA) and ii) the hazards and impacts from sea level rise, extreme sea levels and coastal 

inundation (TCAP). 

Scope of this climate hazard assessment 
This report is divided into 2 sections: 

• Section 1 - Tuvalu’s climate, climate trends and projections: The first section includes some 

background information about the data that was sourced in production of this report, and 

the confidence and limitations that is understood around climate projections. Chapter 3 

through to Chapter 11 describe Tuvalu’s average temperature, extreme temperature, 

average rainfall, extreme rainfall, drought, wind, sea level rise, ocean warming and ocean 

acidification.  

• Section 2 - Observed and projected sectoral impacts: presents sectoral impacts associated 

with different hazards under both current and future climate conditions. Hazard 

prioritisation is covered in Chapter 13 and knowledge gaps and research priorities are noted 

in Chapter 14, followed by a glossary (Chapter 15). 

As previously stated, this assessment is focussed on the materiality of climate hazards impacting six 

priority sectors for the Tuvalu NAP both now and into the future: fisheries, agriculture, coastal 

development and infrastructure, health, water and disaster risk management. For the purposes of 

this assessment infrastructure includes transport, waste management, energy, telecommunications 

and associated systematic interdependencies. In practice there can be cascading and compounding 

impacts across multiple interdependent sectors and systems, and these interdependencies and 

related impacts are material to the risks informing the design and priorities of the NAP.  For 

example, a storm causing extreme winds, sea swell and heavy rain during a high tide can cause 

major damage and disruption to critical infrastructure such as transport, energy and 

telecommunications. This in turn has consequences for coastal communities, agriculture, health and 

disaster risk management. The level of impact also depends on local exposure and vulnerability (see 

Chapter 3 on Data and Methods for a discussion of compound hazards).  

While Traditional Knowledge (TK) is considered an important additional line of evidence to inform 

climate change risk and adaptation planning in Tuvalu (e.g. several outer islands having ‘Special 

Protected Areas’ (marine reserves) that have local community adoption of sustainably managed 

traditional fishing methods), a detailed analysis of TK is out of scope for this report.  
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Section 1 TUVALU’S CLIMATE, CLIMATE TRENDS AND PROJECTIONS 
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Chapter 2 Data, confidence, limitations and uncertainties around 

climate projections  

Data 
Each climate variable is assessed separately. The variables are average temperature, extreme 

temperature, average rainfall, extreme rainfall, drought, tropical cyclones and extreme wind, sea 

level rise and coastal inundation, ocean warming, and ocean acidification. 

The average climate, recent trends, variability and future projections are presented. Projections are 

calculated for 20-years centred on 2030 and 20-years centred on 2050. In most cases, the 

projections are presented as changes relative to a historical reference period, e.g. 1986-2005 (used 

in the IPCC 5th Assessment Report) or 1995-2014 (used in the IPCC 6th Assessment Report). 

Historical climate data 

For assessment of historical temperature in the Tuvalu region, we use five global observed datasets: 

HadCRUT5 (1850–2020; [1]), Berkeley Earth (1850–2019; [2]), NOAA GlobalTemp (1880–2019; [3]), 

Cowtan and Way (1850–2019;[4]) and GISTEMP (1880–2019; [5]).  

For rainfall, we use the CMAP and GPCP gridded gauge-satellite monthly precipitation datasets 

available from 1979 [6] and ERA5 grided reanalysis rainfall data from 1979-2020 ([7]). For drought, 

ERA5 rainfall data are bias-corrected using data from nearby climate stations. 

For sea surface temperature we use OISST v2.1 [8]. 

For tropical cyclones we use IBTrACS; [9] and ERA5 reanalysis wind data [7] verified by the TAO and 

TRITON buoy network [10]. 

Gridded datasets use records from weather stations, satellite data and other sources, then fill in any 

gaps in space and time using data interpolation methods. Therefore, the changes and trends from 

these gridded datasets generally agree with those from the underlying weather stations (see [11]) 

but are not exactly the same. Early periods include fewer weather observations with fewer 

supplementary data sources to draw upon, so these rely more heavily on interpolation across time 

and space and are therefore less reliable. 

Future climate data 

Ongoing increases in greenhouse gases will lead to further global warming and regional climate 

change. There are three main sources of uncertainty in regional climate projections: 

1. Greenhouse gas emissions and atmospheric concentration pathways, based on assumptions 

about socio-economic change, technological change, energy and land use. 

2. Regional climate responses to a given concentration pathway, based on computer 

simulations from climate models. 

3. Natural climate variability due to local weather systems and large-scale processes such as 

the El Niño Southern Oscillation. 

The main greenhouse gases are water vapour, carbon dioxide, methane, nitrous oxide, and 

chlorofluorocarbons (CFCs). Future greenhouse gas emissions pathways range from low to high. 

These pathways are used in carbon cycle models to estimate atmospheric greenhouse gas 

concentrations, after allowing for uptake by the oceans and land. Representative Concentration 

Pathways (RCPs) used in the IPCC Fifth Assessment Report are shown in Figure 2-1. These are often 



13 
 

termed low (RCP2.6), medium (RCP4.5), medium-high (RCP6.0), and high (RCP8.5) pathways. An 

updated set of Shared Socio-economic Pathways (SSPs) were used in the IPCC Sixth Assessment 

Report:  low (SSP1-2.6), medium (SSP2-4.5), medium-high (SSP3-7.0), and high (SSP5-8.5). 

 

Figure 2-1: Greenhouse gas concentration pathways used in the IPCC Fifth Assessment Report. The gases are carbon dioxide 
(CO2), methane (CH4) and nitrous oxide (N2O). Grey area indicates the 98th and 90th percentiles (light/dark grey). Source: 
van Vuuren et al (2012). 

RCPs can be compared in terms of CO2 concentrations and global warming by the end of the century: 

• RCP2.6 is a low pathway where emissions peak and decline substantially before 2030, with 

the CO₂ concentration reaching about 420 parts per million (ppm) by 21001. This ambitious 

pathway requires rapid global decarbonisation, leading to a global warming of 0.9 to 2.4 °C 

by 2081–2100 relative to the pre-industrial period 1850-1900 [12].  

• RCP4.5 is a medium pathway where emissions peak in 2040 and then decline, with the CO₂ 

concentration reaching 540 ppm by 2100, leading to a global warming of 1.7 to 3.3 °C by 

2081–2100 [12].  

• RCP6.0 is a medium-high pathway, with the CO₂ concentration reaching about 620 ppm by 

2100, leading to a global warming of 2.0 to 3.8 °C by 2081–2100 [12].  

• RCP8.5 is a high pathway assuming limited implementation of current policies, with the CO₂ 

concentration reaching about 940 ppm by 2100, leading to global warming of 3.2 to 5.4 °C 

by 2081–2100 [12].  

Current global emissions reduction policies are projected to lead to a global warming of 2.1°C–3.9°C 

by 2100 [13]. Another estimate suggests current policies might lead to a global warming of 2.2-3.4 °C 

by 2100 [14]. CO2 emissions growth rates most consistent with observations from 2005 to 2020 and 

data from the International Energy Agency might cause a global warming of 2-3 °C by 2100 [15]. Each 

of these global warming estimates is similar to the RCP4.5 pathway. 

The SSPs are like the RCPs in many ways, but with some small differences such as a different starting 

point, evolution through time, and mix of gases. The socio-economic assumptions have been 

summarised as: Sustainability (SSP1), Middle of the Road (SSP2), Regional Rivalry (SSP3), Inequality 

(SSP4) and Fossil-fuelled Development (SSP5). The SSPs have similar global warming ranges to the 

relevant RCPs by 2081-2100. SSP1-2.6 is 1.3-2.4 °C, SSP2-4.5 is 2.1-3.5 °C, SSP3-7.0 is 2.8-4.6 °C and 

SSP5-8.5 is 3.3-5.7 °C [16]. 

 
1 As of February 2023 CO2 concentration measured at Manua Loa (NOAA) was reported as 420.3 ppm 
(https://www.co2.earth/ ) 

https://www.co2.earth/
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Regional climate responses for each pathway have been simulated by global climate models (GCMs). 

These models represent the climate system in mathematical equations, based on the laws of 

physics, that are solved on powerful supercomputers. Data are generated for hundreds of climate 

variables, over hundreds of years, over thousands of points on a grid covering the globe. Each GCM 

uses slightly different methods for representing key climate features and processes, such as cloud 

feedback, ice feedback, carbon cycle feedback, convection, and atmospheric chemistry. Different 

models have different sensitivity to changes in greenhouse gases. Therefore, each GCM has a unique 

simulation of past and future climates.  

This report mostly uses data from the Coupled Model Inter-comparison Project phase 5 (CMIP5) [17] 

involving 21 climate models for RCP8.5 and RCP4.5, and 17 models for RCP2.6, that have passed 

evaluation tests [18]. Limited model simulations for RCP6.0 were not used. For some climate 

variables (extreme temperature, extreme rainfall, extreme windspeed, marine heatwaves and ocean 

acidification), data from the Coupled Model Inter-comparison Project phase 6 (CMIP6) [19] were 

used, involving a smaller set of available simulations for SSP1-2.6 and, SSP3-7.0 and SSP5-8.5. 

Natural climate variability in space and time is captured in all climate simulations. This includes daily 

weather variability through to monthly, yearly and decadal variability. Maps and time-series graphs 

are used to visualise historical and future variability, and statistics are used to quantify variability 

such as the 10-90 percentile range. 

Confidence 
Confidence ratings are based on the amount/type of evidence and the level of agreement between 

lines of evidence, consistent with IPCC guidance [20]. For example, when there is limited evidence 

and low agreement, the confidence rating is low. In contrast, when there is robust evidence and high 

agreement, the confidence rating is high (Figure 2-2). For each climate variable in this report, a 

confidence rating is provided for projected changes, e.g. temperature and sea level projections have 

high confidence, rainfall projections have medium confidence, and extreme windspeed projections 

have low confidence.  

Confidence ratings may be improved over time through ongoing investment in climate research and 

innovation, e.g. field measurements, understanding weather/climate processes, reducing climate 

model biases, finer resolution in dynamical downscaling, and better simulation of extreme weather 

events. 

 Limited 
evidence 

Medium 
evidence 

Robust 
evidence 

Low agreement Low 
confidence 

Low-medium 
confidence 

Medium 
confidence 

Medium agreement Low-medium 
confidence 

Medium 
confidence 

Medium-high 
confidence 

High agreement Medium 
confidence 

Medium-high 
confidence 

High 
confidence 

 

Figure 2-2 A depiction of evidence and agreement statements and their relationship to confidence. Confidence increases 
towards the bottom-right corner as suggested by the increasing strength of shading. Generally, evidence is most robust 
when there are multiple, consistent independent lines of high-quality evidence [20]. 
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Limitations of climate models 
GCMs have coarse resolution (about 200 km between data points) and can provide useful climate 

projections over the coming decades at broad scales, e.g. estimates of global warming. Dynamical 

downscaling involves running a Regional Climate Model (RCM) with finer resolution (10–50 km 

between data points) over a specific region, rather than over the whole globe. This generally gives 

better representation of regional weather and climate phenomena, especially over complex terrain 

such as mountains and coastlines. However, some local weather phenomena such as land-sea 

breezes, mountain winds, cold fronts and extreme rainfall require a resolution of less than 10 km. 

This is an active area of research. Another limitation of dynamical downscaling is that the RCM is 

driven at its boundary by information from a GCM, so the RCM will inherit any biases in the broad-

scale climate simulated by the GCM, e.g. too hot/cold or too wet/dry. Therefore, GCMs with small 

biases are usually chosen for downscaling. 

Since dynamically downscaled climate simulations still have biases, statistical downscaling methods 

are often used to reduce these biases and provide data that have local relevance. The statistical 

methods range from simple to complex and usually require expert guidance. The numerical precision 

of these downscaled data should not be confused with accuracy; the downscaled data are plausible, 

rather than precise. 

Uncertainties 
As noted above, there are three sources of uncertainty in climate projections: (1) emissions 

pathways, (2) regional climate responses to a given emissions pathway, and (3) natural climate 

variability. The range of uncertainty due to each of these factors should be quantified for a particular 

climate variable.  

The uncertainty due to emissions pathways is small prior to 2040, so regional climate projections for 

the low and high pathways are similar. After 2040, the pathways increasingly diverge so regional 

climate projections for the low and high pathways become distinctly different. Quantifying the 

impact of different pathways is policy-relevant, i.e. emission reductions can slow climate change and 

constrain the impacts. 

The uncertainty due to different regional climate responses from up to 50 climate models is usually 

expressed as a range. The IPCC and research organisations typically provide a 10-90 percentile range 

or a 5-95 percentile range for each climate variable, e.g. a warming of 2.1-3.5 °C or a rainfall change 

of –10 to +5 %. Uncertainty in the magnitude and direction of change can be influenced by the 

number and quality of climate models analysed. A small sample of models (less than 10) and/or 

inclusion of low-quality models may skew the uncertainty ranges. Best practice favours a large 

sample of high-quality models. Uncertainty in the direction of change is larger for some climate 

variables than others. For example, there is low uncertainty regarding the increase in temperature 

and sea level, but high uncertainty regarding the direction of change in rainfall. The high uncertainty 

in rainfall affects other variables such as drought and soil moisture. 

Natural variability is a major contributor to uncertainties at regional and local scales, especially over 

the next decade [21]. Figure 2-3 shows that natural variability over the next decade can enhance or 

offset the long-term trend in annual temperature over Tuvalu. Therefore, historical climate trends 

over recent decades may be the best choice to inform climate trends for the next decade [22]. 

Climate model simulations can inform trends beyond the next decade. 
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Figure 2-3 Average annual temperature in Tuvalu relative to 1850-1900 (°C) simulated in CMIP5 models, showing the range 
of all climate models (historical; grey band, future; blue band) and example model simulations (black line) with the linear 
trend for 2020-2030 marked (red line); top: an example with suppressed warming in 2020-2030 due to climate variability, 
bottom: an example with enhanced the warming in 2020-2030 due to climate variability [21]. 

Caveats2  

ENSO 
Changes in the zonal gradients of sea surface temperature (SST) across the equatorial Pacific have 

major consequences for global climate [23]. It is important to note that there is a large degree of 

inconsistency among climate models on some aspects of future projections, as well as biases (e.g. 

[24-27]). For example, observational records appear to show a ‘La Niña-like’ strengthening of the 

zonal SST gradient since the 1950’s [23] whereas most climate model simulations project ‘El Niño-

like’ changes toward a weaker gradient, which becomes more pronounced in the projections [23, 

27], and the discrepancy between modelled and observed trends persists in the latest CMIP6 model 

simulations [28, 29] as well as an overestimation of ENSO variability [30]. Therefore, caution must be 

exercised when interpreting climate change projections. Future projections from these models are 

often used to plan climate mitigation and adaptation at regional scales, which will depend on the 

future state of the tropical Pacific. Therefore, it is critical to consider the plausible range of future 

tropical Pacific climate changes using models, observations, and theories, and to understand the 

broader implications of these changes [23]. 

Regardless, there is a strong consensus that ENSO variability will continue to dominate regional-scale 

climate in the future [31, 32], and strongly influence weather-related variables such as drought and 

rainfall (e.g. [32-34]. 

 
2 Also see chapter discussions around caveats: Tropical Cyclones and wind, Drought, Sea level rise and coastal 
inundation, and Ocean warming 
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Extreme weather events 
Extreme weather and climate events often cause major impacts. Projections for some extreme 

events have low or medium confidence, but high relevance for impact assessment. For adaptation 

planning, decisions may need to be made in the absence of high confidence projections. To manage 

expectations and legal liability, it is important that confidence ratings and uncertainties are 

effectively communicated. 

Compound events 
The greatest impacts often occur when multiple hazards, exposures and vulnerabilities coincide or 

occur in close succession, resulting in severe impacts for communities, economies, and ecosystems 

[35, 36]. These are called compound events [37-39], but they are difficult to quantify routinely within 

climate projections [40]. Storyline scenarios involving compound events can be used to ''stress test'' 

systems. For example, a cyclone causing a storm surge, extreme winds and heavy rain during a high 

tide can cause major damage and disruption. Drought, heatwaves and fires often occur together and 

cause major damage and disruption. However, the influence of climate change on compound events 

is a significant knowledge gap and further research is needed [41].  

Tipping Points  
Parts of the climate system can reach a ‘tipping point’ where change is often abrupt and irreversible 

on long timescales. Several tipping points may be triggered this century with modest global 

warming, while others require higher levels of global warming [42]. However, there are deep 

uncertainties about some of the climate processes that could cause tipping points, e.g. thawing of 

Boreal permafrost, collapse of the main overturning ocean circulation in the north Atlantic Ocean, 

and rapid disintegration of the Greenland and Antarctic ice sheets [43]. Further details regarding 

tipping points and sea level rise are provided in Chapter 9. 
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Chapter 3 Average Temperature 

Introduction 
Daily historical air temperature records for Nanumea and Funafuti from 1951 were obtained from 

the Tuvalu Meteorological Service (Niulakita and Nui weather stations have rainfall records only) [1, 

2]. 

Observed temperature 
Air temperatures have a small seasonal cycle in Tuvalu, as recorded at Funafuti and Nanumea, with 

less than 1 °C change in average monthly maximum and minimum temperatures during the year 

(Figure 3-1). Monthly-average maximum air temperatures over Tuvalu are around 31 °C while 

minimum temperatures are around 26 °C (Figure 3-1; left). Except for average minimum 

temperatures at Nanumea for April and June, there has been a clear shift towards warmer average 

monthly temperatures between the periods of 1961–1990 and 1991–2020 (Figure 3-1; left). Average 

annual and seasonal temperatures have increased significantly at Funafuti (Figure 3-1; right). May–

October temperatures are warming faster than November–April temperatures. 

 
 

Figure 3-1 Monthly-average maximum and minimum air temperature for Funafuti and Nanumea in Tuvalu, based on data 
from 1951-2020 (left). Annual November–April and May–October average temperatures for Funafuti. Straight lines indicate 
linear trends. Diamonds indicate years with insufficient data for one or more variables (right). Source: McGree et al (2022). 

The annual-average maximum air temperature has increased 0.17 °C per decade since 1951, while 

the minimum air temperature has increased 0.21 °C per decade [2].  

The cooling degree days index provides a measure of the energy demand needed to cool a building 

down to 25 °C, with the assumption that air conditioners are generally turned on at this 

temperature. There has been a very strong increase in the cooling degree index at Funafuti, 

suggesting the energy needed for cooling has increased significantly since 1951 [2]. 

El Niño Southern Oscillation and temperature 
Being small atoll islands, air temperatures over Tuvalu are strongly linked to the surrounding sea 

surface temperatures. In El Niño years, minimum air temperatures are typically higher, and 

conversely, minimum temperatures are typically lower during La Niña years, similarly for maximum 

air temperatures during the wet season [2]. 

Projected temperature 
Estimates of future climate change are affected by three main sources of uncertainty: (1) 

greenhouse gas emissions pathways, (2) regional climate responses to each pathway simulated by 

climate models, and (3) natural climate variability due to factors such as ENSO. Temperature 

projections for Tuvalu out to 2080 are presented for low (RCP2.6; green) and high (RCP8.5; pink) 

emissions pathways (Figure 3-2). In the near term (2020-2039) the range of projected temperature 
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change is similar for both emissions pathways, but in the medium term (2040-2059) the pathways 

begin to separate, and in the long term (2060-2079) the pathways give very different outcomes. The 

combined range of uncertainty is given by the blue arrow in Figure 3-2. The regional climate 

response for high emissions (pink arrow) and low emissions (green arrow) includes the range of 

natural climate variability (black arrow). 

 

Figure 3-2 Average annual temperature in the Tuvalu region relative to 1850-1900 (°C) derived from observations (Berkeley 
shown; grey solid line) and simulated in CMIP5 models, showing the range of all models for the past period (grey band), the 
future under a very high emissions pathway (pink band) and a very low emissions pathway (green band). Thick horizontal 
lines show the mean of all models in 20-year periods of the baseline 1986-2005 (blue) and future 20-year periods centred on 
2030, 2050 and 2070 (RCP8.5; red horizontal lines, RCP2.6; green horizontal lines). (Source [3]).0. The arrows indicate (1) 
total range of uncertainty, (2) climate response uncertainty due to different emissions pathways, and (3) uncertainty due to 
natural climate variability. 

The projected warming for a 20-year period centred on 2030 (i.e. 2021-2040) is 0.7 °C (uncertainty 

range 0.4-1.0 °C) relative to a 20-year period centred on 1990 (i.e. 1986-2005), regardless of the 

emissions pathway. By 2050, the projected warming is 0.8 °C (uncertainty range 0.5-1.2 °C) for low 

emissions and 1.4 °C (uncertainty range 1.0-1.9 °C) for high emissions. By 2070, it’s 0.8 °C 

(uncertainty range 0.5-1.2 °C) for low emissions and 2.1 °C (uncertainty range 1.5-3.1 °C) for high 

emissions [3] (Table 3-1).  

Table 3-1 Projected change in Tuvalu annual-average temperature and rainfall for 20-year periods centred on 2030, 2050 
and 2070, relative to a 20-year period centred on 1990, for low (RCP2.6) and high (RCP8.5) emissions pathways. Median 
changes are shown with the 10-90 percentile range of uncertainty in brackets. Changes are also shown for different global 
warming levels. Source: CSIRO and SPREP (2021). 
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Chapter 4 Extreme temperature  

Introduction 
Tuvalu has a tropical climate. Monthly-average maximum air temperatures are around 31 °C while 

minimum temperatures are around 26 °C [1]. Air temperatures are strongly linked to the 

surrounding sea surface temperatures. Air and sea temperatures in Tuvalu are typically higher in El 

Niño years and lower during La Niña years [1]. 

Extreme temperature explained 
Extreme temperatures can be defined in different ways. Frequency, intensity and duration are 

common metrics. Frequency can be expressed as the number of hours, days or months above or 

below a specified intensity threshold. The threshold should be considered rare for the given location, 

e.g. within the bottom/top 1-10 % of recorded events. The bottom 10 % of events sit below the 10th 

percentile, while the top 10 % of events sit above the 90th percentile. Sometimes, it’s simpler to refer 

to actual temperatures, such as minima below 20 °C or maxima above 35 °C. Events with longer 

duration often have larger impacts, e.g. a 5-day heatwave with an average maximum temperature 

over 35 °C.  

Observed extreme temperature 
In Tuvalu, since 1951, the annual-average number of hot days (maximum temperature above the 

90th percentile for 1961-1990) has increased by 29 days per decade, while the number of warm 

nights (minimum temperature above the 90th percentile for 1961-1990) has increased by 14 days per 

decade [1]. The annual-average number of cool days (maximum temperature below the 90th 

percentile for 1961-1990) has decreased by 5 days per decade, while the number of cool nights 

(minimum temperature below the 90th percentile for 1961-1990) has decreased by 8.5 days per 

decade (Figure 4-1). 

 

Figure 4-1 Annual number of hot days and cold nights at Funafuti. Straight lines indicate linear trends. Diamonds indicate 
years with insufficient data for one or both variables. 

Projected extreme temperature 
Simulated daily maximum temperatures for Tuvalu were analysed from 1950-2100 (Chand et al., (in 

prep). The simulated historical annual maximum mean temperature is just below 34 °C (33.0°C - 

34.6°C) (Figure 4-2). By mid-century (i.e., for the 2040-2060 period), relative to the 1985-2014 

period, the mean of annual maximum temperatures increases by 1.8 °C (1.4°C - 2.0°C) under low 
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emissions, 2.1 °C (1.5°C - 2.8°C) under medium emissions and 2.5 °C (1.7°C - 3.5°C) under high 

emissions (Figure 4-2, left). However, by 2080-2100 annual maximum mean temperatures increase 

by about 2.2 °C (1.9°C - 2.7 °C)for low emissions, about 3.3 °C (3.0°C - 3.8°C) for medium emissions 

and about 5.8 °C (4.5°C - 6.8°C) for high emissions (Figure 4-2, right). 

 
Figure 4-2 Comparison of annual maximum temperature distributions for two periods (1985–2014 and 2040–2060) (left) 
and (1985–2014 and 2080–2100) (right) for low (SSP1-2.6), medium (SSP2-4.5) and high (SSP5-8.5) emissions pathways. 
Results are based on five CMIP6 models. In each box/whisker plot, the central dot/line is the median, the box defines the 
25–75th percentile range, and the whiskers define the 10–90th percentile range (Chand et al. in prep). 

During 1985-2014, an average of 12 days (0 – 31 days) exceed the 95th percentile. By 2040-2060, this 

increases by about 181 days (140 – 222 days) for low emissions, 216 days (144 – 261 days) for 

medium emissions and 264 days (140 – 331 days) for high emissions (Figure 4-3). By the end of the 

century (2080-2100), the increase is about 235 days (179 – 273 days) for low emissions, 328 days 

(308 – 339 days) for medium emissions and 353 days (350 – 353 days) for high emissions (Figure 

4-3).  

 
Figure 4-3 Comparison of Funafuti ‘hot’ days (defined as the number of days over the 95th percentile of 1984-2014 daily 
temperatures) for periods 1984-2014 (Hist), 2040-2060 (a) and 2080 – 2100 (b) for low (SSP1-2.6), medium (SP2-4.5) and 
very high (SSP5-8.5) emissions pathways. In each box/whisker plot, the central dot/line is the median, the box defines the 
25-75th percentile range, and the whiskers define the 10-90th percentile range. 

Extreme annual maximum temperature was also calculated for average return periods of 1-100 

years by fitting an extreme value distribution (Figure 4-4). While there are differences between 

climate model simulations, the general tendency is for extreme temperatures to have shorter return 

periods in future. For example, the multi-modal mean shows that a 35° C event has a return period 

of approximately 40 years in the historical climate, but by 2040-2060 and 2080 – 2100 these events 

may occur every year under all emission scenarios (Figure 4-4).  
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Figure 4-4 Comparison of Funafuti annual maximum daily temperature distributions for return periods of 1-100 years for 
historical (HIST: 1984-2014) and future (2040-2060 (a) and 2080 – 2100 (b)) timeframes, for low (SSP1-2.6), medium (SP2-
4.5) and high (SSP5-8.5) emissions pathways. Results are based on the average of 5 CMIP6 climate models  Source (Chand 
et al, in prep) 
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Chapter 5 Average rainfall 

Introduction  
Across the Pacific region, rainfall observations made at weather stations show large year‑to‑year and 

decade‑to‑decade variability. However, long‑term trends in annual and seasonal rainfall show little 

change at most locations over the last 70 years [1]. Historical and projected changes in extreme daily 

rainfall are provided in Chapter 6 on rainfall extremes. 

Observed rainfall 
Tuvalu has a wet season from December to March and a dry season from April to November. The 

seasonal cycle is strongly affected by the South Pacific Convergence Zone (SPCZ), which is most 

intense during the wet season [1]. The percentage of rainfall received at Funafuti and Nanumea 

during December–March is 43 % (Figure 5-1). Funafuti averages about 3460 mm of rain per year, 

with 410 mm in January and about 210 mm in June. Nanumea averages around 325 mm in January 

and almost 160 mm in September. 

 

Figure 5-1 Monthly average rainfall at Funafuti and Nanumea in Tuvalu, based on data from 1951-2020. Source: McGree et 
al (2022). 

Trends in annual-total rainfall and annual-maximum 1-day rainfall since 1951 are not statistically 

significant [1]. Annual rainfall since 1951 has varied from approximately 2000 to 4800 mm, and on 

average, over half of the days each year experience rain. Over the period 1951–2020 at Funafuti, 

trends in annual and seasonal rainfall are not statistically significant (Figure 5-2). The number of wet 

days each year has decreased (2.2 days/decade), though this trend is not statistically significant [1]. 

A statistically significant increase in consecutive dry days (0.36 days/decade) has been observed in 

Funafuti (1951–2020) [2], with longer dry spells and droughts being typically experienced during La 

Niña years [1] (Figure 5-2). 
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Figure 5-2 Annual rainfall (bar graph) and number of wet days (where rainfall is at least 1 mm; line graph) at Funafuti (left). 
Annual longest run of consecutive dry days (bar graph) and maximum daily rainfall (line graph) at Funafuti (right). Straight 
black (blue) lines indicate linear trends corresponding to colour of axis. Criteria for statistical significance were not met for 
determining linear trends at Funafuti. Diamonds indicate years with insufficient data for one or both variables [1]. 

Rainfall Variability  
Seasonal rainfall variability in Funafuti is not as strongly pronounced as in some other Pacific Island 

Countries, with rainfall averages between 200 and 400 mm each month of the year. This is attributed 

to the location of Tuvalu near the West Pacific Warm Pool, where thunderstorm activity occurs all year 

round. Tuvalu’s wet season is affected by the movement and strength of the SPCZ. The West Pacific 

Monsoon (WPM) can also bring heavy rainfall to Tuvalu during the wet season. Tuvalu’s rainfall varies 

considerably from year to year due to ENSO and SPCZ displacement [3].  

ENSO is a large-scale ocean-atmosphere circulation that influences rainfall and tropical cyclones in the 

tropical Pacific region. The sea surface temperature northeast of Tuvalu is warmer than normal during 

an El Niño event, and cooler than normal during a La Niña event [4]. This affects the position and 

strength of the SPCZ. During El Niño, the SPCZ tends to move northeast, producing more rainfall over 

Tuvalu. During La Niña, the SPCZ tends to move southwest, so Tuvalu has less rainfall [1] (Figure 5-3). 

 

Figure 5-3 Average monthly rainfall for Funafuti, Tuvalu, for El Niño (blue) and La Niña (red) years, along with the mean 
(green). Data retrieved through the WMO Global Producing Centre (GPC) for long-range forecast portal at 
http://poama.bom.gov.au/experimantal/pasap/index.shtml [3]. 

Projected rainfall  
For Tuvalu, the projected change in annual average rainfall for a 20-year period centred on 2030 is 

+4 % (uncertainty range –4 to +12 %) relative to a 20-year period centred on 1995, regardless of the 

http://poama.bom.gov.au/experimantal/pasap/index.shtml
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emissions pathway. By 2050, the projected change is +3 % (uncertainty range –6 to +11 %) for low 

emissions and +3 % (uncertainty range –11 to +17 %) for high emissions (Figure 5-4). By 2070, it’s 

+3% (uncertainty range –10 to +12 %) for low emissions and +6 % (uncertainty range –15 to +28 %) 

for high emissions (Figure 5-4 & Table 5-1) [5]. In terms of global warming levels, the projected 

change in annual average rainfall is +3 % for 1.5 oC global warming, +5 % for 2.0 oC global warming, 

+7 % for 3.0 oC global warming, and +11 % for 4.0 oC global warming, with increasing ranges of 

uncertainty [5]. 

 

Figure 5-4 Average annual rainfall anomalies (%) for Tuvalu relative to the 1986-2005 baseline in ERA5 historical climate 
data (dark green line) and in CMIP5 climate model data. Simulations from up to 40 models are shown for the historical 
period (grey), and for the future, under a high emissions pathway (RCP8.5, pink band) and a low emissions pathway 
(RCP2.6, green band). Thick lines show the average of all models for 20-year periods centred on 1995 (blue), 2030, 2050 and 
2070 (RCP8.5; red lines, RCP2.6; green lines). Source: [5] 

Table 5-1 Projected change in Tuvalu annual-average  rainfall for 20-year periods centred on 2030, 2050 and 2070, relative 
to a 20-year period centred on 1990, for low (RCP2.6 green) and high (RCP8.5 pink) emissions pathways. Median changes 
are shown with the 10-90 percentile range of uncertainty in brackets. Changes are also shown for different global warming 
levels. Source: [5] 
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Chapter 6 Extreme rainfall 

Introduction 
Extreme rainfall is strongly affected by the SPCZ, which is most intense during the wet season [1]. 

This can cause flooding, injuries deaths, erosion, water quality, food security, disruption and 

damage. 

Extreme rainfall explained 
Frequency, intensity and duration are common metrics for defining extreme rainfall. Frequency can 

be expressed as the number of hours, days or months above or below a specified intensity 

threshold. The threshold should be considered rare for the given location e.g., within the 

bottom/top 1-10 % of recorded events. For example, the bottom 10 % of events sit below the 10th 

percentile, while the top 10 % of events sit above the 90th percentile. The annual maximum daily 

rainfall event occurs once per year, but events with higher intensity might only occur once in 10 

years or more. The average return period is the average time between events of the same intensity, 

e.g. a 1-in-10-year event. These concepts are used below. 

Observed extreme rainfall 
The annual maximum daily rainfall amount varies from around 100-350 mm/day (Figure 6-1). This 

amount has decreased slightly (-1 mm/decade) since 1951, but the trend is not statistically 

significant [1]. The tropical cyclone contribution of 1-day, 2-day and 3-day rainfall to annual 

maximum rainfall in Tuvalu is 19 %, 21 % and 22 %, respectively [2], so about 80 % of the extreme 

rainfall comes from non-cyclone weather systems. 

 

Figure 6-1 Annual maximum daily rainfall and consecutive dry days at Funafuti from 1951-2020. Source [1] 

Extreme rainfall variability 
During El Niño events, the SPCZ tends to move northeast, resulting in warmer sea surface 

temperatures, heavier rainfall and more tropical cyclones, with the opposite during La Niña events 

[3]. See the Glossary for a definition of ENSO. 
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Projected extreme rainfall 
Simulated daily rainfall data for Tuvalu were analysed from 1950-2100 (Chand et al., (in prep). with 

large interannual variability being superimposed on a slightly increasing trend (not shown). 

Simulations of annual maximum rainfall intensity averages 133.9 (119 to 160) mm/day for the 1985-

2014 period. By mid-century (i.e., for the 2040-2060 period) this increases to 146.0 (117 to 173) 

mm/day (9 % increase) under low emissions, 143.5 (127 to 163) mm/day (7 % increase) under 

medium emissions and 148.4 (119 to 200) mm/day (a 11 % increase) under high emissions (Figure 

6-2, left). By the end of the century (2080-2100), relative to 1985-2014, annual maximum rainfall 

intensity increases to 149 (130 to 160) mm/day (11 % increase) for low emissions, 156.6 (126 to 187) 

mm/day (17 % increase) for medium emissions and 171.7 (126 to 217) mm/day (28 % increase) for 

high emissions.  ￼Figure 6-2￼, right).   

 

Figure 6-2 Comparison of Funafuti annual maximum daily rainfall distributions for two periods 1985-2014, 2040-2060 
(panel a) and 2080-2100 (panel b) for low (SSP1-2.6), medium (SP2-4.5) and high (SSP5-8.5) emissions pathways. Five 
CMIP6 models were assessed. In each box/whisker plot, the central dot/line is the median, the box defines the 25-75th 
percentile range, and the whiskers define the 10-90th percentile range. Source (Chand, (in prep)). 

For the 1985-2014 period, 18.7 days on average sit above the 95th percentile threshold. By mid-

century (2040-2060), this increases to 21.4 days (+14 %) for low emissions, 20.8 days (+11 %) for 

medium emissions and 21.4 days (+14 %) for high emissions (Figure 6-3, left). By the end of the 

century (2080-2100), this increases to 20.4 days (+9 %) for low emissions, 23 days (+23 %) for 

medium emissions and 24.2 days (+29 %) for high emissions (Figure 6-3, right).  

 
Figure 6-3 Comparison of the average number of days per year when daily rainfall is above the 95th percentile for periods 
1985-2014, 2040-2060 (a) and 2080 – 2100 (b) for low (SSP1-2.6), medium (SP2-4.5) and high (SSP5-8.5) emissions 
pathways. The 95th percentile (shown on the y-axis) is obtained from five CMIP6 models.  In each box/whisker plot, the 
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central dot/line is the median, the box defines the 25-75th percentile range, and the whiskers define the 10-90th percentile 
range. Source [4]. 

Extreme daily rainfall intensity was also calculated for average return periods of 1-100 years by 

fitting an extreme value distribution (Figure 6-4). While there are differences between climate model 

simulations, the general tendency is for extreme rainfall events to occur with higher frequency in 

future. For example, the multi model mean shows a 175 mm/day event with a return period of 80 

years in the historical climate, but by 2040-2060 these events may occur every 12 years for low and 

medium emissions, and every 8 years for high emissions (Figure 6-4). By the end of the century 

(2080-2100), the return period is further shortened with values of about 8.2 years for low emissions, 

5.5 years for medium emissions and 3.6 years for high emissions (Figure 6-4). Furthermore, a 

projected increase in the frequency of extreme ENSO events may also influence extreme rainfall 

scenarios [5, 6]. 

 

Figure 6-4 Comparison of Funafuti annual maximum daily rainfall distributions for return periods of 1-100 years for 
historical (HIST: 1984-2014) and future (2040-2060 (a) and 2080 – 2100 (b)) timeframes, for low (SSP1-2.6), medium (SP2-
4.5) and very high (SSP5-8.5) emissions pathways. Five CMIP6 models were assessed. Source [4]. 
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Chapter 7 Drought 

Introduction 
In general, drought refers to a lack of rainfall over an extended period, usually more than a few 

months, resulting in a water shortage for some activities, groups, sectors, and related natural 

resources (including marine and terrestrial biodiversity) [1]. Historical droughts in other Pacific Island 

countries (excluding Nauru) have been described in a review by Iese et al. [2]. The impacts of 

drought vary significantly depending on (i) the type of drought (e.g. meteorological drought or 

agricultural drought); (ii) the location (e.g. high islands versus atolls); (iii) socio-economic conditions 

in the location affected by drought; and (iv) cultural attitudes towards the causes of drought.  

Drought definitions and indicators 
There are different drought definitions and indicators that are appropriate to different purposes [3]:  

• Meteorological drought (below normal rainfall) (used in this assessment) 

• Agricultural drought (below normal water storage in the soil) 

• Hydrological drought (below normal water availability in streams, lakes, and groundwater) 

Indicators commonly employed for declaring drought include the Standardised Precipitation Index 

(SPI) [4] or rainfall percentiles [2, 5], though there are many other methods that also account for 

factors such as evapotranspiration [6], soil moisture, or crop productivity [7]. 

Standardised Precipitation Index (SPI) 
Rainfall anomalies, preferably normalised by standard deviation, are often used to represent 

drought [8]. The SPI is a widely used indicator for drought, including by the Tuvalu Meteorological 

Department, and is endorsed as the world standard for determining meteorological drought by the 

World Meteorological Organization [3]. The SPI is a statistical indicator comparing the total 

precipitation received at a particular location during a period of months with the long-term rainfall 

distribution for the same period at that location. The SPI is calculated monthly for a moving window 

of n months, where n indicates the rainfall accumulation period, which is typically 1, 3, 6, 9, 12, 24 or 

48 months denoted as SPI-1, SPI-3,  etc. [9]. The concept which underpins the SPI is that it allows 

quite different rainfall regimes to be expressed in relative terms, i.e. drier than usual relative to what 

is expected at the time of year for the particular location [10]. Positive SPI values indicate greater 

than median precipitation and negative values indicate less than median precipitation [9]. 

A drought event is declared any time the SPI is continuously (over at least 3 months) negative and 

reaches an intensity of -1.0 or less at some time during each event (see Figure 7-1). The drought 

begins when the SPI first falls below zero and ends with the first positive value of SPI following a 

value of -1.0 or less [4]. The drought intensity is the average of cumulative SPI from all events for the 

drought period. The SPI has been used to assess droughts in the Pacific [11]. 
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Drought category SPI value 

Near normal  -0.99 to 0 

Minor Drought Less than or equal to -1.0 

Moderate drought -1.0 to -1.5 

Severe drought -1.5 to -2.0 

Extreme drought Less than -2.0 
Figure 7-1 Example illustration of a Standardised Precipitation Index (SPI) time series and the associated drought events for 
the period 1986–2005 [12]. In this 20-year period, the SAMPLE site experiences four droughts (with a mean duration of 28.3 
months, and intensity per event of -31.8). There are two moderate droughts (with a mean duration of 11 months, and 
intensity per event of -8.6), one severe drought, and one extreme drought. The site experiences 19.5 % time  in extreme 
drought. Drought categories based on SPI are also indicated [4] noting the ranges in the table differ slightly from the 
example graph. 

Since the SPI can be calculated over different rainfall accumulation periods, different SPIs allow for 

estimating different potential impacts of a meteorological drought. For example, soil moisture 

conditions respond to precipitation anomalies on a relatively short scale such as 3 to 6 months 

whereas groundwater, streamflow and reservoir storage reflect the longer-term precipitation 

anomalies (12 months and above). 

Observed droughts 
Using bias corrected ERA5 precipitation data [13, 14], SPI was calculated relative to 3-month and 12-

month rainfall accumulations3 for Funafuti for the period 1951-2023 (Figure 7-2; top). Across the 

same period, the NINO 3.4 index is also shown (Figure 7-2; bottom). La Niña is declared when the 

Niño 3.4 index reaches - 0.4 °C [16]. There were 32 SPI-3 and 11 SPI-12 drought events recorded in 

the period 1950-2023. 

 
3 For countries with good water storage on land, a 12-month accumulation is more appropriate e.g. 15.
 Kirono, D.G.C. and D.M. Kent, Assessment of rainfall and potential evaporation from global climate 
models and its implications for Australian regional drought projection. International Journal of Climatology, 
2011. 31(9): p. 1295-1308 DOI: 10.1002/joc.2165.. For the case of Tuvalu, streams, groundwater, and 
reservoirs are absent, hence, SPI-3 has been used to reflect drought events. Short-term water shortages are 
frequent issues over the island country (Personal communication) and therefore, the use of SPI-3 would 
appropriately reflect precipitation anomalies at this timescale. 
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Figure 7-2 SPI plot for Tuvalu over (a) 3-month and (b) 12-month accumulation periods for the 1950 to 2023 period. The 3-
monthly running average of the Oceanic Nino 3.4 index (ONI: Trenberth, 2001) is also shown (c) – Source Deo et al., 2024. 

It has been found that drought intensity (DI) has been decreasing for both SPI-3 and -12 between 

successive events for the 1950 – 2023 period. The trend in drought duration (DD) is mixed: it is 

decreasing for SPI-3 but increasing for SPI-12. DF has been found to be decreasing over the years for 

SPI-3 (Figure 10-3) and -12. However, these trends in DI, DD and DF are not statistically significant at 

the 95 % confidence level (Deo et al 2024). . No statistically significant trend was also found between 

1981–2010 and 1951–1980 [6].  
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Figure 7-3 Linear regression of decadal drought frequency (SPI with 3-month accumulation period) over Tuvalu for the 1951 
– 2020 period. The trend is not statistically significant at the 95% confidence level. 

El Niño Southern Oscillation and drought 
Variations in ocean temperatures drive changes in atmospheric circulation patterns leading to 

widespread and persistent changes in air temperatures, rainfall, cyclones, and sea level. ENSO is an 

ocean-atmosphere interaction influencing drought occurrence in the Pacific region, including Tuvalu 

[6]. During an El Niño event, wetter conditions are usually experienced in Tuvalu, while La Niña 

events tend to bring drier conditions (Figure 7-4) [17]. 

 

Figure 7-4 Typical changes to rainfall patterns during El Niño (top) and La Niña (bottom) events in the western tropical 
Pacific (blue shading, wetter than average; yellow shading, drier than average) [17]. 

Figure 7-2 shows that drought is associated with the La Niña phase of ENSO. Of the 16 La Niña 

events occurring in the period from 1951-2023, only 3 were not associated with drought (1995, 

2006, 2018). Drought intensity (DI) is also correlated with the ENSO intensity across the period 

Figure 7-5. 
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Figure 7-5 a) Linear regression of SPI against ONI. This includes all the SPI and ONI values as shown in Figure 1 a and b 

respectively and not just the values corresponding to the 32 drought events. (b) Linear regression of drought intensity (DI) 

against ENSO intensity (EI) for the 32 drought events. Each EI value is the sum of the corresponding ONI values for each 

drought event, which is like how DI is computed. These are for the 3-month accumulation period and note, the trends are 

not statistically significant at the 95% confidence level. 

Projected drought 
Ongoing increases in greenhouse gas emissions are projected to cause further climate change [18]. 

Climate model simulations of future SPI drought are presented for the current climate (20 years 

centred on 1995) and future 20-year periods out to 2090 under a high greenhouse gas emission 

scenario (RCP8.5) (Figure 7-6). The characteristics of drought are represented by three measures, 

following [12]:  

• Drought duration: the average length (in months) of an event in a selected 20-year period.  

• Drought frequency: the number of droughts in a selected 20-year period.  

• Drought intensity per event: the average of cumulative SPI from all events for the selected 

20-year period. The more negative the value, the more intense the event. 
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Figure 7-6 Tuvalu average of drought duration (top), frequency (middle) and intensity (bottom) in the reference period (20 
years centred on 1995) and future periods (20-years centred on 2030, 2050, 2070, 2090) for a high greenhouse gas emission 
pathway (RCP8.5). Different drought categories (moderate, severe, and extreme) are given. Drought duration is in months, 
frequency is in “number of events per period,” while intensity is unitless (NB: the more negative the value the more intense 
the event). Results from 34 climate model simulations are shown as the median (50th percentile), 10th and 90th percentile 
(bars) and minimum and maximum values (whiskers). The dashed lines show the multi-model median for the baseline 
period for each drought category [2, 12]. SPI is calculated monthly with the value for each month representing the rainfall 
anomaly over the past 12 months [12]. 

Drought duration is projected to decline across all drought categories (Figure 7-6). A general 

decrease in the frequency of moderate and severe droughts is projected. Little change in drought 

intensity is projected. This is consistent with the projected increase in average rainfall (Chapter 5). 

The drought projections in Figure 7-6 are based on the SPI, which does not include the effect of 

projected increases in evapotranspiration. Therefore SPI-based drought projections may be 

conservative as increasing temperature, which affects evapotranspiration, is not considered.  

Furthermore, increased variability in rainfall may result in the increasing severity and likelihood of 

both flooding and droughts [19]. This is consistent with projected increases in extreme La Niña and 

El Niño events due to climate change [20-22]. Thus, the projected changes in ENSO extremes in the 

tropical Pacific could have significant impacts on Tuvalu’s weather patterns and coastal 

communities. 

Caveats 
Despite no trend in drought-related rainfall deficiencies, droughts are becoming hotter due to global 

warming associated with increases in greenhouse gas emissions [8]. Over Tuvalu, maximum air 

temperatures have increased 0.17 °C per decade since 1951, while minimum air temperatures have 

increased 0.21 °C per decade. The annual-average number of hot days (maximum temperature 

above the 90th percentile of the 1961-1990 period) has increased by 29 per decade, while the 

number of warm nights (minimum temperature above the 90th percentile for 1961-1990) has 

increased by 14 per decade [11]. 

Changes in the zonal gradients of sea surface temperature (SST) across the equatorial Pacific have 

major consequences for global climate [23]. It is important to note that there is a large degree of 

inconsistency among climate models on some aspects of future projections [23], as well as biases 

(e.g. [24-27]). See Chapter 4 for a more detailed explanation.  
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Chapter 8 Tropical cyclones and extreme wind 

Introduction 
Tropical cyclones (TCs) are one of the costliest natural hazards impacting communities in Pacific 

Island Countries due to their high exposure and vulnerability, which limits adaptive capacity [1]. 

Impacts come directly and indirectly from strong winds, extreme rainfall and storm surge, depending 

on TC intensity, location/tracks and speed of movement [2].  

TC definition 
Tropical cyclones are rapidly rotating storms that originate over tropical oceans with sea surface 

temperatures (SST) that are typically above 25.5 °C, and at least 5° of latitude away from the equator 

where there is sufficient Coriolis force to create rotation. TCs are typically around 500 km wide, but 

can vary considerably [3]. 

In the Australian and the South Pacific Ocean basins, a weather system is classified as a TC when it 

has a 10-minute sustained mean wind speed of at least 17.5 metres per second (m/s). In these 

basins, TCs are classified into five categories (Table 8-1): Category 1 (weakest) to Category 5 

(strongest). Systems that reach Category 3 and above are often referred to as severe TCs. 

Southern Hemisphere TCs usually form in the South Pacific Convergence Zone (SPCZ; Figure 8-1) 

region and propagate southeast. Consequently, island countries that lie along or poleward of the 

SPCZ can experience TCs more often than those that lie equatorward or farther east [4, 5]. Given 

Tuvalu is located on the northern boundary of the TC formation region for the Southern Hemisphere 

[4], TCs making landfall in Tuvalu are fewer, and are not usually in the severe category.  

 

Figure 8-1 The average locations of the South Pacific Convergence Zone, the Intertropical Convergence Zone, and the West 

Pacific Monsoon in the tropical Pacific region, defined using the mean daily precipitation over the period 1979-2020 (colour 

shadings and black contours). Mean TC formation regions (enclosed within red contours) for the summer-months (July-

September in the northwest Pacific, and January-March in the southwest Pacific) are derived using the information from 

Tory et al. (2020) [4]. Dashed white box encloses Pacific Island nations. Location of Tuvalu is indicated (white circle). 

Table 8-1 The Australian/Fiji TC intensity scale is used to classify TCs from categories 1 to 5 [6]. Maximum mean wind refers 
to 10-minute sustained wind speed. Note that the TC wind speed used for analyses are in m/s rather than km/hr or knots. 
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Category Typical effects 
Maximum Wind 

km/hr m/s kts 

1 
Damaging winds. Negligible house damage. Damage 
to some crops and trees. Boats may drag moorings. 

63–88 17.5–24.4 34.0–47.5 

2 

Destructive winds. Minor house damage. Significant 
damage to signs and trees. Heavy damage to some 
crops. Risk of power failure. Small boats may break 
moorings. 

89–117 24.7–32.5 48.1–63.2 

3 
Very destructive winds. Some roof and structural 
damage. Some caravans destroyed. Power failures 
are likely. 

118–159 32.8–44.2 63.7–85.9 

4 
Significant roofing loss and structural damage. Many 
caravans destroyed and blown away. Dangerous 
airborne debris. Widespread power failures.   

160–200 44.4–55.6 
86.4–
108.0 

5 
Extremely dangerous with widespread destruction  Greater 

than 200 
Greater 
than 55.6 

Greater 
than 
108.0 

Observed tropical cyclones 
Tropical cyclones usually affect Tuvalu during the southern hemisphere tropical cyclone season, 

which is from November to April, but also occasionally occur outside the tropical cyclone season [7]. 

A total of 59 TCs from the SPEArTC database were identified within the Tuvalu EEZ that either 

developed or passed the zone between the 1970/71 and 2021/22 TC seasons (Figure 8-2). This 

represents an average of 11.6 cyclones per decade for Tuvalu. 

Interannual variability in the number of tropical cyclones in the Tuvalu EEZ is large, ranging from zero 

in some seasons to four in 1993/04, 2004/05 and 2019/20. The high interannual variability is 

primarily due to the El Niño Southern Oscillation (ENSO) phenomenon where TCs are most frequent 

in El Niño years (e.g., ~6 cyclones per decade based on the 1970/71-2021/22 climatology), followed 

by neutral years (~4.6 cyclones per decade) and least frequent in La Niña years (1.2 cyclones per 

decade) (Figure 8-2). Note this large variability and the small number of tropical cyclones occurring 

within the Tuvalu EEZ make reliable identification of long-term trends in frequency and intensity 

difficult. 

 

 

 

Figure 8-2 Number of tropical cyclones passing within the Tuvalu EEZ per season. Each season is defined by the ENSO status, 
with red being an El Niño year, blue a La Niña year and grey showing neutral ENSO years (total TC counts for each category 
are indicated brackets). TC data are from the International Best Track Archive for Climate Stewardship (IBTrACS; [8]). Also 
presented (right panel) are the wind speed distributions as boxplots for two 25-year periods (1971-1995 and 1996-2021). 
The black line within the boxplot represents the median, the white dot represents the mean, the box is the 25-75th 
percentile range, and the whiskers represent the 5-95th percentile range. Since TCs are spread over the two calendar years 
a second year is used here to designate a season. 
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Comparing TC frequency and intensity for the two 25-year historical climatological periods (i.e., 

1970/71-1995/96 and 1996/97-2021/22), we note an average of 13.6 TCs/decade occurred in the 

earlier 1971-1995 period and around 9.6 TCs/decade in the latter 1996-2021 period; this difference 

is not statistically significant at the 95 % significance level. It is not clear whether this reduced 

frequency over the two periods is due to a direct impact of climate change or a result of natural 

climate variability given past decades have also been dominated by La Niña events that often 

account for relatively low TCs numbers over Tuvalu compared with El Niño and neutral events. 

Moreover, the mean TC wind speed shows ~10.6 % increase between the two periods (not 

statistically significant, Figure 8-2 right panel); 16.8 m/s (1970/71-1995/96) compared with 18.6 m/s 

(1996/97-2021/22). It is important to note that majority of TCs occurring during the latter period 

were associated with El Niño events where TCs can undergo increased intensity (e.g., [9]). 

These findings align with some other studies for the broader Pacific region where there is clear 

evidence that the total number of TCs affecting the Pacific have declined historically, – but the 

frequency of proportion (i.e., the ratio between number of severe TCs and total TCs), as well as 

mean TC intensity, have increased e.g. [10].  

El Niño Southern Oscillation and tropical cyclones. 
As discussed above, ENSO phenomena substantially modulate TC activity over Tuvalu [11]: 

• Generally higher TC‐induced impacts are present during El Niño due to increased frequency 

and intensity of TCs over Tuvalu. 

• Impacts are further enhanced during positive phase of the IPO, which favour occurrence of 

more El Niño events and also contribute to higher sea‐level over Tuvalu (compared to the 

negative phase). 

• During La Niña, TCs are relatively infrequent and less intense. However, higher sea‐level (as 

opposed to during El Niño) can elevate impacts of storm surge and coastal inundation in an 

event of a cyclone. 

• More frequent occurrence of TCs (including severe TCs) during El Niño are also associated 

with higher impacts of destructive waves. 

Tropical cyclone Projections 
Here we used models from the latest generation of the Coupled Model Intercomparison Project 

Phase 6 (CMIP6) [12] to assess projected changes in TC frequency and intensity for Tuvalu under the 

two emission scenarios: SSP3-7.0 (high emission scenario) and SSP5-8.5 (very high emission 

scenario). Note due to inherent limitations in CMIP6 models (such as coarse resolution, 

parametrization issues etc.), projections of TC frequency and intensity are substantially 

underestimated for Tuvalu. Therefore, our confidence in these local-area projections is low and so 

care must be exercised when interpreting the results in the context of global warming. 

There is also a large inconsistency between models in projecting changes in TC frequency for mid-

century (2036-2065) and late century (2070-2100), under both SSP3-7.0 and SSP5-8.5 emission 

scenarios. This is not surprising given inherent challenges of coarse resolution models to simulate 

TCs at local scales. For mid-century projections, most models project an increase in TC numbers 

though the increase for all models assessed is not statistically significant at the 95 % significance 

level (Figure 8-3, top). However, projected changes can vary from approximately 50 % decline to up 

to a 10 % increase, noting that TC numbers in these models are substantially low compared with 

observations and so statistics associated with percentage changes can be considerably exaggerated. 

By the end of the century, more models show a decline in TC numbers. This is also consistent with 
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results from CMIP5 simulations for the broader southwest Pacific region where the consensus is for 

declining cyclone numbers towards the end of the twenty-first century (e.g., [13]). 

 

Figure 8-3 Tropical cyclone frequency for Tuvalu in selected CMIP6 models for the historical climate period (1985-2014) and 
the two future simulations, (a) the mid-century (2036-2065) and (b) late twenty-first century (2070-2100), under SSP3-7.0 
and SSP5-8.5 emission scenarios. Note models are chosen to give a representation of a wide range of uncertainties 
associated with local-area projections. 

For countries like Tuvalu where ENSO play a major role in modulating TC frequency (i.e., more TCs 

during El Niño than La Niña events), it is also important to interpret any future changes in TC 

numbers in the context of ENSO. Chand et al. (2017) [14] showed that ENSO will continue to be a 

dominant large-scale climate process influencing natural variability of TCs in future. As per this 

study, while TC numbers are projected to decrease overall in the broader southwest Pacific, TCs are 

also projected to become ~20–40 % more frequent in the entire central Pacific region during future-

climate El Niño periods compared to present-climate El Niño periods (Figure 8-4, b), and less 

frequent during future-climate La Niña and neutral periods compared to present-climate La Niña and 

neutral periods (Figure 8-4, c). Since CMIP6 models project more El Niño-type conditions in the 

future climate [15], increased TC frequency for Tuvalu - as projected by some CMIP6 models - should 

also be given careful attention, as opposed a general narrative of declining TC numbers which may 

be true for the broader Pacific and globally (e.g., [16-18]).  
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Figure 8-4 Changes in TC frequency for late 21st century (2070-2100) vs late 20th century (1970-2000) overall (top), for El 
Niño conditions (middle) and La Niña conditions (bottom). Blue indicates decrease while red indicates increase. Projections 
are derived from 13 CMIP5 global climate models driven by a high emissions pathway (RCP8.5). Source: Chand et al. [14]. 

Mean TC intensity (represented by white dots in Figure 8-5) within the Tuvalu EEZ is projected to 

increase slightly for high and very high emissions scenarios. For the high (SSP3-7.0) scenario, mean 

TC intensity increased by 24 % and 36 % during the mid- and late-century periods, respectively, 

compared with the historical period. However, for the very high (SSP5-8.5) scenario, there is no 

significant change in the mean TC intensity, but the number of events with extreme winds have 

clearly increased for both mid- and late-century simulations (red dots in Figure 8-5). 

The return periods of extreme wind speed events are projected to decrease (Figure 8-6). By mid-

century, an event that occurred once in 30 years historically (e.g. TC Gavin on 6 March 1997) may 

occur once in 10 years for the high emissions scenario and once in 20 years for the very high 

emissions scenario. By late-century, an event that occurred once in 30 years historically may occur 

once in 20 years for the high emissions scenario and once in 10 years for the very high emissions 

scenario. The confidence in such changes is low due to uncertainties associated with coarse 

resolution models and the small sample of models.  
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Figure 8-5 Boxplots showing TC wind speed distribution for historical (HIST, 1985-2014) and future climate simulations for 
(a) mid-century (2036-2065) and (b) late twenty-first century (2070-2100) under SSP3-7.0 and SSP5.8.5 scenarios. 

 

Figure 8-6 Return period curves of TC wind speed for historical (HIST, 1985-2014) and future climate simulations for (a) mid-
century (2036-2065) and (b) late-century (2070-2100) under SSP3-7.0 and SSP5.8.5 scenarios. Dotted line represents lower 
wind speed threshold for Category 4 cyclones (i.e. 44.4 m/s as per Table 11). 

We find substantial evidence that TCs are projected to become more frequent (~20‐ 40%) in the 

central Pacific region spanning Tuvalu during future El Niño periods compared with present El Niño 

periods, and less frequent during future La Niña and neutral periods than their present‐climate 

counterparts [14]. These projections have low confidence because global climate model simulations 

have coarse resolution and the number of CMIP6 models with relevant data is limited [11]. 
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Extreme Winds and Storminess days 
Tropical cyclones are among one of many factors that often cause extreme winds over Tuvalu. Other 

factors may include, but are not limited to, west wind bursts associated with the Madden-Julian 

Oscillation (MJO, e.g., [19]) and strengthening trade winds (e.g., [20]). Therefore it is worth 

considering extreme winds due to all factors, not just TCs (in the previous). 

Extreme winds over Tuvalu were analysed using five CMIP6 models for the three different emissions 

pathways (SSP1-2.6, SSP2-4.5 and SSP5-8.5) to determine the extent to which extreme winds may 

change in future. Since simulated wind data tend to under-estimate historical intensity of extreme 

winds, the data have been statistically bias-corrected with available observational records (such as 

those from station data and TAO/TRITON buoys in the tropical Pacific [21]). Care must be exercised 

when interpreting the following results in the context of future climate change.  

Overall, there is a large variability in annual maximum extreme winds within and between models 

for both mid-century (Figure 8-7) and late-century periods (Figure 8-8), making it difficult to discern 

any significant trend.  

 

Figure 8-7 Comparison of Tuvalu annual maximum windspeed (m/s) for periods 1985-2014 (Hist) and mid-century 2040-
2060 using five CMIP6 models under low (SSP1-2.6), medium (SP2-4.5) and very high (SSP5-8.5) emissions pathways. The 
multi-model mean is shown in the bottom right panel. In each box/whisker plot, the central dot and line are the mean and 
median, respectively, and the box defines the 25-75th percentile range, and the whiskers define the 10-90th percentile 
range. 
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Figure 8-8 Same as Figure 18, but for end of the twenty-first century (2080-2100) simulation. 

The number of "storminess days” is relevant to conditions that are unsafe for fishing. This is defined 

as any day on which the maximum wind speed exceeds the threshold of 20 knots (or 10.29 m/s). 

Figure 8-9 and Figure 8-10 indicate that the number of unsafe fishing days may increase in future. To 

put this change into context, the number of unsafe days in present climate is around 4 days per year. 

This may increase to up to 6 or 7 days by mid-century, and up to 8 days by late-century, under the 

SSP5-8.5 pathway. While changes in tropical cyclone characteristics is one factor that may be 

contributing to the increase, it is not clear to what extent other factors such as strengthening trades 

winds and the MJO-related westerly wind busts are contributing to the changes. Future work is 

needed to investigate this.  
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Figure 8-9 Comparison of Tuvalu storminess days distributions for the historical period (1985-2014) and for the period 2040-
2060 under low (SSP1-2.6), medium (SP2-4.5) and very high (SSP5-8.5) emissions pathways. 

 

Figure 8-10 Same as Figure 20 but for the period 2080-2100. 

 

Caveats, uncertainties, confidence, and limitations 
Care must be exercised when interpreting historical and projected changes in TC frequency and 

intensity. High interannual variability and the small number of tropical cyclones occurring in the 

Tuvalu EEZ make reliable identification of long-term trends difficult. 

Estimating the future behaviour of TCs in the Pacific presents significant technical challenges. This is 

primarily due to the complex factors that drive TCs, the limitations of historical data, and the 

inherent uncertainty associated with climate models’ ability to accurately simulate both the 

frequency and intensity of TCs over multi-decadal timescales. These limitations are further 

complicated by the presence of large natural variability [7, 22]. However, undertaking analyses using 

different techniques can add confidence to the projections (e.g. [10, 13]), noting that selection of 

climate models should account for how well each model can simulate observed TC features. 

Different or conflicting results can also be reported in different experiments because of the different 

regional buffers used for analysis. For example, one assessment used the Exclusive Economic Zones, 

which are typically ~370 km from shorelines [23], while this assessment uses a 500 km buffer.  

It is important to assess the level of confidence in TC projections when communicating results, e.g., 

[17]. The projected increase in rainfall associated with TCs is robust (high confidence) [17]. Some 

climate models indicate a poleward shift in TC formation, but there is substantial uncertainty and 

low-medium confidence. CMIP6 climate models still have difficulty with simulations of key ENSO 

features [15]. Recent research indicates the potential for more uncertainty of ENSO projections in 

climate models, which has implications for regional TC frequency, especially concerning the 

observational records appearing to show a “La Niña-like” strengthening of the zonal SST gradient 

over the past century, whereas most climate model simulations project “El Niño-like” changes 
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toward a weaker gradient [24]. A better understanding of the fundamental mechanisms of both is 

needed to reduce the uncertainty [17]. Therefore, the projected decrease in TC frequency and 

increase in TC intensity have low confidence. Further TC research is needed using fine-resolution 

downscaling of a large sample of CMIP6 climate models. 
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Chapter 9 Sea Level Rise and Coastal Inundation 

Introduction 
All of Tuvalu’s islands are extremely low-lying, with the LiDAR DEM measurement of highest natural 

elevation being 6.54 m on Nuilakita [1]. Coastal inundation and groundwater intrusion risks arise due 

to a combination of factors, including tides, storm surge and waves, interannual sea level variability, 

and sea level rise (SLR).  

The impacts from coastal inundation depend largely on the exposure and vulnerability of local 

communities and related infrastructure and commerce/trade. Tuvalu communities are highly 

exposed because the population of 12,000 live within 1 km of the coast [2, 3].  

The Tuvalu Coastal Adaptation Project (TCAP) is implementing measures that reduce exposure to 

coastal hazards in the three target islands, developing a long term coastal adaptation strategy, 

building capacity of national and local authorities to better implement adaptation actions, and 

investing in youth as future stewards of a resilient nation (https://tcap.tv). The physical climate 

change risks from SLR and storm-surge, coastal inundation and groundwater upwelling are for the 

most part well understood through the work of the TCAP. It follows that this assessment of hazards 

and impacts draws primarily from the key findings and outcomes of the TCAP (see TCAP breakout 

box for more details).  

Observations and trends 

Sea level 
One of the most pressing climate change concerns for Tuvalu is the rise in sea levels and the 

associated projected shoreline retreat resulting from global warming [4]. Global mean sea level rose 

20 cm between 1901-2018 [5, 6] with 15 cm in the past 30 years [7]. Over the western tropical 

Pacific, sea level rose about 10–15 cm between 1993 and 2020 [8], which is faster than in the central 

and eastern parts of the tropical Pacific [9] (Figure 9-1; top). Tide gauge measurements indicate a 

rise of 0.43 cm/year for the period 1992 to 2020 (Figure 9-1; bottom).  

 

https://tcap.tv/
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Figure 9-1 Top: Sea surface height (SSH) trends (cm/epoch) from satellite altimetry (shaded contours) and sea level trends 
from tide gauges (circles) during 1993–2020. Trends that are less than interannual variability, which is determined by the 
standard deviation of monthly anomalies, are indicated by hatching and circles with dots for the altimetry and tide gauges, 
respectively. Source: [8] Bottom: Daily SSH data from satellite altimetry and the Funafuti tide gauge measured relative sea 
level (see Sea Level Explorer Tool (https://ccar.colorado.edu/altimetry/ ). 

Sea level rise is particularly of note for Tuvalu’s total land area of 25.3 km2 (MHWS), because the 

highest natural points are 6.54 metres above sea level in Niulakita based on recently collected LiDAR 

data [1]4. Tuvalu is therefore very vulnerable to coastal inundation, saltwater intrusion, flooding and 

erosion, particularly in the vicinity of windward sites of the atoll islands [7, 11, 12]. Measurements 

taken in Fongafale indicate land subsidence at a rate between 1993 and 2023 of 1.4 mm per year [7]; 

with the rate most likely varying across the archipelago. If subsidence rates increase, SLR impacts will 

increase accordingly [13].  

Elevation (and land area) is being increased in some locations through land reclamation [14, 15]. The 

Government of Tuvalu’s long-term adaptation plan, ‘L-TAP’, is designed to accommodate the 

population safely beyond 2100 (beyond the time frame scope of this current assessment), by 

reclaiming a 3.6 square kilometre footprint on Funafuti [16]. 

Sea level variability 
The tropical Pacific experiences very large internal and decadal sea level variability, which to some 

degree confounds these regional sea level rise rate differences. Seasonal variations in sea level can 

occur due to changes in ocean temperature, ocean currents or prevailing pressure and wind 

patterns. At Funafuti the seasonal range is 0.00 to 0.09 with higher values around March and lower 

values around September [17]. The year-to-year variations in sea level are closely associated with 

the El Niño-Southern Oscillation. During El Niño events, sea level around Tuvalu typically drops in 

January- February-March following the onset of the event in the previous year. Within the 

 

4 Human induced increases in elevation extend higher to ~10.48 m but these dredge spoil mounds are not 

considered stable substrate”. 10. FUGRO, Report of survey airborne LiDAR acquisition across Tuvalu’s nine atolls. 

2019 Fugro Document No. TLCS 00.066.006; Available from: https://tcap.tv/news/2021/10/27/lidar-imagery-data-

in-tuvalu-an-empowering-tool-against-climate-change-chegj.. 

 

https://ccar.colorado.edu/altimetry/
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observational record, these drops can exceed 20 cm, although there is substantial variability from 

year-to-year. During La Niña events, sea level in Tuvalu does not exhibit a substantial response [7]. 

Additionally, the Madden-Julian Oscillation which is more active in the austral summer can create 

significant sea level variations resulting from wind-stress anomalies, with a larger response found 

along western coastlines [7, 18]. 

 

Figure 9-2The annual cycle of high waters relative to mean sea level (MSL) due to tides, short-term fluctuations (most likely 
associated with storms) and seasonal variations for Funafuti. The tides and short-term fluctuations are respectively the 98% 
exceedance levels of the astronomical high tides relative and the short-term sea level anomaly fluctuations (both relative to 
MSL). Components computed only for El Niño and La Niña years are shown by dotted and dashed lines, and black lines are 
the total (sum of the tide, short-term and seasonal components). Overall confidence intervals (CI) for total water levels are 
shaded in grey. The 10 highest sea level events in the record relative are shown and coded to indicate the phase of ENSO at 
the time of the extreme event (Source: [17]). 

Extreme sea level and coastal inundation 
The annual climatology of the highest daily sea levels has been evaluated from hourly measurements 

by tide gauges at Funafuti (Figure 15.7). Tides and short-term sea-level fluctuations create a 

tendency for highest annual water levels to occur during February through March. This is consistent 

with the timing of most of the top 10 highest sea levels recorded which all occur during these 

months [19]. 

‘King Tide’ events5 have been estimated at 3.2 m for Tuvalu [20]. The height of King Tide is affected 

by the combined factors of spring tide, storm surge, climate variability, and, significantly, by the 

warm-water effect [20]. Fongafale experiences average king tides of 3.2 m and average spring tides 

of 2.7 m with the terrain profile of Tuvalu drawn to illustrate the relative elevation of mean lower 

low water, the regular spring tide elevation, and the King Tide threshold [20] (Figure 9-3). On 

average, there are approximately 1.5 King Tide events every year, the rate corresponding with local 

observational information. 

 
5 National Oceanic and Atmospheric Administration defines King Tide events as those that occur ‘once or twice 
a year’. 
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Figure 9-3 Conceptual explanation of coastal geomorphology for interpreting and analysing tidal forcing (a) relative height 
profiles of key datums for Fongafale, Tuvalu, and (b) Google Maps image of Fongafale, Funafuti. (Source: [20]). 

The risk of being inundated is due to a combination of factors, including tides, storm surges, storm 

waves and interannual sea level variability (due to factors such as ENSO) [7, 21]. Local 

geomorphology influences the relative contributions of these different factors and how they 

combine to create extreme sea levels. For example, coastal bathymetry (shape of the seabed), 

especially the presence of offshore reefs, can influence storm surges and wave-driven contributions 

(Figure 9-4).  

 

Figure 9-4 Schematic diagram of the 
contributions of extreme sea levels at 
the coast for a reef fronted island. The 
different contributions are tides, storm 
surge, storm waves and interannual 
sea level variability. Extreme sea levels 
are rare and may not always occur due 
to a tropical cyclone; for instance, if a 
storm surge happens at low tide, the 
total water level may not be extreme 
at the adjacent coastline.  

Storm events and waves play 

important roles in total water level changes on shorter timescales (minutes to days) in Tuvalu. 

Storms both in the vicinity of Tuvalu or more remote to Tuvalu can lead to significant impacts for the 

coastlines of Tuvalu. Substantial wave setup and runup can be generated either by nearby tropical 

storms and cyclones or from wind-waves triggered from distant sources [22]. The compound impacts 

during extreme weather events are important to appreciate. The impacts of Tropical Cyclone Pam, 

which affected Tuvalu in 2015, resulted in locally extreme sea levels due to the combination of 

regional sea-level rise, tides and wind-waves [11, 21, 23]. 

There are three main wave energy sources affecting Tuvalu - extratropical storms in the Southern 

Ocean, extratropical storms in the North Pacific, as well as easterly trade winds [24]. Tuvalu’s wave 

conditions are also linked to ENSO, the Pacific Decadal Oscillation, and the Arctic and Antarctic 

Oscillation [25]. In the past flooding, has occurred during the high spring tides from January to 

March but in recent years flooding in Tuvalu has also been experienced due to waves from cyclones 

(TC Pam in 2015 and TC Tino in 2020) and swell waves from distant sources (Adams et al 2023; 

Hoeke et al 2013).  

Offshore reefs cause waves to break offshore and thereby reduce the wave energy (and height) that 

eventually reaches the coast (Figure 9-4). The dynamic nature of coastal foreshores can result in 



58 
 

highly localised changes in response to currents and waves, resulting in both deposition and erosion 

of sand and other reef-derived materials [26, 27]. So, while mean sea level rise is slow and gradual 

over time, coastal inundation impacts are already being witnessed regularly throughout Tuvalu on 

each spring tide [20].  

Sea level rise projections and exposure to inundation 
Recent studies have demonstrated that wave setup and runup and thus total water level associated 

with these events can vary depending on the approach of a storm or direction of waves generated 

remotely [11]. Sea level rise will likely enhance the impact of wave runup in Tuvalu as water levels 

become higher over the coral reefs, allowing larger waves to reach the shoreline [7, 22]. Future SLR 

will trigger increases in both the frequency and the severity of episodic flooding with more than 100 

days of flooding every year by 2100 [7]. 

Sea level rise projections 
The sea level rise projections for Tuvalu6 [28] show a median rise of about 0.13 m by 2030 (Table 

9-1) compared to a 20-year baseline centred on 1995 (1986–2005), By 2050, the rise is 0.22 m for 

low emissions (RCP2.6) and 0.27 m for high emissions (RCP8.5). By 2090, the rise is 0.41 m for low 

emissions and 0.71 m for high emissions (Table 9-1 and Figure 9-5).  

Table 9-1 Median sea-level projections for Tuvalu with 5–95% uncertainty range relative to 1986–2005 for RCPs 2.6, 4.5, 
and 8.5. Units are metres. Source: [28]. 

20-year periods 
centred on 

RCP2.6 RCP4.5 RCP8.5 

2030 0.13 [0.09–0.17] 0.12 [0.09–0.16] 0.13 [0.09–0.18] 

2050 0.22 [0.17–0.29] 0.23 [0.16–0.31] 0.27 [0.19–0.37] 

2070 0.32 [0.23–0.43] 0.36 [0.26–0.48] 0.46 [0.32–0.63] 

2090 0.41 [0.30–0.56] 0.50 [0.36–0.68] 0.71 [0.50–1.00] 

 

Figure 9-5 Time series of past and future sea level rise. Funafuti tide-gauge records of relative sea level are indicated in 
black, the satellite record in green, reconstructed sea level data in purple, all are monthly means and referenced to mean 
sea-level between 1986-2005. Climate-model projections from 1995–2100 are given for three RCPs with the 5–95% 

 
6 This is a reassessment of CMIP5-based sea level rise projections, which were published by the IPCC in 2019. 
Please see Caveats section for discussion of sea level rise tipping points. 
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uncertainty range shown by the shaded regions. The dashed lines are an estimate of month-to-month variability in sea level 
(5–95% uncertainty range about the projections and reconstruction) and indicate that individual monthly averages of sea 
level can be above or below longer-term averages. Source [28] 

Adams et al 2023 [7] provide a visual representation of the likely saltwater intrusion and shallow 

groundwater flooding vulnerability for 2100 using a mean of SSP2-4.5 and SSP5-8.5 for both 

groundwater recharge and sea level (Figure 9-6 and Figure 9-7). 

 

Figure 9-6 Saltwater intrusion and shallow groundwater flooding vulnerability for 2100 for Tuvalu for SSP2-45 (left and 
SSP5-8.5 (right). Note for saltwater intrusion, calculations are done at the centroid of different watersheds, leading to 
circles in the nearshore ocean for curved watersheds (e.g. near Funafuti). There is more risk of saltwater intrusion near the 
southwest part of the island, near Tefonufala Beach. Higher parts of the island near Funafuti display less vulnerability to 
shallow groundwater flooding (Source: [7]. 

 

Figure 9-7 Salt-water intrusion on land in Tuvalu 

 

Coastal inundation projections 
A recent study [24] exploring coastal inundation, includes nearshore processes such as wave setup 

and runup, in addition to tides and sea level, in their modelling. These processes are critical for 

providing fine-scale projections of coastal inundation for Tuvalu’s nine main islands. 
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Hazard maps were calculated for the present sea level, as well as for sea level rise projections 

corresponding to different shared socio-economic pathways (SSP2 4.5 and SSP5 8.5) and time 

horizons (2060 and 2100). Figure 9-8 shows the current return intervals for flooding of Nanumea. By 

2100 (SSP2 4.5) many areas presently only flooded once every 50, 100, or even 250 years may flood 

once every 5 or 10 years (Figure 9-8). While there are differences across the various islands, the 

overall trends and timelines remain similar. In Funafuti, Nui, Nukufetau, and Vaitupu, current 50‐

year flooding may occur once every 1 to 5years by 2060 [1]. 

 

Figure 9-8 Average return intervals (ARI) for flooding in Nanumea under present sea levels (left), and under SSP2 4.5 by the 
year 2100 (right) (Source [24]). 

The flooded area was calculated for each return period and sea level scenario (Figure 10). Under 

present sea levels ∼6.9 km2 (∼27.2%) of land area inundate once every 5‐year across all of Tuvalu. 

By 2060 under high emissions (SSP5-8.5), this value almost doubles to ∼13.5 km2 (∼53.1%) for an 

ARI of 100 years (Figure 9-9). However, some islands are more likely to experience flooding than 

others (See chapter 2 of this report) [1]. The increase in low, medium and high tide flooding extents 

flooding also indicate an increase in frequency in Funafuti due to sea level rise alone [7] with detail 

in their study showing inundation timing under both SSP2-4.5 and SSP5-8.5. 

It is noted, projected changes in wave climate are expected to only have minimal effects on 

inundation levels compared with changes in sea levels. However, as global warming continues, the 

frequency of tropical cyclones is anticipated to decrease while the intensity of tropical cyclones will 

increase (e.g., [29, 30]). Whether this will significantly alter the coastal flood hazard in Tuvalu 

remains subject to further study [1, 24]. 
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Figure 9-9 Flooded area (km2) above MHWS across all of Tuvalu for different annual return intervals (ARIs) and sea levels. 
Colours represent different sea level scenarios. 50-yr ARI, 100-yr ARI, and 250-yr ARI under present sea levels are 
highlighted by grey lines for comparison. Source: Wandres et al., 2024 

Though the projections vary across Tuvalu’s islands the overall trends and timelines are similar such 

that in Funafuti, Nui, Nukufetau, and Vaitupu the present‐day 50‐year ARI flooding will become 

more frequent than once every 5 years by 2060 (Figure 9-10). Whereas these projections find that 

for Nanumaga, Nanumea, Niutao, and Nukulaelae the present day 50‐year ARI flooding will occur 

more than once every 10 years by 2060, even under SSP2 4.5 (Figure 9-10). 

 

 
Figure 9-10 Percentage of flooded area (% of land area) above MHWS for different annual return intervals (ARIs) and sea 
levels for the different islands of Tuvalu. 50-yr ARI, 100-yr ARI, and 250-yr ARI under present sea levels are highlighted by 
grey lines for comparison. Source: Wandres et al., 2024. 
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Other factors affecting coastal inundation impacts. 

Tsunami risk  
Tuvalu’s morphology means that tsunami risks present a notable hazard. In 2015, the Global Facility 

for Disaster Reduction and Recovery (GFDRR) assessed Tuvalu as having a medium hazard level, 

which means “there is more than a 10 % chance of a potentially damaging tsunami occurring in the 

next 50 years” [31]. However, the assessment of Tuvalu’s tsunami hazard risk level is not informed by 

sites in Tuvalu itself, see Figure 9-11 below.  

An earlier assessment of tsunami risk of southwest Pacific nations [32] pointed out that low-lying 

atolls such as Tuvalu and Kiribati are likely to be especially vulnerable to tsunamis due to lack of 

higher ground. However, they also point out that the steep declines into deep ocean may mean 

there is not a pronounced shoaling effect and so these islands may never experience a large tsunami 

[32]. Therefore, assessment of Tuvalu’s tsunami risk may need to be prioritised for further research 

efforts to clearly elucidate the associated risks.  

Geohazards such as tsunamis are forecast to increase in both severity and frequency as part of 

climate change impacts since tsunamis are exacerbated by sea level rise (which is responsible for 

causing dynamic morphological changes of the near- and onshore coastal environment). Recently it 

was reported that tsunami hazard intensity tends to increase linearly with sea-level rise and the 

impacts of climate change on tsunami risk require more research [33, 34].  

 

Figure 9-11: Tsunami risk assessment for the Tuvalu area, depicting which sample sites were used noting sample sites were 
not within the Tuvalu EEZ. Source: https://risk.preventionweb.net/download/Tsunami_hazard_results_g1545.zipavailable 

Land reclamation 
Several land reclamation projects have been recently completed in Tuvalu in an attempt to mitigate 

the risk of sea level rise under various climate change scenarios. The impacts of coastal inundation 

need to be re-assessed once all phases of the reclamation projects are completed and a new digital 

elevation model (DEM) is produced. The inundation risks may be further reduced because of the 

final phase in which the reclamation projects complete revegetation of the sites. Planning for long-

term sea level rise out to 2100 is being considered under the LTAP initiative [16] (NB: Not in the 

time-frame scope of this assessment). 

Borrow pit remediation through reclamation 
One of the projects to address inundation impacts already experienced in Tuvalu was the filling of 

borrow pits which had been excavated during World War II to build Tuvalu’s airstrip. The borrow pit 

https://risk.preventionweb.net/download/Tsunami_hazard_results_g1545.zipavailable
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filling project dredged over 250,000 m3 of sand from the Funafuti lagoon [35]. The borrow pits were 

tidal and porous, moving waste into the lagoon, degrading the local ecosystem, and triggering 

human health risks with sanitation concerns – see Figure 9-12. The project to fill the borrow pits 

removed the sanitation risk and created a further 6 % of useable land [35]. 

 

Figure 9-12: Borrow pit filling project at Funafuti (Source: https://www.hallcontracting.com.au/projects/donors-and-
international-aid/nukufetau-coastal-works-project )  

Nukufetau seawall repair  
Tuvalu was affected by wind-waves generated by Cyclone Pam in early 2015 [36] causing 

considerable flooding [11] and damage to Nukufetau. The island’s concrete block seawall was 

destroyed, resulting in damage to homes and vulnerability to damaging cyclones (Source: 

https://www.hallcontracting.com.au/projects/donors-and-international-aid/nukufetau-coastal-

works-project). Urgent seawall repairs were undertaken with the assistance of UNDP, as well as 

beach sand replenishment to restore the usable land area. The restoration work used 5 tonne 

geotextile sand containers (ELCOROCK) filled with local sand to re-establish the Nukufetau seawall 

[35]. 

 

Figure 9-13: Borrow pit filling project at Funafuti (Source: [35])  

Funafuti shoreline changes  
Land reclamation on Funafuti involved the addition of two strategically placed groynes constructed 

from 2.5 m3 geotextile sand containers to retain the dredged beach nourishment sand (115,000 m3 



64 
 

dredged from the nearby lagoon and pumped to a reclamation area). This created a new recreation 

area of around 40,000 m2 with the project works carried out for 55,000 m2 of coastline [35].  

Commentary on island erosion, accretion and sea level rise  

Sea level rise is one of the most significant climate hazards for Tuvalu, now and into the future, 
and adaptation to increasing SLR in order to protect high value coastal resources, critical 
infrastructure and local communities is an existing and ongoing priority. However, the coastlines 
of reef islands (i.e. those composed of reef-derived carbonate material), which comprise all the 
Tuvaluan islands, evolve naturally (changing to varying degrees) over years to decades, as local 
erosion or accretion occurs. This is due to the interaction of waves, winds, sea level, the 
calcification rates of reef organisms and subsequent reef growth and associated production of 
carbonate sediment, some portion of which eventually becomes part of island substrates; more 
recently human actions, such as land reclamation have also played a large role [37, 38].  

Storm surges and waves during inundation events may be both destructive (eroding materials) 
and constructive (depositing new sediment); reef islands are widely expected to experience 
increasing erosion pressure due sea level rise this century [39]. There is strong evidence, on the 
other hand, that (on average) most reef islands globally have ‘kept up’ (i.e. have not experienced 
net erosion) with past sea level changes (at least over the last two thousand years, see Kench et al 
2023 for summary). This is consistent with several independent studies of Tuvalu that show that 
overall, its islands do not appear to have experienced net loss of land (erosion) over the last 
several decades (e.g. [40, 41]), despite experiencing the sea level rise over the same period. 

To what degree this will continue in future is highly uncertain, however. The projected 
(accelerated) rates of sea level rise combined with anticipated impacts to reef growth (marine 
calcification rates) due to ocean acidification and ocean temperature-related coral bleaching may 
rapidly outstrip reef islands’ natural ability to keep pace with sea level rise, particularly under 
higher emission scenarios. Also, even if some islands can keep pace with higher-end sea level rise 
scenarios, it will mean much more frequent inundation events [42].  

There is little doubt, however, that individual islands will have highly disparate outcomes – as with 
many climate impacts, there will be relative winner and loser locations within Tuvalu in terms of 
increased vs. decreased (net) erosion. Understanding this will be a key part of successful climate 
adaptation, but it is complex and requires better knowledge and prediction of changes in reef 
growth and sediment production [38] and improved island geomorphic models [43]. Success will 
likely depend on implementation of carefully designed mitigation and/or intervention practices 
(including ecosystem-based approaches, such as that discussed in Toth, et al 2023 [44]) in concert 
with targeted traditional coastal engineering solutions, such as sediment renourishment or land 
reclamation where appropriate. This will depend on local managers to be fully cognisant of the 
principal drivers of coastal evolution in a changing climate [45].  

When this is sufficiently understood, there are examples of carefully managed, assisted sediment 
transport regimes which have intervention have arguably successfully protecting coastal 
communities from erosion and inundation in low-lying coastal settings, such as the Tweed River 
and Gold Coast sand bypassing and backpassing systems on the Queensland and NSW border in 
Australia or the sand engine in the Netherlands which also uses an engineered mega-nourishment 
system [46]. These are in continental coastlines dominated by longshore transport of significant 
fluvial (river) sediment sources (significantly different environments from reef islands), however 
and the solutions they employ rely on intensive monitoring and several decades of prior study.  
The unique sediment dynamics of reef islands and their vulnerability of to sea level rise require 
new, integrated adaptation strategies to be developed to avoid critical impacts to the future 
viability of the islands making up Tuvalu. In particular understanding how the geomorphological 
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impacts of SLR combined with increasing wave energy should be investigated focussed on 
contrasting issues for table reef islands compared to atoll islands. 

Coastlines, and particularly reef islands, are expected to experience more erosion pressure due to 
compound hazard events (storm surge, sea level rise, coral bleaching, and ocean acidification) as a 
result of climate change [47]. Factors for future consideration include: 

• Monitoring of land vertical movements should be more fully included in future coastal 
hazard assessment for Tuvalu.  

• Using dynamic adaptation pathways planning ensures that appropriate adaptation 
strategies are used prior to impact thresholds being crossed [48]. 

• Ultimately, it is important to involve local people in making observations of coastal 
erosion to collect information about extreme weather erosion impacts.  

Caveats 
All of the inundation modelling discussed in this report is not able to account for island (or reef) 

morpho-dynamics (changes in topography/bathymetry) due to natural processes like island 

erosion/accretion and reef calcification (growth) or degradation due to ocean acidification, ocean 

warming or coral bleaching impacts [49]. This is important, since in realty significant changes in all of 

these factors will occur. 

There are significant uncertainties about sea level rise and coastal inundation [50]. Table 9-1 

quantifies the 5-95 percentile range of uncertainty for sea level rise, but larger values are possible. 

These ‘low likelihood high impact’ scenarios, can be very confronting and confusing for stakeholders, 

so it is important to describe the associated confidence ratings and uncertainties [51]. The most 

relevant sea-level tipping point for Tuvalu is extremely high sea level rise due to rapid ice sheet 

disintegration [52], but there is high uncertainty about whether, and on what time scale, such 

changes will occur. 

A predictive model included a correlation between global mean surface temperature and Antarctic 

ice-mass loss, and a projection of global mean surface temperature for a high (RCP8.5) greenhouse 

gas concentration pathway, giving a median SLR of 1.84 m, and a 95th percentile value of 2.92 m, by 

the year 2100 relative to the year 2000 [52]. These findings are higher than IPCC (2021) [5] 

projections for the high (SSP5-8.5) concentration pathway indicating a 'low confidence’ 95th 

percentile value of 2.3 m by 2100, relative to 1995-2014 (Figure 9-14). More recently an analysis 

based on physical storylines arrived at a lower value of up to 1.6 m in 2100 and up to 10.4 m by 2300 

[53]. 

Sweet et al (2022) [54] report a range of projections of relative sea level along the contiguous U.S. 
coastline being 0.6–2.2 m by 2100 relative to 2000. This broad range is driven by uncertainty in the 
response of the underlying physical processes. “For the low-confidence ice-sheet processes and high 
emissions pathways, probabilities rise to about 50 %, 20 %, and 10 % of exceeding 1.0 m, 1.5 m, or 
2.0 m of global rise by 2100, respectively.” Sweet et al’s high end estimates put a lot of emphasis on 
a single study (that of DeConto and Pollard 2016 [55]) which was not used in SROCC or AR6 because 
the Marine Ice Cliff instability (MICI) process was not considered to be a major factor on the time 
scale of 2100. Similarly the medium confidence projections of AR6 do not include MICI. 

While extremely high sea level rise scenarios are relevant for stress-testing and risk screening, they 
are associated with low confidence and low likelihood, so should be treated with caution. The high 
uncertainty around these SLR ranges should reduce over the next decade when both marine ice 
sheet instability and marine ice cliff instability become better understood and incorporated into the 
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models [5]. Furthermore, the high concentration pathway is considered to have low likelihood given 
recent emissions growth rates and policies [56].  

 

Figure 9-14 Global mean sea level (GMSL) rise on different time scales and under different scenarios. The observed change 
from 1900 to 2018 (black line) is shown along with projected changes from 2000–2150 relative to a 1995–2014 baseline. 
Solid lines show median projections. Shaded regions show likely ranges for SSP1-2.6 and SSP3-7.0. Dotted and dashed lines 
show respectively the 83rd and 95th percentile low confidence projections for SSP5-8.5. Bars at right show likely ranges for 
SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 in 2150. Lightly shaded thick/thin bars show 17th–83rd/5th–95th 
percentile low-confidence ranges in 2150 for SSP1-2.6 and SSP5-8.5, based upon projection methods incorporating 
structured expert judgement and marine ice cliff instability Source: [5] Box TS.4. 
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Chapter 10  Ocean warming 

Introduction 
The global ocean has warmed unabated since 1970 and has taken up more than 90 % of the excess 

heat in the climate system [1]. Sea surface temperatures (SSTs) were 0.88 °C higher in 2011-2020 

than 1850-1900 [2]. Marine heatwaves (MHWs) are episodes of prolonged and anomalously high 

ocean temperatures [3, 4]. Over the last four decades across the globe, MHW frequency, intensity, 

and duration have increased [5], and climate projections indicate that this trend is set to continue 

for decades to come in many regions, including the Pacific.  

Ocean warming is largely due to increases in greenhouse gas emissions caused by human activities 

[2], and various related climate impacts on coastal communities, resources and biodiversity (e.g. 

species redistribution, coral bleaching, die-back of seagrass and mangroves, algal blooms and fish 

kills) [6]. These emissions having also resulted in increased ocean acidification (See Chapter 11). 

 

Observed sea surface temperature 

Observed average patterns, seasonal cycle, and trends. 
Across the Tuvalu region, annual average SSTs range from about 28.6 °C to 29.5 °C from south to 

north (Figure 10-1, left). Ocean temperature, as measured at the Tuvalu tide‑gauge in Funafuti 

lagoon, ranges from 29 °C to 30 °C for the 1993 to 2021 period, exhibiting unique bimodal peaks 

around 30 °C in November/December and April/May (Figure 10-1, top right) [7]. Individual monthly 

temperatures can reach as high as 31.5 °C. Minimum average temperature only dips down to 29 °C 

in August. Temperatures can be up to 2 °C higher or lower than these averages, although 50 % of 

observations fall within 1 °C of the average [7]. 
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Satellite-derived SST measurements taken from the NOAA (National Atmospheric and Oceanic 

Administration) daily Optimum Interpolation Sea Surface Temperature v2-1 dataset7 (hereafter 

called OISST v2-1; [8]), have been averaged over the Tuvalu Exclusive Economic Zone, revealing a 

warming trend of 0.22 °C per decade during 1981-2021 (Figure 10-1, bottom right) [7].  

 

 

 
Figure 10-1 (left) Tuvalu annual-average SST (°C) (1982–2022). (Top right) SST (° C) measured at the Funafuti tide gauge 
(1993–2021), with blue dots showing the monthly average, shaded boxes show the median (middle 50 % of observations) 
and lines showing the top and bottom 25 % of observations. (Bottom right) SST from satellite measurements averaged 
across the Tuvalu EEZ, with annual averages shown as the orange line. The blue line shows the linear regression trend [7]. 
Data source for left and bottom right plots: [8]. 

SST, ENSO and skipjack tuna catch 
The dynamics of many marine fish stocks are linked to multiple scales of climate variability. An 

important case in point is the large-scale, east-west displacements of skipjack tuna in the equatorial 

Pacific, which are correlated with ENSO events [9] and lead to large fluctuations in catches from the 

EEZs of PICTs. SSTs northeast of Tuvalu are usually warmer than normal during an El Niño event, and 

cooler during a La Niña event (PACCSAP, 2014). This causes large-scale, east-west displacements of 

skipjack tuna in the equatorial Pacific, and in an El Niño event, the fish can occur in a more westward 

area following the warm water [10, 11]. Therefore, during La Niña events, the best catches of 

skipjack tuna are made in the west of the region, whereas during El Niño events fishing is best in the 

east [11]. 

  

 
7 Daily OISST data are constructed by combining observations from different platforms (satellites, ships, buoys, and Argo 

floats) on a regular 0.25 ° global grid (around 27 km between data points) with interpolation to fill any data gaps. Full-year 

data are available from 1982–2022. Also see Glossary. 
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SST Projections  
Projected increases in SST for the Tuvalu EEZ region by 2050 range from around 0.9°C for SSP1-2.6, 

1.1°C for SSP2-4.5 and 1.3°C for SSP5-8.5, and by 2090 range from around 1.0°C for SSP1-2.6, about 

1.6°C for SSP2-4.5 or up to 2.8°C for SSP5-8.5,  relative to the average for 1995-2014 (Figure 10-2 and 

Table 10-1). This translates to average ocean temperatures of over 32.1°C by the end of the century 

under SSP585, compared to the baseline average of 29.3°C (1995-2014). The spatial patterns of SST 

in 2030, 2050, 2070 and 2090 for SSP1-2.6 and SSP5-8.5 are shown in Figure 10-3. 

 

Figure 10-2 Timeseries of projected increase in annual average SST (°C) (2010-2100) for the Tuvalu EEZ from 23 CMIP6 
models over three emission scenarios: SSP126, SSP245, and SSP585. Shown are the median values (bold line) and the 10th 
and 90th percentile under each scenario. OISSTv2.1 observed annual average SST over the Tuvalu EEZ is shown by the solid 
black line. 

Table 10-1: Summary table of the SST changes (°C) for SSP1-2.6 and SSP5-8.5 in Figure 3 relative to a 20-year period centred 
on the 1995-2014 baseline period.  

Time period Scenario 
Mean change 

(°C) 
10th to 90th 

percentile (°C) 

2030 (2021-2040) 
SSP1-2.6 0.7 -0.7 to 1.7 

SSP5-8.5 0.8 -0.5 to 1.8 

2050 (2041-2060) 
SSP1-2.6 0.9 -0.5 to 2.1 

SSP5-8.5 1.3 0.0 to 2.5 

2070 (2061-2080) 
SSP1-2.6 1.0 -0.5 to 2.2 

SSP5-8.5 2.0 0.5 to 3.3 

2090 (2081-2100) 
SSP1-2.6 1.0 -0.5 to 2.2 

SSP5-8.5 2.8 1.0 to 4.1 
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Figure 10-3 (left) Observed 20-yr average Tuvalu SST (°C) (1986-2005; OISSTv2-1), and (right) range of projected SST for the 
Tuvalu region from 23 CMIP6 models for 2030, 2050, 2070 and 2090 under SSP126 (top) and SSP585 (bottom). To show the 
potential range of change, the 10th percentile of the SSP126 and the 90th percentile of the SSP585 CMIP6 projections are 
shown. The Tuvalu Exclusive Economic Zone is shown by the dashed polygon. 

Tuna fish catch, SST and ENSO 
Across the Pacific Ocean, SST projections suggest a large eastward shift in the location of the edge of 

the Western Pacific Warm Pool. The Warm Pool is defined by a fixed isotherm, e.g., 28.5 or 29 °C, 

which is a temperature threshold supporting tuna fisheries. This warming is related to slightly 

enhanced warming along the equatorial Pacific, and possibly associated with a projected slowdown 

in the equatorial trade winds [11]. Based on CMIP3 models, the historical area contained within the 

29 °C isotherm: 9 Million km2 (averaged over 1980−2000) expands to 29−33 Million km2 (model 

ensemble 90% confidence interval) by 2050 [11]. In addition to the expansion of the warm pool, 

there may be more extreme El Niños and La Niñas in future [12, 13].  

New modelling efforts have been undertaken to better understand the effects of climate change on 

tuna biomass [11], particularly around distribution within the EEZs and the high seas [11]. There is 

considerable uncertainty in the timing and magnitude of tuna redistributions in and out of Tuvalu’s 

EEZ, however, the general consensus in climate modelling is that tropical tuna distributions in the 

Pacific are projected to shift eastwards [9, 11, 14-16] (See Fisheries section in Chapter 2). 

Ocean temperature extremes 

Introduction 
Marine heatwaves (MHWs) are typically caused by either atmosphere-ocean heating or the 

convergence of heat from changes in ocean currents, which can be modulated by modes of climate 

variability [17, 18]. MHWs have resulted in substantial impacts to marine ecosystems and the 

services they provide [19], including biological and socioeconomic consequences [20, 21]. 

Furthermore, future projections of MHWs through the 21st century are likely to carry severe 

consequences for marine species and ecosystems [22]. 

MHWs can have a very different temperature profile (i.e. °C) depending on the seasonal / regional 

background temperatures. For example, a heatwave occurring in August is unlikely to reach 

temperatures as high as those occurring in February in Tuvalu. However, there may be other 

biological processes (e.g., spawning, recruitment, food web relationships) that would still be 
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sensitive to MHWs in August, e.g., [23] MHWs on top of long-term warming in August enables 

establishment of invasive species where a previously cool August would have killed them off [24]. 

Marine heatwaves defined 
Marine heatwaves are defined as ‘discrete, anomalously warm water events which last for five or 

more days, with SSTs warmer than the 90th percentile relative to climatological values’ over a 30-

year period [3, 4]: 

• ‘discrete’ implies a well-defined start and end date, and separated from a previous MHW by 

more than two days;  

• ‘Anomalously warm’ is warmer than the 90th percentile (top 10%) in a 30-yr baseline period; 

and 

• 90th percentile accounts for seasonal differences as it is uniquely computed for each 

calendar day (Figure 10-4). 

 

Figure 10-4 Diagram illustrating MHW definition: SST (°C) timeseries (black line) overlaid on the average SST (blue line) and 
the 90th percentile threshold (green line). When the SST exceeds the threshold for more than five days, it is defined as a 
MHW (red shading) [3, 4]. Heat spikes (pink shading) are not classified as a MHW because they are shorter than five days 
and are separated from the MHW by more than two days. 

MHWs are categorised into four intensity categories, defined by multiples of the difference between 

the mean SST across a defined period and the 90th percentile threshold, i.e., the difference (D) 

between the blue and green lines in Figure 10-4. Intensity is defined as ‘Moderate’ (Category I, 1–

2xD), ‘Strong’ (Category II, 2–3xD), ‘Severe’ (Category III, 3–4×D), and ‘Extreme’ (Category IV, greater 

than 4xD) (Figure 10-5) [4]. 
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Figure 10-5 Multiples of the 90th percentile difference (2×D, 3×D, etc.) from the mean climatological value define each of 

the MHW categories I–IV, with corresponding descriptors from moderate to extreme. This example (dashed line) peaked as 

a Category IV (extreme) MHW [4] 

Observed marine heatwave events 
Globally, MHWs have become more frequent over the 20th century and into the beginning of the 

21st century [5], approximately doubling in frequency and becoming more intense and longer since 

the 1980s [5, 25]. The probability of occurrence (as well as duration and intensity) of the largest and 

most impactful MHWs has increased more than 20-fold due to anthropogenic climate change [26].  

Observations in the Pacific Islands region indicate that from the 1980s to 2000s, the average 

duration of MHWs is consistent, with much of the region within the 5- to 16-day range. However, 

there was a significant increase in event duration in the 2010s, with most of the Pacific Islands 

region in the 8 to 20+ day range [27]. 

Timeseries of MHW observations have been assessed for Tuvalu’s atolls and islands. At eight sites of 

interest, there has been an increasing frequency of MHW’s during 1982–2023, mostly in the 

moderate to strong category (Figure 10-6). 
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Figure 10-6 Mean SST (°C) (1982-2022) for Tuvalu atolls and islands of interest (central map). For each site, the annual number of MHW days (1982-2023) is shown in each category [3, 4]. Data 
source: NOAA OISST v2-1 [8]. Spatial analyses of trends in observed MHWs. 
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Spatial analyses of MHWs occurring in the Tuvalu region for 1982–2019 are presented in Figure 10-7. 

Note that MHWs are considered as separate events if a period of more than two days elapses since 

occurrence of a previous MHW [3, 4]. 

• Increases in annual MHW frequency have occurred across the country, with a greater 

increase in the south than the north (Figure 10-7, top left). 

• Increases in annual MHW duration have occurred, particularly around Nanumea and Niutao, 

but decreases have occurred in some sites to the west of Nukufetau and Funafuti (Figure 

10-7, top right). 

• Decreases in annual maximum MHW intensity have occurred, particularly around Funafuti 

and the ocean north-east of Funafuti (Figure 10-7, bottom left). Area-averages show that 

there is a weak negative trend in MHW intensity due to a combination of a relatively short 

observational record and the equatorial region of the Pacific Ocean experiencing a cooler 

sea-surface temperature phase of the Interdecadal Pacific Oscillation during the early 21st 

century [6] 8. 

• The total number of MHW events over the period 1982-2019 varies across the region, 

mostly above 60, with more in the north-east (Figure 10-7, bottom right). 

Regarding the sites of interest (Figure 10-6), most islands and atolls are equally exposed to MHWs, 

however with Nukufetau and Niulakita seeing an increase in MHW frequency and duration but little 

change in mean MHW intensity. 

 
 

 
8 We expect a large influence on trends across all MHW metrics in this region is due to the length of the record (only 38 

years) that is dominated by the interdecadal variability in the Pacific. Specifically, the first 10–15 years of the 21st century 

was marked by a substantial negative Interdecadal Pacific Oscillation (IPO) phase, which caused cooler-than-usual SSTs 

across much of the tropical Pacific (e.g. 28. England, M.H., S. McGregor, P. Spence, G.A. Meehl, A. Timmermann, W. 

Cai, A.S. Gupta, M.J. McPhaden, A. Purich, and A. Santoso, Recent intensification of wind-driven circulation in the Pacific 

and the ongoing warming hiatus. Nature Climate Change, 2014. 4(3): p. 222-227.). 
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Figure 10-7 Trend (1982–2019) in annual number of MHW events (top left), annual mean MHW duration (top right), annual 
maximum MHW intensity (bottom left), and total number of MHW events (bottom right). Source data: NOAA OISST v2-1 
SST [8].  

Marine heatwaves and ENSO 
The incidence of MHWs is influenced by the El Niño-Southern Oscillation (ENSO) and the 

Interdecadal Pacific Oscillation (IPO), as well as local factors such as circulation patterns and 

processes that affect air-sea heat fluxes [29]. Climate in and around the Pacific Ocean also displays 

variability on decadal to interdecadal time scales (e.g. [30, 31]). Much of this variability in the 

Southern Pacific has been linked to the Interdecadal Pacific Oscillation (IPO, [32]). When the IPO is in 

a positive phase, SST in the central and eastern Pacific are high, whereas the opposite is true during 

negative phases of the IPO. 

During El Niño events, higher SST, rainfall, and sea level are clearly apparent in the central tropical 

Pacific [29], including Tuvalu. The opposite tends to occur during La Niña events. MHWs can, 

however, occur during any ENSO phase, and are often associated with periods of clear skies and 

more settled conditions, and consequently less wind-driven mixing of the surface ocean, which 

enhances surface heating.  

Projected MHWs  
MHWs will continue to increase in frequency, with a likely global increase of 2–9 times in 2081–2100 

compared with 1995–2014 under SSP1-2.6, and 3–15 times under SSP5-8.5, with the largest 

increases in tropical and Arctic Oceans (Fox-Kemper et al. 2021). A recent study by Holbrook et al. 

(2022) investigated MHWs in the tropical western and central Pacific Ocean in observations and 

future projections. Holbrook et al. (2022) showed that under low emissions (SSP1-2.6), ‘moderate’ 

intensity MHWs are projected to increase from recent historical (1995–2014) values of 10–50 days 

per year (dpy) across the region to the equivalent of >100 dpy by the year 2050. Under the high 

emissions scenario (SSP5-8.5), their study projected 200 dpy of moderate MHW intensities across 

the region by 2050, with >300 dpy nearer the equator. 

Projected MHWs out to the end of the century have been calculated for a lower-warming climate 

model and a higher-warming climate model, under low and high emissions scenarios, to capture the 

projected range of change (Error! Reference source not found.). 18 CMIP6 models and two SSPs are e

mployed in this assessment. Historical OISST v2-1 observations (1995-2014) are indicated by the left 

bar in each plot, denoted with an ‘x’.  

Across all sites, the typical number of MHWs is around 10 days per year (1985-2014) (Figure 10-8). 

By 2050, under the low emissions scenario (SSP1-2.6) low warming model, across all sites, this 

increases to about 130–150 days per year (Figure 10-8, left). For low emissions and a high warming 
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model, the range is 290-340 days per year. Under the high emissions scenario (SSP5-8.5; Figure 10-8, 

right) for a low warming model, the range is 220-250 days per year. For high emissions and a high 

warming model, this increases to about 350-360 days per year, with many days in the ‘Strong’ and 

‘Severe’ MHW categories (Figure 10-8). By 2090, larger increases in MHWs are projected, more-so in 

the north. For a low emissions scenario, the number of MHW days is 200-350, with a substantial 

increase in ‘Strong’ events (Figure 10-8, left). For a high emissions scenario, the number of MHW 

days is 310-360 for Funafuti, with a big increase in ‘Severe’ and ‘Extreme’ events (Figure 10-8, right). 

This increase in MHW days is driven by long-term ocean warming.   

  

  

  

Figure 10-8 Projected average annual number of MHW days for an area-averaged domain encompassing Northern through 
to Southern atolls of Tuvalu: (top) Nanumea, (middle) Funafuti, and (bottom) Nuilakita. The ‘x’ above the left bar on each 
plot indicates that a different dataset (OISST v2-1) was used to determine the historical observed MHW frequency for a 20-
year period centred on 1995 (1986–2005), quantified by the bar height. Projected MHWs for 20-year periods centred on 
2030, 2050, 2070, and 2090 are plotted for a lower emission scenario (SSP126; left panels) and higher emission scenario 
(SSP585; right panels) under a low warming model (MIROC6) (*) and a high warming model (CanESM5) based on CMIP6 
climate modelling. For all periods, MHWs are categorised: moderate, strong, severe, and extreme [4]). (Data source: OISST 
v2-1 SST [8]). 

Degree heating weeks 
Degree heating weeks (DHW) provide a measure of coral stress [33-35]. Corals become stressed 

when SSTs are warmer than the bleaching threshold (solid blue line in Figure 10-9). This threshold is 

defined as 1.0 °C above the maximum of the monthly mean (MMM) SST °C (indicated by the dashed 

https://coralreefwatch.noaa.gov/product/5km/methodology.php#clim
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blue line in Figure 10-9). Heat stress builds up the longer SST stays above the bleaching threshold. 

Both the magnitude of threshold exceedance and length of the exceedance are important factors in 

measuring stress, and thereby DHW.  

 

Figure 10-9 Simulated SST (°C) timeseries for a sample site in the Pacific. A HotSpot is included in the DHW calculation when 
SST reaches or exceeds the bleaching threshold temperature. DHW (red region) is accumulated from HotSpot occurrence as 
the magnitude of exceedance above the MMM for a period of 12 weeks. 

The term ‘HotSpot’ indicates the extent (in °C) that SST is above the MMM each day. DHW indicates 

how much heat stress has accumulated9 and is calculated by summing the HotSpot values, over the 

previous 12 weeks, whenever the SST reached or exceeded the MMM. It is calculated as a running 

sum over a 12-week window (i.e., as you advance each day, you lose a day off the start of the 12-

week window). The sum is divided by 7 to obtain the unit of ‘°C-weeks’. In that way, a DHW of 2 is 

equivalent to one week of HotSpot values persistently at 2 °C (i.e., 2 °C x 7 days/7 =14/7 = 2), or two 

weeks of HotSpot values persistently at 1 °C (i.e., 1 °C x 14 days/7 =14/7 = 2), etc. (see : 

https://coralreefwatch.noaa.gov/product/5km/methodology.php#dhw The United States National 

Oceanic and Atmospheric Administration monitors world SST and releases warnings for bleaching 

based on DHW (e.g. Figure 10-10). 

 

Figure 10-10 DHWs are plotted for a sample site in the Pacific along the bottom of the graph, corresponding to the 
accumulated threshold exceedance of SST above MMM. The 4-DHW and 8-DHW thresholds are shown as dashed, 
horizontal red lines. The colours that fill below the DHW line correspond to established satellite bleaching alert levels (see 
Table 10-2). 

‘Bleaching Watch’ (Table 10-2) means that there is low-level thermal stress present at that location 

but not of sufficient magnitude to accumulate stress for corals, should they exist in that location. 

‘Alert Level 1’ indicates that DHW is 4-8 and coral bleaching is likely to occur for some species. ‘Alert 

Level 2’ indicates DHW is greater than 8, so both widespread bleaching and significant coral 

 
9 This anomaly is summed for the preceding 12-week period to produce ‘Degree Heating Days’ over 12 weeks. 
Dividing this by seven, can change the unit to ‘Degree Heating Weeks’ over 12 weeks. 

https://coralreefwatch.noaa.gov/product/5km/methodology.php#dhw
http://oceanportal.spc.int/portal/help/about_coralbleaching.pdf
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mortality are likely. This scale has been successfully validated across historical observations at eight 

sites in north-western Pacific Ocean [36].  

Table 10-2 Coral bleaching thermal stress levels based on the NOAA Coral Reef Watch warnings (NOAA Coral Reef Watch 
Daily 5km Satellite Coral Bleaching Heat Stress Bleaching Alert Area Product (Version 3.1))10 

 

Increasingly frequent and severe coral bleaching is among the greatest threats to coral reefs posed 

by climate change. Global climate models project large spatial variation in the timing of annual 

severe bleaching conditions; a point at which reefs are certain to change and recovery will be 

limited; in Tuvalu, severe coral bleaching may occur on an annual basis by 2039 under RCP8.5 [37]. 

Degree Heating Weeks exposure: historical period 
For the 20-year historical period centred on 1995, the frequency of DHW greater than 4 are mapped, 

showing some regional variation (Figure 10-12). Reefs exposed to more than 4 DHW events, 

indicating ‘Risk of Reef-wide Bleaching’ (Table 10-2) are located near Niutao and Niulakita. Less 

exposed reefs can be seen across the rest of Tuvalu. No reefs have experienced DHW greater than 8 

during the period 1985-2004, indicating ‘Risk of Reef-wide Bleaching with Mortality of Heat-sensitive 

corals’ (Table 10-2). 

 

Figure 10-11 Occurrence of Degree Heating Weeks above 4 in the OISST v2.1 data for the Tuvalu region for the historical 
baseline period 1995-2014. The Tuvalu EEZ is indicated by a dashed polygon. 

 
10 On December 15, 2023, NOAA Coral Reef Watch implemented a revised coral bleaching heat stress category system for 

its Bleaching Alert Area product. Extreme accumulations of coral bleaching heat stress in 2023, in multiple regions of the 

world, especially in the eastern tropical Pacific Ocean and Greater Caribbean, which were confirmed by in-water 

observations, necessitated the introduction of additional Bleaching Alert Levels. This development is a refinement of the 

original system that only used Bleaching Alert Levels 1 and 2. The new Alert Levels 3-5 provide important, added detail, for 

when the magnitude of extreme heat stress exceeds the threshold of Alert Level 2 conditions. NOAA Coral Reef Watch 

Revises Heat Stress Category System | ICRI (icriforum.org) 

https://coralreefwatch.noaa.gov/product/5km/index_5km_baa-max-7d.php
https://coralreefwatch.noaa.gov/product/5km/index_5km_baa-max-7d.php
https://icriforum.org/noaa-coral-reef-watch-revised-heatsress-category-system/
https://icriforum.org/noaa-coral-reef-watch-revised-heatsress-category-system/
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Degree Heating Weeks projections 
Regionally, climate model projections for Tuvalu suggest that some areas could experience annual 

severe bleaching conditions seven or more years later than others. Later bleaching regions are those 

near the north-west of Tuvalu, namely Nanumea, Nanumanga and Niutao (Figure 10-12). Annual 

severe bleaching conditions (DHW > 8) are projected to occur on average within the Tuvalu EEZ by 

around 2060 (for low emissions; SSP1-2.6) (Figure 10-12, left), and by around by 2035 (for very high 

emissions; SSP5-8.5) (Figure 10-12, right).  

 

Figure 10-12 Mean onset year of annual severe bleaching (that is, degree heating week events with DHW>8 °C-week each 
year) for an ensemble of future projections from 14 CMIP6 models under a low warming scenario (SSP1-2.6, left) and a high 
warming scenario (SSP5-8.5, right). Regional variability of degree heating weeks (DHW) is evident. The severe bleaching 
level assumes no adaptation to thermal stress. Method here follows Maynard et al. 2018 [38]. NB: DIFFERENT COLOUR 
SCALE due to the large difference in the years for SSP5-8.5 and SSP1-2.6 (it saturates the scale for the SSP5-8.5 image). 

To explore differences in bleaching exposure, DHW time series were compared for two sites Funafuti 

and Niutao under a low warming climate scenario by 2050. Alert levels are exceeded more 

frequently in Niutao than Funafuti (Figure 10-13, top). Comparing Nuitao’s coral bleaching under low 

emissions (Figure 10-13, middle) and high emissions (Figure 10-13, bottom) are also explored, where 

for Alert Level 2, which is not exceeded in the historical period (1995-2014), by 2050, under low 

emissions and low warming model, it is exceeded once but under high emissions high warming 

model, it is almost constantly exceeded (Figure 10-13, middle and bottom; Also see Table 10-3). 
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Figure 10-13 Regional variability of degree heating weeks (DHW) based on time series of DHW (°C-week) for a 20-year 
period centred on 2050 for ‘low warming’ (MIROC6, SSP126) for Funafuti (blue) and Niutao (orange) (top). ZHIsrorical 
(1995-2014) period (green),  a 20-year period centred on 2050 for ‘low emissions’ (SSP126, blue) (high and low warming 
model) for Niutao (middle), and a 20-year period centred on 2050 for ‘high emissions’ (SSP585, red) ) (high and low 
warming model) for Niutao (bottom). The horizontal lines show the levels at which significant coral bleaching is likely 
(DHW>4 °C-week), severe bleaching and significant coral mortality is likely (DHW>8 °C-week), multi-species coral mortality 
is likely (DHW>12 °C-week), severe multi-species coral mortality is likely (DHW>16 °C-week), and near complete coral 
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mortality is likely (DHW>20 °C-week). These levels assume no adaptation to thermal stress. Method here follows Langlais et 
al. 2017 [39], and high-frequency spatial and temporal variability based on that in OISST v2-1 SST [8]. 

Table 10-3 Number of events and days above the DHW thresholds for Bleaching Alert Level 1 (DHW>4 °C-week) and 
Bleaching Alert Level 2 (DHW>8 °C-week, see Table 10-2) in historical OISST v2-1 SST data, and 20-year projections centred 
on 2050 for Niutao in both high-warming (CanESM5) and low-warming (MIROC6) models, as well as lower (SSP126) and 
higher (SSP585) emissions scenarios. 

Degree heating week thresholds Historical data 
(1995-2014) 

Low Emissions  
(SSP126) 

High Emissions  
(SSP 585) 

Low warming 
(MIROC6)  

High warming  
(CanESM5) 

Low warming 
(MIROC6)  

High warming  
(CanESM5) 

# of events exceeding Alert level 1 2 8 9 24 5 

Days above Alert level 1 48 655 4446 3074 7092 

# of events exceeding Alert level 2 0 3 21 21 17 

Days above Alert level 2 0 169 2934 1652 6460 

Ocean warming caveats 
The resolution of the datasets described above does not capture the detailed spatial and temporal 

temperature fluctuations and ocean chemistry of individual reefs and lagoons. To fully understand 

how large-scale changes surrounding the lagoon translate to these localised waters, access to high-

quality long-term monitoring data is important. 

Some of the largest biases found in GCMs are in the western Pacific, meaning that confidence in 

some climate projections is low compared to other regions. Such biases should be considered when 

interpreting results from climate model projections for practical applications within a particular 

region. Important model biases for the Pacific region include sea surface temperatures: West Pacific 

Warm Pool and equatorial ‘cold tongue’ can be the wrong shape, and the cold tongue is generally 

too strong in models [40-42]. 

It is useful to note the size of the atolls compared to the resolution of the gridded SST data (Figure 

10-14). Selecting different sites on the one atoll for comparison will not show any meaningful 

differences. For sub-atoll assessments, ocean monitoring buoys at the locations can be used to 

inform or calibrate the data [43]. 

 

Figure 10-14 NOAA OISST v2-1 grid (0.25 degree or ~ 28 km) [8], showing Tuvalu’s atolls (red), noting the relative size of the 
grid cell from which each SST timeseries and MHW analysis is taken. 

Changes in the zonal gradients of sea surface temperature (SST) across the equatorial Pacific such as 

ENSO have major consequences for global climate [44]. It is important to note that there is a large 
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degree of inconsistency among climate models on some aspects of future projections [44], as well as 

biases (e.g. [31, 41, 45, 46]). See Chapter 4 for a more detailed explanation.  
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Chapter 11 Ocean acidification 

Introduction 
Fish provide 50–90 % of animal protein towards the diet of coastal communities across the Pacific 

islands, with national average fish consumption per person more than 3–4 times the global average. 

A loss of fisheries productivity and marine aquatic biodiversity would threaten national economies 

dependent on fisheries resources [1]. Aquaculture commodities in the tropical Pacific that are 

expected to be most vulnerable to acidification are pearl oysters, shrimp, and marine ornamentals 

[2]. The key implications of ocean acidification are being addressed through regional and national 

plans and policies for economic development, food security, and livelihoods [2]. 

As carbon dioxide (CO2) concentrations increase in the atmosphere, more CO2 is available for oceanic 

uptake, dissolving in the seawater and changing ocean chemistry [3]. This process, termed ‘ocean 

acidification’ (OA) [4], results in fewer carbonate ions and more hydrogen ions, therefore increasing 

acidity (reducing the pH) (Figure 11-1).  

In the ocean, carbonate is used (together with calcium) to produce aragonite, which in turn is used 

in building coral reef structures and by invertebrate organisms to make their skeletons and hard 

shells [5]. As the availability of aragonite is strongly correlated to ocean pH, if the ocean becomes 

more acidic it will become difficult for creatures to make their skeletons and shells, and for corals to 

build and repair reef structures [6].  

 

Figure 11-1 The process of ocean acidification. Source: modified from Hoegh-Guldberg et al. 2007 [7]. 

This poses a significant global threat to the long-term viability of corals, shellfish and fish (through 

impacts on growth, survival of juveniles, recruitment, and food web relationships), coral reefs and 

associated marine ecosystems, and coastal communities that rely on them for their livelihood and 

wellbeing. This is a particular hazard impacting the western tropical Pacific, including Tuvalu, with 

major implications for the fisheries sector [8]. 
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Observed aragonite saturation and pH 
Atmospheric CO2 concentrations have increased 47 % since the pre-industrial era (1750) [9] and 24–

33 % of the CO2 is being absorbed by oceans [2]. Globally, average ocean pH is now 8.1, with the pH 

of the tropical Pacific Ocean decreasing by 0.06 pH units since the pre-industrial era [2]. In 2022, in 

the southern section of the Pacific Ocean (latitudes 35 °S to 7 °S), pH is slightly lower, at around 8.05. 

Observations indicate a decrease of 0.070 in pH in the 1982-2022 period, representing an 18 % 

increase in acidity. For aragonite saturation for the Pacific Ocean latitude band 35 °S to 7 °S, levels 

have decreased from around 3.7 in 1982, to below 3.4 in 2022 [10] (Figure 11-2). It is noted that 

across longitude bands ocean acidification levels vary so levels described in Figure 11-2 cannot be 

applied to Tuvalu directly. In the western tropical Pacific Warm Pool, trends during the 1985–2016 

period show a change on average of −0.0013 per year for pH and −0.0083 per year for the aragonite 

saturation state [11]. While the projected change in pH seems small, it is important to remember 

that the pH scale is logarithmic, so the reduction in pH in surface ocean waters that we have already 

seen actually represents a 30 % increase in acidity. 

  
Figure 11-2 pH (left) and aragonite saturation levels (right) in the low latitudes of the Pacific Ocean Basin measured from 
1982-2022 [10] https://oceanacidificationstripes.info/c/ph/basin/pacificocean/equatorial7sto7n Data Source: OceanSODA-
ETHZ [12]. 

Importance of the Pacific OA monitoring network 
Local OA observations are vital to improve our understanding of natural variability in ocean 

chemistry at the scale of reefs and coastal communities, and associated responses in a wide range of 

organisms and ecosystems. The Global Ocean Acidification Observing Network (GOA-ON; http://goa-

on.org/) is an international collaborative network which provides a framework for the coordination 

of methods and resources for making local-scale OA observations.  

For example, a series of Sofar Spotter buoys has recently been deployed by the Van-KIRAP project 

across the Vanuatu archipelago [13]. There is an opportunity for integration of ocean chemistry 

monitoring instruments into the existing Sofar Spotter buoy coastal network. This would improve 

our understanding the vulnerability of ocean organisms to changes in OA and enhance the 

availability of reliable, fine resolution OA data. 

Projected aragonite saturation and pH 
Projections of future OA conditions under a changing climate are crucial for guiding society's 

mitigation and adaptation efforts [14]. Under all global CO2 emission scenarios, a net decrease in pH 

and aragonite saturation state occurs, with the largest changes associated with the highest 

atmospheric CO2. Global-average open-ocean surface pH is projected to decline by 0.08 ± 0.003 

(very likely range), 0.17 ± 0.003, 0.27 ± 0.005 and 0.37 ± 0.007 pH units in 2081–2100 relative to 

1995–2014, for SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively [15].  

For Tuvalu, the projected change in pH by the year 2050 is 0.05 units for a low emissions scenario 

and 0.12 units for a high emissions scenario (Figure 11-3, bottom). Spatial patterns of projected 

https://oceanacidificationstripes.info/c/ph/basin/pacificocean/equatorial7sto7n
http://goa-on.org/
http://goa-on.org/
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changes in aragonite saturation state near Tuvalu are shown in Figure 11-4. Larger changes are 

obvious for the high emissions scenario compared to the low emissions scenario. 

For Tuvalu, under a high emission scenario (RCP8.5), aragonite saturation states may fall below 3 by 

2060, a level where coral reefs in Tuvalu may not only stop growing but start to get smaller, as they 

dissolve faster than they are built (Figure 11-3, top & Figure 11-4 for spatial view). However, if 

emissions follow a low scenario (RCP2.6), consistent with the Paris Agreement target of keeping 

global warming well below 2 °C, then the aragonite saturation state may start to recover after 2060. 

 

 
Figure 11-3 Projected decreases in aragonite saturation state (top) and pH (bottom) for the Tuvalu Exclusive Economic Zone 
(EEZ) from six CMIP5 climate models under three emissions scenarios: RCP2.6, RCP4.5, and RCP8.5. Shown are the median 
values (bold lines), and the 10th and 90th percentiles (dashed lines and shading). Also shown are historic data (black line) 
from the OceanSODA-ETHZ dataset from 1982 – 2022. 

Table 11-1: Summary table of the median aragonite saturation state for SSP1-2.6 and SSP5-8.5 in Figure 11-3 for 2030 and 
2050 climatologies (10th to 90th percentile of model range in brackets; 6 CMIP5 models represented). 

Projected climatology RCP 2.6 RCP 8.5 

2030 (2020-2039) 3.79 (3.59 – 4.06) 3.74 (3.51 – 4.01) 

2050 (2040-2059) 3.69 (3.53 – 4.01) 3.40 (3.18 – 3.70) 
Table 11-2 Summary table of the median pH for SSP1-2.6 and SSP5-8.5 in Figure 11-3 for 2030 and 2050 climatologies (10th 
to 90th percentile of model range in brackets; 6 CMIP5 models represented). 

Projected climatology RCP 2.6 RCP 8.5 

2030 (2020-2039) 8.02 (8.00 – 8.04) 8.01 (7.99 – 8.03) 

2050 (2040-2059) 8.01 (7.99 – 8.02) 7.95 (7.93 – 7.96) 
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Figure 11-4: Upper and lower projections of aragonite saturation state for the Tuvalu and the Tuvalu Exclusive Economic 
Zone (marked by the dashed line) from six CMIP5 climate models under emissions scenarios RCP2.6 and RCP8.5 for the 
years 2030, 2050, 2070 and 2090. Shown are upper projections, given by the 90th percentile of RCP2.6 projections (top 
row), and lower projections, given by the 10th percentile of RCP8.5 projections (bottom row). 

There is very high confidence that the ocean will become more acidic, with a net reduction in pH. 

There is also high confidence that the rate of OA is, and will continue to be, proportional to the CO2 

emissions. There is medium confidence that long-term viability of corals will be impacted under 

RCP8.5 and RCP4.5, and that there will be harm to marine ecosystems from the large reduction in pH 

under RCP8.5 [16, 17]. 

Caveats 
It is difficult to generalise actual responses across organisms and ecosystems to changing ocean 

chemistry for several reasons: 

• Projected changes in aragonite saturation and pH are for the open ocean, and do not 

account for numerous local processes that modify ocean chemistry, especially on reefs.  

• Closely related species can respond differently; most experiments have been conducted 

under relatively short-term laboratory conditions (although field-based experiments are 

becoming more widespread); and research has shown greater adaptive capacity in some 

species compared to others [18]. 

• Detecting and attributing marine ecosystem responses to ocean acidification and 

deoxygenation outside of laboratory studies remains challenging because of the strong 

influence of co-occurring environmental changes on natural systems (IPCC WG2 report page 

460, 2022). 
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Chapter 12 Fisheries and marine resources 
Increasing sea surface temperatures and ocean acidification can affect commercial and subsistence 

fisheries, including productivity and yield due to changes in distribution, recruitment, growth and 

abundance. Additionally, degradation of coral reefs and associated critical habitat is also relevant to 

the sustainability of near-shore coastal fisheries [1]. Impacts associated with each of these climate 

hazards are described below. 

Tuvalu’s fisheries sector is divided into two categories; the commercial oceanic fisheries sector, 

where the majority of government revenue is derived from selling fishing license quota and access to 

foreign commercial operators; and the coastal fisheries sector, characterised by subsistence, small-

scale artisanal fishing for local market sale and consumption. A section on the broader marine 

resources and coastal biodiversity resources of Tuvalu is also discussed here.  

Oceanic Fishing 
The four main species that underpin these oceanic fisheries are skipjack tuna Katsuwonus pelamis, 

yellowfin tuna Thunnus albacares, bigeye tuna T. obesus and South Pacific albacore tuna T. alalunga 

(Figure 12-1; top) [2]. Combined harvests yield more than 1 million tonnes each year, and support 

fishing operations ranging from industrial fleets to subsistence catches [2]. Each species of tuna has 

a limited range of ocean temperature within which it occurs [2]. Skipjack tuna, for example, are most 

abundant in water temperature around 20 to 29 °C, though are found in temperatures slightly 

outside this range (Figure 12-1; bottom). With warming, locations of suitable foraging and spawning 

habitat may change, and the availability of tuna species to EEZ and high-seas fisheries may alter [2].  

 

 

Figure 12-1 Distribution of catches of the four species of tuna that dominate oceanic fisheries in the Western and Central 
Pacific Ocean in 2009 [2] (top) Range of sea surface temperatures (SSTs) for tuna species targeted by Pacific Island States 
and Territories) in the Pacific Ocean, together with the SST range where substantial commercial catches are made 
(abundant occurrences) [3] (bottom). 
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Sea surface temperature 

With SST warming, the location of prime fishing grounds may change, and the productivity and 

catchability of tuna by surface and longline fisheries may alter [2]. Good fishing grounds could be 

displaced further eastward along the equator or shift to higher latitudes. Potential negative climate 

change impacts on fisheries would have flow-on impacts on Tuvalu’s ability to generate revenue, 

contributing to increased economic vulnerability [4]. 

The projected responses of tuna species targeted by purse-seine fisheries (skipjack, yellowfin, and 

bigeye) to climate change have been estimated by an ecosystem model (the Spatial Ecosystem and 

Population Dynamics Model SEAPODYM) informed by four climate models from CMIP5 [5]. For 

Tuvalu, climate-driven shifts in tuna distributions are projected to have varied consequences for 

fisheries catch depending on the emissions scenario (RCP4.5 or 8.5). At the Pacific basin-scale, tuna 

biomass is projected to shift eastwards, with a 12.6 % decrease in biomass in the Western Central 

Pacific Ocean (considered here as the EEZ of 10 Pacific Islands and Territories) and concurrent 23.3 % 

increase in biomass in the central Eastern Pacific Ocean by 2050 under RCP8.5 

For Tuvalu specifically, by 2050 under RCP4.5 the average purse-seine catch of skipjack, yellowfin, 

and bigeye tuna is projected to increase by 3.4 %, however under RCP8.5 by 2050 the average catch 

is projected to decline by 23.4 % [5] (Table 12-1). These projected changes may have economic 

consequences for Tuvalu’s government revenue associated with tuna-fishing access fees. By 2050, 

revenue is projected to increase by 1.9 % under RCP4.5 or decline by 12.6 % under RCP8.5 [5] (Table 

12-1). 

Table 12-1 Average projected changes in purse-seine catch (%, tonne and revenue) for Tuvalu for 2050 under RCP4.5 and 
RCP8.5. Source: [5]. 

 2050 RCP4.5 2050 RCP8.5 

 Median Model range Median Model range 

Catch (% change) +3.4 % -4.9 to +19.9 % - 23.4% -31.7 to -14.3 % 

Catch (tonne) +2509 -3,585 t to +14,512 t - 17,088 -23,159 t to -10,448 t 

Revenue change (%) +1.9 % -2.7 to +10.7 % - 12.6 % -17.1 to –7.7 % 

 

There is considerable uncertainty in the timing and magnitude of tuna redistributions in and out of 

Tuvalu’s EEZ, however, the general consensus in climate modelling is that tropical tuna biomass in 

the Pacific are projected to shift eastwards compared to their current position ([5-9]. To further 

explore this uncertainty, new work on tuna biomass modelling has been proposed. The existing 

modelling assumes that each tuna species forms a single stock across the tropical/subtropical Pacific 

Ocean basin. Evidence is accumulating that this is not the case. Finally when considering the changes 

reported in Table 12-1, it is understood for the Pacific region there is lower confidence in SST 

projections; the climate models tend to simulate the wrong shape for the Warm Pool and equatorial 

‘cold tongue’, and the ‘cold tongue’ is generally too strong in models [10-12] (see Caveats section). 

Projected changes in ENSO also have significant uncertainty (See Chapter 2). 

In addition to the overall warming of the ocean, east-west displacements of skipjack tuna are 

correlated ENSO [7], leading to large fluctuations in catches from the EEZs of PICTs (Figure 12-2). In a 

La Niña event, the fish can occur in a more westward area following the warm water [5, 13]. 

Therefore, during La Niña events, the best catches of skipjack tuna are made in the west of the 

region, whereas during El Niño events fishing is most efficient in the east [5]. SSTs northeast of 
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Tuvalu are usually warmer than normal during an El Niño event, and cooler during a La Niña event 

(PACCSAP, 2014). During El Niño events, higher purse-seine catches are made in the central Pacific, 

such as Tuvalu. 

 

Figure 12-2 Impact of El Niño-Southern Oscillation (ENSO) on skipjack catch distribution and movement in the Western and 
Central Pacific Ocean. (a) Skipjack tuna catch (tonnes) and mean sea surface temperature (°C) in the tropical Pacific Ocean 
during the first half of 1989 (La Niña period) (top panel), and in the first half of 1992 (El Niño period) (bottom panel), 
showing effects of ENSO on the location of the Warm Pool (28–29°C) and distribution of skipjack catch. (source: [13]). 

Ocean acidification 

The main species of tuna in the tropical Pacific are expected to be sensitive to the projected changes 

in pH in at least four ways.  

1. an increase in carbonic acid in the body fluids (acidosis) is likely to cause lower blood pH 

levels, potentially affecting fish’s metabolic demands [14].  

2. the growth and formation of the ear bones (otoliths) of tuna may be susceptible to lower pH 

because they are composed of aragonite, affecting orientation and hearing, especially during 

the larval stage [15]. 

3. the effects of decreased pH on reducing the availability of calcium carbonate can have 

indirect effects on the distribution and abundance of tuna by changing the availability of 

species of calcifying phytoplankton and zooplankton within the lower trophic levels of the 

food webs that support tuna [16].  

4. the influence of pH on acoustics in the ocean can affect sound attenuation, reducing the 

sound absorption coefficient, creating a noisier environment and possibly propagating sound 

further [17].  

Coastal Fishing  
Coastal fishery targets tuna using trolling, and / or reef fish using spearfishing, such as unicornfish 

(Naso spp.), surgeonfish (Acanthuris spp.), and parrotfish (Scaridae spp.) [18]. Fish Aggregation 

Devices (FADs) have also been deployed on Tuvalu’s islands to help improve catch for small-scale 

fishers and divert fishing pressure away from reef resources [18, 19].  
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Some of the reef fish caught in Tuvalu can consume ciguatoxins via feeding on marine algae under 

certain environmental conditions. Ciguatera poisoning is caused by the consumption of (primarily) 

finfish contaminated with ciguatoxins, potent neurotoxins produced by benthic single-cell 

microalgae. When consumed, ciguatoxins are bio-transformed and can bioaccumulate throughout 

the food-web via complex pathways. In Tuvalu, ciguatera poisoning can occur throughout the year 

but is reported to be more prevalent during westerly winds [20]. Ciguatera-derived food insecurity is 

particularly extreme for small island-nations, where fear of intoxication can lead to fishing 

restrictions by region, species, or size [21], as well as a reluctance of local communities to consume 

potentially contaminated fish. Exacerbating these complexities are anthropogenic or natural changes 

occurring in global marine habitats, e.g., climate change, overfishing, invasive species, and the 

international seafood trade [21]. Furthermore, increased cropping is impacting sustainability of land-

crab resources (important natural resource for harvesting as supplementary food source in outer 

islands), due to habitat competition. 

Aquaculture plays a small role in providing food and income for Tuvaluans. The primary aquaculture 

species in Tuvalu is milkfish (Chanos chanos) farmed in Vaitu, where earthen ponds and stone-walled 

sea pens either on land or in shallow lagoons are used [22]. Also sea cucumber farming using so-

called ‘sea-ranching’ practices plays a small part in Tuvalu’s aquaculture.  

SST 

Changes to ocean temperatures in conjunction with other climate impacts are expected to directly 

and indirectly effect the distribution and production of coastal fish and invertebrates [23, 24]. By 

2050, coral reef fish biomass is projected to decrease by 20 % under a high emissions scenario [23]. 

A decrease in coastal fish production threatens food security for Tuvaluans who are dependent on 

subsidence fishing, and threatens livelihoods for those engaged in commercial coastal fishing.  

The relative impacts of ocean warming to coastal fishing sectors remains unclear. For example, 

trolling and using FADs for coastal pelagic fish and tunas may experience different impacts to fishery 

productivity and catchability compared to spearfishing and hand collecting on reef flats and lagoons.  

Since 2011, Tuvalu has been affected by algal blooms, including a large growth of Sargassum on the 

main atoll of Funafuti, related to high ocean temperatures [25]. The abundance and diversity of 

benthic harmful Gambierdiscus and Fukuyoa spp., dinoflagellates associated with ciguatera fish 

poisoning, are found to be temperature dependent, with increases in SST favouring some species 

over others. In a Caribbean based study, ciguatera risk was also location dependent, with both 

increased and decreased risk varying across the study region [26]. A 1999 Pacific Islands study, 

including Tuvalu, indicated strong positive correlations between the annual incidence of ciguatera 

fish poisoning (1973-1994) and El Niño related SST warming [27]. However, another assessment 

suggests that waters that remain warm enough for a long enough period can lead to ciguatera, while 

extended periods where the water remains too hot may depress ciguatera case rates [28]. In 

summary, global ocean warming will promote the growth of benthic harmful dinoflagellates, except 

in tropical areas where temperatures may exceed upper thermal tolerances (30-31 °C) [29]. 

Environmental factors affecting ciguatera are undoubtedly complex [27, 28, 30], and further location 

specific assessments may be required to understand the effects on ciguatera fish poisoning from 

ocean warming. 

Fresh fish are a perishable commodity, and spoilage begins immediately after harvest, especially in 

the tropics [31]. Temperature is an extremely important factor influencing growth of micro-

organisms, and for inshore coastal fisheries, small boats have limited (if any) cooling facilities. Supply 

chain logistics including timely post-harvest handling and processing (including salting and drying), 
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wet market wholesale/retail sales, and cold storage facilities, where appropriate, become more 

critical under higher temperatures in order to maintain appropriate food-safety standards [31]. 

Increases in air and water temperatures from climate change along with reduced water quality will 

impact aquaculture species productivity, growth, survival, and disease risk for cultured species [22]. 

[25]. Likewise, TC-induced storms and extreme sea-levels will impact aquaculture infrastructure such 

as coastal ponds, and natural habitat for lagoon-based activities such as sea-ranching. 

Marine and atmospheric heat waves 

Impacts from MHWs have been observed on spawning and recruitment processes in coastal 

fisheries, for example on the high value Grouper species (G. Gooley Pers comm). 

Increased incidence of extreme heat events (heatwaves) may impact the coastal fishery processing 

sector through pressure on storage facilities, and a reduction in workforce productivity; it will be too 

hot for work outdoors at certain times of the day and year.  

Rainfall 

Extreme rainfall can lead to increased nutrient and sediment runoff into coastal regions [32], 

thereby exacerbating localised water quality problems for the coastal fishery sector, while droughts 

compounded by high temperatures and periodic storm-water and wastewater run-off into adjacent 

lagoons have been linked to invasive seaweed (Sargassum polycystum) [25]. 

Wind 

Salt spray is increasingly a problem for maintenance of fisheries equipment, and this would be 

exacerbated through periodic drought events. 

Increases in coastal wind speed may result in a reduction in ‘safe fishing days’, i.e. days with wind 

speeds below 20 knots for small boats used for coastal fisheries (Chand et al. in prep). Wave buoys 

have been attached to the FADs on the western side of Funafuti (2018-2021) to assist with planning 

for safe fishing days outside the lagoon [33]. If there are more ‘windy’ days pressure on fishing in the 

lagoon will be increased. Maintenance of these FADs has been noted as a problem in Tuvalu. 

The Mariner’s tropical cyclone guide [34] offers advice around operating vessels while facing threats 

from TCs. 

Marine resources and coastal biodiversity 
The ‘Status of Coral Reefs of the World 2020’ report [35] indicates that between 2009 and 2018 

there was a progressive loss of about 14 % from the world's coral reefs. This was primarily caused by 

recurring, large-scale bleaching events combined with other local pressures such as coastal 

development, land-based and marine pollution, unsustainable fishing, and tropical storms. 

Increasing SSTs and associated MHWs adversely impact coral populations worldwide through 

increasing thermal bleaching events [36, 37]. Degree Heating Weeks (DHWs) is a metric that 

quantifies bleaching events, taking account of both the length and magnitude of MHWs [38].  

A wide variety of reef habitat types exist in Tuvalu, but reef communities tend to be split between 

typical high-energy oceanic reef systems and sheltered lagoon communities [39]. The 2010 Tuvalu 

Marine Life (TML) project estimated the overall cover of living corals at 20 to 30 % across all habitats 

in Funafuti, Nanumea, and Nukulaelae, while the macroalgal cover was low (5 to 10 %) [39]. Reef fish 

communities in Tuvalu are typical of Central Pacific reef fish faunas, and their diversity lies 

approximately halfway on a gradient from the most species rich reefs of the Coral Triangle to the 

relatively depauperate Eastern Pacific reefs [39]. In the past, declines in coral cover have been 
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documented as a consequence of storms, destructive fishing, crown-of-thorns sea stars (COTS) and 

other coral predators, and bleaching [40]. 

Tuvalu is home to the globally threatened Hawksbill turtle which is Critically 

Endangered on the IUCN Red List and only recorded on the Vaitupu 

underwater visual census (UVC) survey [41]. The recent BioRAP survey also 

videoed a young leatherback sea-turtle in the Niutao surveys outside of the 

actual survey transects (with a shell length of ~50 cm) [41]. Pacific Ocean sub-

populations of leatherback sea turtles are Critically Endangered on the IUCN 

Red List. According to a recent survey [42], Tuvalu has established ten 

conservation areas on eight of its nine islands. The conservation area in Funafuti was established 

under formal legislation, with the remainder set up by local communities and managed with their 

traditional systems. The Island Care project monitors nesting turtles, and a Regional Action Plan on 

Turtles may be able to detect changes over time in gender balance of turtle eggs. 

Exotic pests such as Yellow Crazy Ants, Anoplolepis gracilipes (F. Smith) (YCA), have adversely 

affected both land and coconut crabs, earthworms, turtles, seabirds and other populations in some 

islands in Tuvalu [43]. Targeted, site-specific research on the biology of the yellow crazy ant within 

Tuvalu can be used to improve the management outcomes for this species to assist with design of 

knowledge-based treatment protocols and determine assessment benchmarks [44]. 

Temperature 

Gender in sea turtles is determined by nest-incubation temperature during embryonic development 

in the egg, with warmer sand temperatures skewing the population′s sex ratios towards 

predominantly females [45]. Sand temperature is related to air temperature and SST [46]. In the 

northern Great Barrier Reef, Australia, for example, green turtle rookeries have been producing 

primarily females for more than two decades and complete feminization of this population is 

possible in the near future [47]. This gender imbalance could ultimately lead to populations 

becoming compromised or extinct.  

Environmental factors, especially temperature and moisture, play key roles in determining the 

distribution of YCA species, where it is reported to forage at between 21 °C and 35 °C [48], a 

relatively wide suitable range. While the predicted distribution may move into lower latitudes that it 

currently occupies, the Pacific Islands remain a suitable location for this species [49]. 

Harmful macroalgal blooms associated with high SST affect Tuvalu predominantly on the lagoon 

side. This includes both blue-green and brown algal blooms [39].  

Marine heat waves 

MHW frequency, intensity, and duration have been detrimental across the region [37], with 

devastating impacts on marine ecosystems, including many that provide critical habitat and 

ecosystem services (e.g., coral reefs). For Tuvalu, the impacts from MHWs are most evident on the 

inshore coral reefs, lagoons and associated coastal fisheries, and other aquatic biota. The ongoing 

degradation of coral reef and open-ocean fishing habitats will also adversely impact emerging 

tourism and recreation-based activities [1].  

Future coral bleaching is unlikely to be spatially uniform. Therefore, understanding regional 

differences will be critical for identifying potential refugia and better targeting adaptation 

management [50]. For example, a 2021 BioRAP survey conducted across four Tuvalu regions 

(Funafuti Atoll, Nukulaelae Atoll, Niutao Island and Vaitupu Island) noted that “Coral bleaching was 

more widespread on Niutao, in the northern part of Tuvalu, with bleached coral making up an 
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average of 31 % of the surveyed coastal substrate. The level of bleaching was greater on the leeward 

reef compared to the windward reef” [41].  

Overfishing is compounding problems related to critical habitat loss, however several outer islands 

have ‘Special Protected Areas’ (marine reserves) under local community management that employ 

TK and sustainable traditional fishing methods. A recent discussion describes specific ways to 

optimize the utility of TK and ensure it has a realistic role in sustaining Pacific Island communities 

into the future [51]. 

Wind 

Sargassum (dominated by Sargassum polycystum) is a genus of brown algae (up to 2 metres in 

length) that floats in island-like masses, or mats, and never attaches to the seafloor [52]. These mats 

can be carried from the open sea to the shore by wind and currents [53]. 

Increasingly, floating Sargassum mats have resulted in mass beaching events and within 48 hours of 

beaching the decomposing algae produces the toxic gases - hydrogen sulphide (known as rotten egg 

gas) and ammonia [54]. Sargassum beaching lowers beach amenity and causes human health risks 

because acute or chronic exposure to these gases may cause respiratory, cardiac, cognitive or 

neurological impairments [52, 54]. It can result in mortality of marine fish and crustacea by lowering 

the water quality because of the high nutrient runoff and low oxygen hypoxic conditions. There is, 

however, potential to use Sargassum for biogas production or fertiliser [52]. 

Rainfall 

Nutrient run-off during rainfall events is impacting lagoon water quality and stimulating algal blooms 

of Sargassum including in Funafuti and Nui. The Sargassum covers the reefs and smothers coral; run-

off is compounded by piggery waste plus septic tank seepage. 

Prolonged lack of rainfall (related to La Niña conditions) was associated with the appearance of 

Sargassum in Funafuti in 2011 [25].  

Extreme sea level events 

Extreme sea level events are caused by high tides, storm surges, ocean swell, wind-driven waves and 

sea level rise. Coral reefs play a critical role in providing natural protection to reef lagoons and 

resources, shoreline stability, turtle nesting sites, coastal communities and infrastructure. Reefs that 

are damaged due to combined impacts of MHWs, ocean acidification and sea level rise will provide 

less protection to adjacent coastlines. 

Mangroves rely on saline sediments and are highly effective for reducing coastal erosion, 

sequestering carbon, and providing nursery grounds for fisheries [1, 7, 37]. On Tuvalu, there are 

limited mangrove resources, with two species present, Lumnitzera littorea (Combretaceae) and 

Rhizophora stylosa (Rhizophoridae) [55. The mangrove ecosystems of Tuvalu were listed as 

threatened ecosystems in 1986 {Ceccarelli, 2019 #1087. The largest forest of red mangroves 

(Rhizophora stylosa) covering nearly 28.5 hectares is on Nanumanga, while small patches of 

mangroves (1.7 hectares) are found on Funafuti and Nui {Ceccarelli, 2019 #1087. The mangrove 

ecosystems of Tuvalu were listed as threatened ecosystems in 1986 {Ceccarelli, 2019 #1087. The 

largest forest of red mangroves (Rhizophora stylosa) covering nearly 28.5 hectares is on Nanumanga, 

while small patches of mangroves (1.7 hectares) are found on Funafuti and Nui {Ceccarelli, 2019 

#1087]. Some mangrove planting has been conducted in parts of Tuvalu with mixed success. Some of 

the failures are likely due to sediment and wave energy conditions which are unsuitable for 

mangroves, and evenly spaced planting in straight lines would have increased mortality and 
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morbidity of the mangrove seedlings. In other parts of the Pacific and in Australia, new technology 

involves planting the mangroves into biodegradable mesh that helps stabilise the seedlings while 

they establish roots [56, 57].  

In many Pacific countries, mangroves deliver ecosystem goods and services that are essential to the 

livelihoods of local people and can enhance resilience to climate change. iTaukei (Indigenous Fijian) 

communities have sustainably managed mangrove ecosystems over time, demonstrating how 

traditional knowledge and experience can enable future ecosystem-based adaptation options that 

are more sustainable and effective [51, 58]. 

Ocean acidification 

The increased acidity of seawater is reducing the saturation state of aragonite, the mineral that 

calcifying organisms, such as corals, certain plankton, and shellfish, use to build calcium carbonate 

skeletons [59, 60]. The combined impacts of ocean acidification with other stressors, such as 

increasing ocean temperatures, have implications for the health of reef ecosystems, including 

biodiversity, productivity and physical integrity, and longer-term sustainability [61, 62]. For example, 

OA has been shown to lower the temperatures at which corals bleach [63], potentially reducing the 

resilience of these environments to natural climate variability and long-term climate change. 

Increasing OA has the potential to impact fisheries, aquaculture, and overall marine productivity and 

biodiversity in tourism and coastal development sectors. Coastal protection may be reduced because 

inshore reefs are likely to deteriorate through the combined effects of coral bleaching and cyclone 

damage in some locations [64].  

Studies suggest aragonite saturation states between 3.5–4.0 are adequate (but not optimal) for coral 

growth, and values between 3.0–3.5 are marginal [65]. Coral reef ecosystems are not found at 

aragonite saturation states less than 3 and these conditions are classified as extremely marginal for 

supporting coral growth, at least in assessing the global average conditions [65, 66]. 
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Chapter 13 Agriculture 
Land for agriculture in Tuvalu is extremely limited, and soils are extremely poor and crop cultivation 

of any sort in these environments presents great challenges. Since soils in atolls are predominantly 

derived from carbonate reef-borne material and are relatively young, they are poorly developed, 

lack structure and texture and are very porous with poor water holding capacity [1-3]. Availability of 

good quality compost as soil conditioner is also a problem in Funafuti (not so much on the outer 

islands). 

In contrast, swamp taro pits tend to have comparatively deep, dark, organic rich soils in comparison 

to surrounding soils. This occurs both due to the natural propensity for organic materials (leaves, 

husks, etc.) to collect in such depressions but also (and importantly) through the efforts of the 

farmers who over the years have laboured intensively and applied systematic traditional cultivation 

practices [3]. 

Despite the poor growing conditions, for subsistence Tuvalu’s temperature and rainfall conditions 

support fruit trees such as banana, breadfruits, pandanus, coconut trees, and pulaka, or pit-grown 

giant swamp taro. However, as with much of the Pacific Islands, a decline in domestic subsistence 

agricultural production has caused an increasing dependence on imported foods [4].  

Temperature  

Optimal temperature ranges or ‘envelopes’ can affect suitability for agricultural production of many 

crop types. Whereas increased average temperatures may result in less optimal growing conditions 

for some crops, opportunities for introduction of new crop varieties more suited to the changed 

growing conditions may also emerge. For example, for different root crops, the suitable temperature 

range varies slightly with different species. For yam 25–30 °C is optimum, whereas for taro it is 25–

35 °C, and for cassava it is 25–29 °C but 12–40 °C is tolerated [5].  

Increasing air temperature will have negative impacts on crops, including home gardens, and 

livestock (pigs), and may increase heat stress as well as invasive species, pests and diseases [5]. 

Higher temperatures can increase fruit flies and coconut scale pests on Nanumaga and Vaitupu and 

result in more conducive conditions for increased incidence of agricultural pests and diseases more 

generally.  

Throughout the Pacific region, free-range chickens and pigs are an integral part of self-sufficiency. 

Extreme heat causes stress for livestock [5], with associated increase in water demand. Chickens are 

less tolerant of excess heat, with the thermal comfort zone of adult pigs being 16-25 °C, young pigs 

25-32 °C, and chickens 10-20 °C [5].  

Rainfall and drought 

Extreme rainfall can reduce access to farms due to flooding. Damage, increased disease incidence, 

and/or waterlogging can affect some crops [5].  

Droughts are an important climate hazard for Tuvalu [6]. For example, between 2010 and 2013, 

Funafuti (Central Tuvalu) experienced drought for one year (December 2010–December 2011) while 

Niulakita (Southern Tuvalu) experienced three droughts between February 2010 and June 2013 (Iese 

et al., 2021). 

Through the 2011 drought, coconut, breadfruit, bananas and giant swamp taro (pulaka; a core crop 

for socio-cultural and food security reasons) [3], wilted and died or became inedible [7]. Prolonged 

negative impacts of drought on pulaka yield affected traditional staple diets and led to 



 

108 
 

abandonment of pulaka cultivation with potential loss of traditional knowledge [3, 7, 8]. Similarly, 

over pumping or extraction of groundwater resources to supply human needs also act in a similar 

fashion to drought, where removal of freshwater is greater than recharge, causing the lens to 

contract affecting pulaka [3]. Pacific peoples have long depended on island ecosystems to provide 

healthy diets [9], something that is declining in many islands with the inclusion of more imported 

(often nutrient-poor) foods in daily diets [4, 10].  

Drought also limits water availability for animal husbandry, in particular domestic pig production. 

Periodic limits on domestic water supplies due to drought mean that potable water for human 

consumption is prioritised over requirements for livestock. Through drought periods, water from 

bores, becoming more and more saline over time, is being used for non-potable purposes, e.g. 

watering pigs [11]. 

Tropical cyclones 

High winds related to TCs can affect crops in Tuvalu. Storm surges during cyclones threaten less salt-

water resistant crops (bananas and breadfruit trees) and can destroy pulaka pit plantations [12]. 

Sea level  

Rising sea level is increasing saltwater intrusion into groundwater and surface soils; it has already 

destroyed 60 % of pulaka pit plantations, and the remaining 40 % are highly sensitive [13]. Tuvalu 

has a relatively thin freshwater lens that supports taro, planted in excavated ‘pulaka pits’, thereby 

accessing water from the water table. However, this water has been increasing in salinity, especially 

during spring tides due to sea water intrusion [14]. While the taro has high tolerance to increased 

salinity, monitoring the salinity levels will be important as saline soil adversely affects agriculture. 

Through the 2011 drought period, the pulaka yield was reduced due to prolonged water stress and 

salt-coated soil caused by high evaporation in the pits [11, 15]. 

Extreme sea level 

Natural perturbations such as wave wash over and/or extreme high water and storm events can 

contaminate the fresh groundwater lens and therefore the pulaka pits with saline marine water [3]. 

After waves generated by Tropical Cyclone Pam inundated the Tuvaluan community, evacuees were 

able to move their pigs, but not their poultry, to safety [16]. 
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Chapter 14 Coastal development and infrastructure 
Coastal development and infrastructure includes buildings, docks, seawalls, land reclamation, roads 

and airports, as well as related energy, wastewater management and telecommunication 

infrastructure. Each provides essential services. In Tuvalu, 66 % of the total asset number and 62 % 

of the total infrastructure replacement value is located within 100 m of the coast [1]. The entire 

population of 11,000 lives extremely close to the coast [2, 3]. 

The TCAP coastal inundation projections include waves and tide as well as mean sea level anomalies, 

also distinguishing between extreme wave conditions from distant sources versus local tropical 

cyclones [4]. Different combinations of wave, tide, and sea level anomalies where used to produce 

nearshore extreme water levels, or proxy Total Water Levels (TWL), for different return intervals to 

generate probabilistic inundation maps which can be viewed in the TCAP portal (Figure 14-1).  

Users of the TCAP portal (https://opm.gem.spc.int/tcap/home ) can view the various extreme sea 
level return periods for the present climate (1999 to 2009), 2060, and 2100 for medium emissions 
(SSP2-4.5) and high emissions (SSP5-8.5). The portal can display a range of impact types for either 
Populations or Buildings, e.g. % and number exposed, % damaged, economic damage and annual 
economic damage. 

 

 

 
Figure 14-1: TCAP projections of coastal inundation impacts on % of exposed population (top), % of exposed buildings 
(middle), and % of damaged buildings (Source: [5]). 

https://opm.gem.spc.int/tcap/home
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A newly completed World Bank study [6] comprehensively assessed 29 school buildings located 

across nine islands, in relation to their exposure to wind (100 %), tsunami (75 %), coastal inundation 

(79 %), and pluvial flooding (100 %). With projected sea level rise the exposure of schools to tsunami 

and coastal inundation was reported to increase [6]. Most of the surveyed schools have a high 

vulnerability to wind due to inadequate roof fixing in terms of their condition, fixing type and 

spacing/layout. While most buildings have moderate or Low vulnerability to coastal inundation, 

buildings with timber frames have a high vulnerability rating. There is very low vulnerability to fluvial 

flooding. About one third of the schools could be unusable at 0.5m of sea level rise, two thirds would 

be unusable at 1m of sea level rise and almost all would be unusable at 2m of sea level rise [6]. 

Risk statements and ratings for this study have been estimated for this sector noting that a new 

Building Code has been recently developed for Tuvalu [7]. This new building code has incorporated 

new provisions for building design and associated engineering specifications designed to better 

address disaster risk reduction requirements within a changing climate, and thereby build resilience 

to future climate for the built environment in Tuvalu. 

Tuvalu is heavily reliant on imported petroleum products for transport, electricity generation and 

household use such as cooking and lighting. The high transport and associated fuel prices and 

fluctuations impact heavily on businesses and households and undermine growth and food security, 

especially the most isolated outer islands [8]. Transport, health, water supply, water treatment and 

telecommunications are critically dependent on reliable and cost-effective electricity supply for 

services that support communities, government, and business. Intermittent power outages, for 

various climate and non-climate-related reasons, compound these sectoral impacts, particularly in 

Funafuti as relates to water supply, essential equipment for health and telecommunications, as well 

as cooling, refrigeration and other core household services.  

Tuvalu’s coastal infrastructure and communities may be affected by coastal inundation and erosion 

during high tides, storms surges, ocean swell, wind-driven waves and sea level rise. While cyclone 

frequency is projected to decrease, increasing cyclone intensity would result in larger wind driven 

waves, storm surges and swell, exacerbated by rising sea levels, leading to increased coastal 

inundation, beach erosion, and infrastructure damage.  

Waves are one of the main causes of coastal flooding and shoreline change in low-lying atoll nations 

like Tuvalu. Tuvalu's wave climate is dominated by three energy sources: extratropical storms in the 

Southern Ocean and in the North Pacific; and easterly trade winds [9].  

Waste management is a significant issue, particularly with storm water run-off and domestic 

wastewater (septic tank) leakage to lagoons compounded by SLR. A potential ongoing and longer-

term problem exists with e-waste due to increased demand for solar panels and batteries, and for as 

industrial waste (heavy plant and equipment used for coastal development/land reclamation, such 

as old barges, excavators, pipes and fittings, de-salination equipment etc.). In addition, issues exist 

with existing landfill in Funafuti due to periodic burn-off of the piles and related run-off to the 

lagoon that is impacting water quality. 

Extreme Temperature  

Asphalt road-pavements are important for transport, and bitumen is a critical component. At high 

temperatures, bitumen is more fluid; at intermediate temperatures, it is a viscoelastic liquid; and at 

low temperatures, it is solid [10]. Extreme temperatures will therefore affect asphalt road surface 

performance [11]. Repairs may be needed more often in a warmer climate. 
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Extremely hot days and heatwaves increase demand for electricity to run fans, air-conditioners and 

refrigerators. When demand exceeds electricity supply capacity, black-outs can occur. As previously 

stated, this has cascading impacts on government services, businesses, telecommunication, health, 

labour productivity , transport and households. Projected increases in hot days and heatwaves 

would exacerbate these impacts, particularly as Tuvalu manages ageing energy infrastructure such 

as in Funafuti (generators, transformers, distribution networks), while transitioning to renewables.  

A non-linear relationship between temperature and electricity demand is seen in a recent study 

undertaken in Vanuatu [12], where temperatures above 32 °C cause a significant increase in demand 

(Figure 14-2). A similar relationship is likely in Tuvalu. High electricity demand and limited electricity 

supply can result in failure of the electricity grid (particularly when operational ratings are exceeded 

for conductors and switching equipment). Blackouts can occur, with compounding impacts on public 

health and workforce productivity. 

 

Figure 14-2 Average hourly energy demand (kW/hr) compared to daily maximum temperature in Port Vila, Vanuatu. 

Increasing air temperatures will lead to increasing energy demand for fans, air-conditioning and 

refrigeration [13, 14]. For instance, a 12-hour power outage in Funafuti in Oct 2023 was caused by 

overloading of a transformer due to extreme heat and, high electricity demand, and no access to 

spare switch gear to allow for partial shutdown, and with only one spare transformer. 

Rainfall  

Extreme rainfall over hours to days can cause flooding, with associated infrastructure damage and 

disruption. This can have implications for disaster risk management, road transport, water quality, 

food security, community health, income security, aviation and maritime transportation [15]. 

Heavy rainfall, combined with high tides and rising sea levels, has caused localised flooding and 

damage to public infrastructure (including the international airport runway on Funafuti), inundation 

of homes and shops, and damage to flexible pavement surfaces [16, 17]. For example, in December 

2023, the airport runway was flooded and flights were cancelled 

https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-

airways/103237676 

Flooding can force sediment and debris into drainage systems, affecting associated water quality and 

water-borne diseases. The existence of a good drainage system is crucial [18].  

Extreme sea level 

With a mean elevation of 1.55 m above mean sea level (1.37 m above mean high water spring), 

more than 25 % of Tuvalu’s land area is inundated once every 5 years and more than 50 % of land 

area floods once every 100 years [19]. This has strong implications for coastal development and 

https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-airways/103237676
https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-airways/103237676
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infrastructure. For example, flooding of electricity infrastructure, including underground wiring and 

terminals/junction boxes and inspection pits, may cause blackouts [20]. 

Funafuti experiences multiple floods annually due to spring tides, even in the absence of large waves 

or mean sea level rise. The porosity of the ground results in a strong hydraulic connectivity between 

the ocean and Funafuti's interior (e.g., [21, 22]. This results in spring high tides penetrating the island 

from the ground up, without the need of wave overtopping. Furthermore, much of Funafuti's islets 

are extremely narrow (less than 100 m wide). Consequently over 50 % of the atoll area floods once 

every 10 years due to a combination of perigean spring high tides (king tides) and waves [19]. Recent 

inundation modelling indicates that nearly 40 % of Tuvalu’s population is exposed due to inundation 

events that occur every 5-years, while inundation events that occur every 100 years affects about 68 

% of the population [5]. Saltwater intrusion of the freshwater lens can occur through storm-surge 

over-wash and coastal flooding. 

Other islands such as Niutao and Niulakita are less frequently and less extensively flooded. Only 17 % 

of the Niulakita's land area and only 11 % of Niutao's land area floods once in 10 years. The reason 

for the reduced flood susceptibility lies in the islands' geomorphology as they are significantly higher 

than the rest of Tuvalu (>2.4 m above mean sea level) [19]. 

Greater impacts will occur when storm surge is combined with a high tide and sea level rise [23] 

(Figure 14-3). Before the storm event associated with TC Pam, Tuvalu’s electricity was switched off, 

plunging the island into darkness and cutting off communication lines that wouldn’t be re-

established for three days [24]. Damage to ancestral graves on the island of Nui are also associated 

with these type of events (K. Morioka, Pers Comm).  

 

Figure 14-3 Conceptual diagram of current and future tropical cyclone-induced risks in a warming climate for two cases: 
Case 1 represents a condition in present-climate without any tropical cyclone, and Case 2 represents a  future climate 
scenario in the presence of a severe tropical cyclone event and future sea level rise (source: [23]). 

Coastal reclamation undertaken in Funafuti lagoon as part of the Tuvalu Coastal Adaptation Project 

(TCAP) has created additional land at elevation designed to protect communities and infrastructure 

from projected SLR and storm surge (e.g. Figure 14-4). Additional coastal reclamation is planned for 

Tuvalu in other locations as part of TCAP, although final usage of the reclaimed land is yet to be 

determined. Reclaimed land is fortified by geotextile bags (Ref). Regular monitoring of the geotextile 
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bag integrity on the very low tides is advised as early in-situ repairs make economic sense given 

integrity loss in one bag can affect the whole stack [25]. 

  
Figure 14-4 Land reclamation undertaken in Tuvalu Source G. Gooley CSIRO. The picture on the left is from TCAP/SPC or 

GoT. We need to check copyright on this. 

Wind 

Slightly positive trends in high-frequency (∼10 s) wave energy from the east and low-frequency (∼15 

s) wave energy from the southwest were linked to an intensification of trade winds and an 

intensification and poleward displacement of the Southern Ocean storm belt over recent decades 

potentially resulting in overtopping. The interannual variability of Tuvalu’s wave climate is strongly 

linked to large-scale climate modes such as El Niño Southern Oscillation, Pacific Decadal Oscillation, 

and Arctic and Antarctic Oscillation [9]. 

Disruption of air and sea transport is related to higher winds. Wind borne debris can affect electrical 

transmission lines and affect telecommunications. Salt can build up on transmission towers located 

on the ocean side of Funafuti. There is a requirement for an SMS/text msg early warning system for 

natural disasters, extreme heat impacting i) labour to undertake critical maintenance, and ii) loss of 

mains power for critical infrastructure impacting phone and internet services, salinisation of the soil 

from SLR and Spring tide inundation impacting existing underground copper wire infrastructure 

(needs to be replaced with fibre-optic cable). 

Ocean temperature and acidification 

Integrity through coral bleaching, die-back, and reef erosion can result in reduced protection from 

reefs surrounding the islands, reducing island protection [26]. Marine infrastructure e.g. fixings such 

as nails, rivets, bolts etc. may be affected by ocean acidification. 
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Chapter 15 Disaster management and emergency response 
In addition to extreme rainfall and drought, remote TC-driven storm-surge and coastal inundation 

are risk factors triggering natural disasters. There are numerous examples of disasters causing 

significant loss of property and disruption to services in Tuvalu, often requiring impact assessments 

and financial compensation for loss and damage to individual land-owners, businesses and public 

entities. It is also the case that this sector is cross-cutting in terms of climate change impacts, many 

of which have already been described in previous chapters. 

Extreme rainfall 

More extreme rainfall is projected, with an associated increase in flooding, freshwater 

contamination, and risks to human safety [1]. International airport closures have occurred due to 

extreme rainfall, damaging the runway https://www.abc.net.au/news/2023-12-16/australians-stuck-

in-tuvalu-flights-cancelled-fiji-airways/103237676 Australians left stuck in Tuvalu after airport's 

runway damaged - ABC News 

Flood early warning systems, evacuation centres, post flood impact assessments, and climate-

resilient recovery are essential, particularly during El Niño events.  

Drought 

Drought is one of the biggest risk factors triggering natural disasters in Tuvalu. There are numerous 

examples of drought causing significant loss of agricultural productivity and stress on community 

health, wellbeing, and livelihoods due to water restrictions, requiring assessments and remedial 

action by the DRM sector and government more generally. For example, the Government of Tuvalu 

declared a state of emergency on 28th September 2011 as the drought directly or indirectly affected 

the entire population of Tuvalu [2].  

Tropical cyclones  

Tropical Cyclone Pam formed in the central south Pacific in early March 2015 [3]. The resulting swell 

propagated throughout the central Pacific, causing flooding and damage to communities in Tuvalu, 

Kiribati, and Wallis and Futuna, all over 1,000 km from TC Pam’s track [4]. The cyclone affected 

almost half of Tuvalu’s population, causing an estimated US$10 million in damage and at least US$17 

million in reconstruction costs [5]. While cyclones are projected to occur less often in future, an 

increase in intensity would have significant implications for DRM. 

TCs are associated with storm surges mainly through strong wind and low atmospheric pressure. 

Destructive waves generated by strong wind, even from far-located TCs [4], have been associated 

with coastal flooding, coastal erosion, and damage to jetties and harbours in Tuvalu. These cascading 

and compounding impacts pose challenges for DRM. 

Extreme sea level 

Ninety percent of coastal flooding events in Funafuti have occurred between January and March (Tui 

and Fakhruddin, 2022). Flooding from king tides and waves could be 3–5 m and a 3.2 m king tide 

could inundate half of Fongafale land [6]. 

As part of the Climate Risk Early Warning Systems (CREWS) initiative, SPC is partnering with the 

meteorological services in Tuvalu to strengthen their ocean monitoring and coastal inundation 

warning services. Early Warning Systems are a proven cost-effective disaster risk measure to 

https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-airways/103237676
https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-airways/103237676
https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-airways/103237676
https://www.abc.net.au/news/2023-12-16/australians-stuck-in-tuvalu-flights-cancelled-fiji-airways/103237676
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strengthen community resilience. In virtually enclosed atolls, the water level experienced at the 

shore is compounded by tides, sea level anomaly, storm surge and the contribution of waves. While 

wave setup and runup, are the primary components driving inundation along the ocean-facing 

shorelines, sea level rise, wind setup and wave pumping through the atoll rim contributes more 

inside lagoons [7]. Having an Early Warning System aims to provide accurate, timely and actionable 

forecast information for safety at sea and increase resilience of communities. See: 

https://gem.spc.int/projects/climate-risk-early-warning-systems-crews-inundation-forecast-system-

for-tuvalu-kiribati  
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Chapter 16 Health 
Climate change is having detrimental effects on the health of local communities in the Pacific, 

including Tuvalu. In the absence of strong and effective mitigation and adaptation measures, these 

impacts are projected to worsen under future climate conditions [1]. Health related climate impacts 

include direct impacts (e.g. heat stress and injuries from extreme weather events), and indirect 

impacts on water security and safety (e.g. water borne diseases), food security and safety (e.g. 

malnutrition and food borne diseases), vector borne diseases, and non-communicable diseases 

(NCDs) including hypertension, coronary and diabetes ailments, respiratory illness, eye, ear and skin 

disorders and diffuse impacts through mental/psycho-social disorders [2]. 

The health and climate change country profile for Tuvalu, developed with WHO as part of a shared 

commitment to the UNFCCC, provides a summary of available evidence on climate hazards, health 

vulnerabilities, health impacts and progress to date in the health sector’s efforts to realize a climate-

resilient health system [3]. For example, Tuvalu has a surveilance service for vector-borne diseases 

(Malaria, Dengue, Zika, Chikungunya, and Lymphatic filariasis) noting their current occurrence [4]. 

Existing NCD vulnerabilities include an epidemic of obesity and consequent chronic diseases [5]. 

Revisiting a more traditional diet based on increased consumption of local fisheries and agricultural 

produce, for example by using traditional techniques of drying, salting and smoking fish [6], or 

sourcing local agricultural produce (e.g. pulaka; a core crop for socio-cultural and food security 

reasons [7]), can have nutritional benefits.  

Temperature  

Heat-related stress and deaths could increase under a warmer climate and unfavourable socio-

demographic conditions [2, 8]. High temperature is linked with some diarrheal diseases [9] and other 

enteric infections [10], and is associated with a substantial burden of ill-health in low-income and 

middle-income countries [10, 11] potentially straining or exceeding health service capacity.  For each 

1 °C increase in temperature, there exists a statistically significant increase in the risk of mental 

health-related mortality and morbidity [12]. 

The transmission of the two most common mosquito vector species for dengue, Aedes aegypti and 

Ae. Albopictus, is related to temperature [13] as indicated by the non-linear relationship in Figure 

16-1, noting this temperature relationship would also correlate to vector distribution and 

abundance. 

 

Figure 16-1 Relative Risk across constant temperatures for Ae. albopictus (light blue) and Ae. aegypti (orange) (Source: [13]) 

In the Western Pacific, the land area where temperatures are suitable for transmission of dengue by 

the main vector, Ae. aegypti, is projected to increase under a high emissions scenario. The picture 
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for Ae. albopictus is more complex, with hot season temperatures in many regions becoming too hot 

for the mosquito under a high emissions scenario [14]. 

Heat also affects human comfort and labour productivity. For the Oceania region (excluding 

Australia and New Zealand), heat associated with a 2 °C global warming is projected to cause a 12.9 

% reduction in labour productivity for agriculture, a 4.24 % reduction for manufacturing, and a 0.12 

% reduction for services [15]. 

Under extreme heat, the reduction in workforce productivity affects business continuity, water 

security, food security, infrastructure development, and health [2, 16, 17]. Extreme heat also directly 

impacts livelihoods and community wellbeing through increased incidence of heat-related illness 

and morbidity from heat stroke. 

Extreme heat directly impacts local communities, causing increased morbidity [18] and diabetes 

where indoor temperatures are elevated above 26 °C [19], particularly in the absence of a cool 

refuge (e.g. no air conditioning). Hot days and heat waves are also associated with increased hospital 

admissions and worsening of mental health symptoms [20].  

Medical supplies, including vaccines, need to be stored at certain temperatures. Transportation can 

take 6-12 hours to travel between islands, so higher temperatures may affect the safe transport of 

these supplies (K. Morioka, Pers Comm). 

Food handling and storage in households is increasingly a food safety issue due to increasing air 

temperatures and limited cold storage. 

Rainfall  

Flooding can result in water quality issues, water-borne and vector-borne diseases. An increase in 

diarrheal disease has been reported following heavy rainfall and flooding [9].  

Lack of maintenance of rainwater tanks, drainage and septic systems can cause poor water quality 

and disease transmission; a previous Typhoid outbreak in Tuvalu has affected both physical and 

mental health of affected communities. 

Less is known about the effect of drought on diarrhea transmission. However in 2011, Tuvalu 

experienced a drought and large diarrhea outbreak [21]. Well water was tested and found not fit for 

human consumption, and there was decreased handwashing frequency [21]. Four children and three 

adults were hospitalised for diarrhea and vomiting in Nukulaelae during the drought [22]. 

Water scarcity, particularly through droughts, can lead to increased rates of infection and disease 

(e.g. water-borne diseases, skin disease, eye infections), threatening health and well-being [2].  

Extreme sea level 

Tuvalu, a country comprised entirely of low-lying coral islands and atolls, has experienced the notion 

of climate refugees as a discursive force with significant emotional effects [23]. For Tuvalu, 

psychological distress has been attributed to literally experiencing impacts caused or exacerbated by 

climate change, and through hearing about global climate change, e.g. ‘Tuvalu is sinking’, and 

contemplating its future implications [24]. 

Coastal inundation can cause threats to physical safety, contributing to increases in mental health-

related illness [25, 26]. Health infrastructure is exposed to sea level rise; in Tuvalu two medical 

facilities are located within 50 m of the coast, including the Princess Margaret Hospital which is the 

national reference hospital and major medical facility [27]. 
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During Cyclone Pam in 2015, the winds were moderate, but the waves were so strong they damaged 

concrete houses. The storm demoralised the community [28]. While cyclones are projected to occur 

less often in future, an increase in intensity would have significant mental implications for health and 

wellbeing of local communities. 
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Chapter 17 Water resources 
Rainfall provides a critical water resource for ecosystems, communities, agriculture, businesses and 

livelihoods more generally. Ready availability of potable quality water for drinking and general 

sanitation use is critical to ensuring health and wellbeing of the population. Rapid urbanisation and 

water-table salinisation caused by sea-level rise makes the population of Tuvalu reliant on rooftop 

rainwater catchment and tank storage for private homes and via rooftop catchment and tank and 

underground reservoir storage collectively across public buildings for potable water supply [1, 2]. As 

Tuvalu’s limestone islands and atolls have no fresh surface water, the community also relies on 

groundwater extraction (for washing clothes etc.) [2] and where available, sea-water desalination 

(reverse osmosis/RO) for supplementary and/or emergency purposes.  

The available land for water storage tanks is a problem, particularly in Funafuti where population 

density is high, so there is competition for space between houses, recreation areas, infrastructure, 

livestock and crops. 

A recent review of Tuvalu’s ‘de-sal’ plants is listed in Table 17-1. Based on this assessment and as the 

key body responsible for overseeing, implementing and managing Tuvalu’s infrastructure (including 

water), the Public Works Department (PWD) recommended a new 20m3/day desalination plant [3]. 

Table 17-1 Existing RO units in Tuvalu (source: [3]) 

There are only two water trucks in Tuvalu that transport desalinated water from RO plants to 

consumers. This is inadequate and the PWD requires at least two more 10,000 litre water trucks to 

meet delivery demands. Any extra desalination capacity would not significantly increase the 

efficiency of supplying water to the community without increased transport capacity [3]. 

Maintenance of the ‘de-sal’ plant remains an ongoing problem. 

Drought 

The 2010-2013 drought [4] led to severe water shortages and loss of crops critical for food security, 

e.g. [5]. At Funafuti, rainfall was the lowest on record with only 515 mm (36% of the long-term 

average of 1430 mm) received between May to October 2011.  

Due to the severe freshwater shortage, the Tuvaluan Government declared a national state of 

emergency on 28 September 2011 [1] because the drought had directly or indirectly affected 

Tuvalu’s entire population.  Communal water supplies were rationed to as little as 2.1 L/person/day. 
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On some islands, 61 % of households relied solely on brackish well water for bathing, washing 

clothes and flushing toilets.  

During the 1999 drought, two 30m³/day mobile RO units were deployed to Vaitupu and Nanumanga 

islands to counter the water shortage experienced during the drought [3]. There is currently only 

one 10m³/day mobile RO unit. 

The cost of water from the desalination plant is an issue during drought when households need to 

purchase water from PWD, noting also that the community has a preference for rainwater as 

opposed to de-sal water due to quality, where and when there is a choice. 

Extreme rainfall 

Extreme rainfall can potentially improve water security if capacity exists to harvest and store 

rainwater in tanks [6]. 

 

Projected increases in heavy rainfall can also lead to increased runoff into the lagoon, and increased 

pollution in groundwater, adversely affecting water quality. Sediment and debris from floods can 

damage drainage systems, increasing the frequency and cost of repair and maintenance. 

Tropical cyclones 

Despite a projected decrease in cyclone frequency, coastal inundation associated with increasing 

cyclone severity and rising sea levels would impact water and wastewater infrastructure.  

Accessing adequate and clean water in the aftermath of a cyclone is often a major challenge [7]. 

While cyclones are projected to occur less often in future, an increase in intensity would have 

significant implications for health and wellbeing of local communities through limited availability of 

potable water for household use.  

Sea level rise 

Due to sea level rise, groundwater is brackish and generally not considered safe for consumption. 

Increasing sea level will lead to increasing saltwater intrusion/thinning freshwater lenses and 

reduction in water quality, especially during spring tides. The Fongafale Islet is less affected by this 

issue due to no significant freshwater lens [8]. Bores have been brackish for more than a decade 

already. On Vaitupu, water from bores is now only being used in drought periods, and mainly for 

non-potable usage, e.g. watering pigs [9]. Rising sea levels threaten water security in coastal 

settings, and some communities in the Pacific Islands have responded by revisiting their traditional 

practices for obtaining water, e.g. pools in rock caves [10]. 
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Chapter 18 Climate hazard ratings 

Introduction  
According to the IPCC (2022) [1], climate risk is the combination of climate hazard, exposure and 

vulnerability. Risk can be reduced by actions that reduce hazard and/or exposure and/or 

vulnerability Figure 18-1.  

 

Figure 18-1 Risk is derived from the combination of hazard, exposure and vulnerability. Source: [1] 

In this section, integration of the Tuvalu Vulnerability Assessment Report (TVAR) vulnerability and 

exposure priorities [2], combined with current and projected climate hazards assessed for Tuvalu 

(described in the Appendices of this report), are assessed to inform the analysis of risks and 

associated actions. This in turn will be used to inform the Tuvalu National Adaptation Plan (NAP). 

Vulnerability and exposure 
Vulnerability is defined as ‘The propensity or predisposition to be adversely affected. This 

encompasses a variety of concepts and elements, including sensitivity or susceptibility to harm and 

lack of capacity to cope and adapt’ [1]. Exposure is defined as ‘The presence of people; livelihoods; 

species or ecosystems; environmental functions, services, and resources; infrastructure; or 

economic, social, or cultural assets in places and settings that could be adversely affected’ [1]. 

In 2018-2021, Tuvalu completed an integrated vulnerability analysis (IVA) for all nine islands. The 

initial phase of the IVA was supported by the Global NAP Network via the International Institute for 

Sustainable Development [2]. The TVAR vulnerability assessment implicitly includes exposure 

because it refers to assets such as houses, infrastructure, crops, evacuation centres, and marine 

protected areas.  

While the TIVA provides rich and diverse snapshots of vulnerability at the sub-national levels, the 

key findings were aggregated to generate a high-level national summary for the purpose of 

informing the NAP development (Morioka, et al. 2024). The following summary will be used as a 

broad overview of vulnerabilities, however for a more granular and contextualised understanding of 

vulnerability, one should refer to the individual TIVA reports [2].  

Climate hazards 
A summary of climate hazards including climatology (Table 18-1) and sectoral impacts (Table 19-2) is 

provided for the current climate (20-year period centred on 1995) and the projected climate (20-
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year periods centred on 2030 and 2050). The 2050 climate is presented for low emissions (RCP2.6) 

and high emissions (RCP8.5) pathways. Confidence levels around the projections are also given (See 

Chapter 2 for a discussion of emission pathways and confidence levels). 

There is high confidence that temperature, sea level, marine heatwaves and ocean acidification will 

increase. There is medium confidence in a slight increase in annual average rainfall, a slight decrease 

in droughts, and an increase in extreme rainfall intensity. There is low confidence in a decrease in 

cyclone frequency and an increase in cyclone intensity. 

A combination of these hazard and hazard-based impact data and information, together with 

information about current vulnerability and exposure from the TVAR [2], has been summarised for 

priority sectors in Table 18-3. Information about relevant climate hazards is also summarised, along 

with hazard ratings based on expert judgement, e.g. if impacts are medium then the hazard rating is 

medium, and if the impacts are high then the hazard rating is high. Projected changes in hazards 

from Table 18-1 change the hazard ratings in future (Table 18-3). These hazard ratings are intended 

to provide consolidated lines of science-based and reliable/validated anecdotal evidence to inform 

the integrated risk assessments for the Tuvalu CIVRA project; noting that the risk ratings specifically 

are reported separately for the project. 
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Table 18-1 Historical climate (20-years centred on 1995) and projected climate change for 20-year periods centred on 2030 and 2050, relative to a 20-year period centred on 1995. Changes are 
based on simulations from CMIP5 global climate models (GCMs) for low (RCP2.6) and high (RCP8.5) greenhouse gas emissions scenarios. However, changes in extreme wind speed and marine 
heat waves are based on CMIP6 GCMs for low (SSP1-2.6) and high (SSP5-8.5) emissions scenarios. For some variables, the Tuvalu EEZ region is assessed, rather than Funafuti, as indicated. 
Confidence ratings are based on the IPCC framework (Mastrandrea et al, 2010) involving an assessment of the amount of evidence and the degree of agreement between lines of evidence.  

Funafuti 
 

Projected change 

20-years centred 
on 1995 2030 

2050 2050  

Low emissions RCP2.6 Very high emissions RCP8.5 Confidence 

 ATMOSPHERIC VARIABLES  

Min 26 °C  
Max 31 °C 

Annual average temperature (°C) +0.7 (0.4 to 1.0) +0.8 (0.5 to 1.2) +1.4 (1.0 to 1.9) high 

12 (0 to 31) °C  Hot days (days > 33 °C) a 
 

+181 (140 to 222) +264 (140 to 331) high 

3460 mm  Annual average rainfall (%) +4 (-4 to +12) +3 (-6 to +11) +3 (-11 to +17) medium 

134 (119 to 160) 
mm/day  

Annual maximum daily rainfall (mm/day) 
 

+12 (-17 to 39) +15 (-15 to 65) medium 

  Average drought intensity  
(more negative = more intense) 

Slight increase No data Slight increase medium 

1.2  per 20 years Average drought frequency (per 20 years) Slight decrease No data Slight decrease medium 

~17  months Average drought duration (months) Slight decrease No data Slight decrease  medium 

~30 (20-39) m/s Tropical cyclone windspeed (m/s) 
  

Increase low 

 Tropical cyclone frequency (%) 
  

Decrease low 

 OCEAN VARIABLES  

0m  Annual average sea level (m) +0.13 (0.09 to 0.17) +0.22 (0.17 to 0.29) +0.27 (0.19 to 0.37) high 

11 km2  Extreme sea level proxy: 
50-yr ARI Tuvalu flooded area (km2)b 

No data ~16 (2060; SSP2-4.5) ~16.5 (2060) high 

28.6-29.5 °C  Sea surface temperature (°C) over EEZ c, f +0.7 (-0.6 to 1.7) +0.9 (-0.5 to 2.1) +1.3 (0.0 to 2.5) high 

~ 10 days/ yr  Marine heatwave frequency (days/year) c,f 110-290 130-340 220-360 high 

0 days/ 20 yr  Coral bleaching days (per 20 years) d,f  No data 169-2934 1652-6460 high 

~8.08 (8.1-8.07)  Annual average ocean pH over EEZ (c,e) 8.02 (7.99-8.04) 8.0 (7.99-8.02) 7.95 (7.93-7.96) high 

~4.1 (4.0-4.2)  Annual average aragonite saturation (c,e) 3.77 (3.51-4.06) 3.69 (3.53-4.01) 3.4 (3.18-3.70) high 
a number of days over the 95th percentile of 1985-2014 daily temperatures b data source [3].c Future values are reported, not changes. d Exceed coral bleaching Alert level 2 at Niutao. e 

Baseline figures are estimated from Figure 11-2. f CMIP6/SSPs and baseline period 1994-2014 used.  
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Table 18-2 Climate related hazards affecting sectors in Tuvalu.  

 

Climate Hazard Fisheries and marine 
resources 

Agriculture Coastal development and 
infrastructure 

Disaster Management 
and emergency 

response 

Health Water resources 

Annual average 
temperature 

Fish storage in boats and 
while processing 

Crop suitability. 
Crop disease 

  
Vector borne disease  

Extreme 
temperature 

Fish storage at port and on 
vessel. 
Fishers’ and fish processors 
heat stress and workforce 
productivity. 

Crop stress 
Farm-worker heat-
stress 
Pig and chicken 
heat-stress 

Health of outside workers for 
general maintenance and 
installations. 
Melting of Road tar. 
High energy demand for air 
conditioning may cause black outs.  
May require more solar/battery 
back-up. 
Increased demand for replacement 
parts and equipment.  
Black outs may cut telecoms.  

Increased demand for 
communal air-
conditioned refuges to 
escape heat. 

Heat stress increases hospital 
and health centre admissions 
from heat stroke.  
Power outages may affect 
sewage pumping facilities. 
Food-borne disease due to 
inadequate cooling. 
Labour productivity 
Mental/ psychosocial disorders 

High water demand for 
domestic and agricultural 
use for stock watering and 
irrigation. 

Annual average 
rainfall 

 
Crop suitability. 
Water for livestock. 

  
Vector borne disease. Availability/ storage 

Extreme rainfall Nutrient and sediment 
Runoff into coastal areas. 

Limited farm access 
due to flooding.  
Damage to some 
crops. 
Increased disease 
pressure. 

Flood risk depends on road design 
and flood mitigation e.g. drainage. 
Extreme rain can result in flooding 
of Funafuti airport runway. 
Flooding of electricity 
infrastructure may cause blackouts. 
Flood related black outs may cut 
telecoms. 
Require functioning gutters and 
rooves to collect water to water 
tanks. 

Require flood early 
warning systems, 
evacuation centres, and 
post-flood impact 
assessments. 

Water quality affects health, 
sanitation and hygiene.  
Post-flood trauma may affect 
mental health. 

Flooding can overwhelm 
drains, with overflow of 
septic tanks, affecting 
ground water quality. 

Drought Invasive seaweed e.g. 
Sargassum polycystum has 
been observed during 
drought events. 

Crop stress e.g. 
reduced yield from 
Pulaka (Giant 
swamp Taro).  
Loss of cultural 
livelihood. 

Towers caking with salt, with no 
rainfall to wash salt away, can also 
affect telecoms. 
Water supply from household 
water tanks becomes inadequate. 

RO capacity. 
Reliance on trucks to 
deliver RO water. 
Supply of RO water to 
outer islands.  

 Water Shortage. 
Reliance on RO water.  
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Extreme 
windspeed 

More days too windy for 
fishing (<20 knots) 
 
Relevant to both lagoon and 
off-reef/FAD pelagic fishery. 
When very windy more 
fishing in the lagoon. 

Crop damage. Large waves and storm surges 
causing overtopping of barriers 
Disruption of air and sea transport 
Wind-damage to infrastructure can 
cause blackouts. 
Blackouts, wind-borne debris and 
fallen trees may cut telecoms. 
Towers caking with salt from sea 
spray can affect telecoms. 

Deaths, injuries, 
damage and disruption 
in general.  
Post cyclone impact 
assessments can inform 
climate-resilient 
recovery. 

Injuries due to airborne debris 
and building collapse during 
cyclones. 

Ocean overtopping of 
barriers can cause salt-water 
contamination of 
groundwater. 

Sea level rise, 
extreme sea level 
(inc waves and TC 
impacts) 

Coral reefs provide less 
defence against storm surge 
and tsunami. 
Sea-Turtle nests may be 
inundated.  
Mangroves  

Saltwater 
inundation affects 
Pulaka pits. 

Infrastructure, houses, roads and 
bridges affected. 
Underground copper wiring 
becoming corroded with 
inundation, with upgrading to 
fibre-optic cable expensive. 

Need barriers and land 
reclamation to reduce 
inundation risk. 

Mental health issues due to 
inundation of property, and 
loss of livelihood & income, 
internal and external 
relocation. 

Contamination of freshwater 
lens. 

Ocean 
temperature and 
marine heatwave 

Changing distribution of 
Tuna fisheries ($). 
Coral bleaching. 
Sea-Turtle gender. 
Fish kills. 

 
Coral bleaching/die-back/reef 
erosion. 

 
Ciguatera- links to SST unclear. 
More study needed. 

 

Ocean pH Fisheries, reef and aquatic 
ecosystem viability, 
productivity, and diversity. 

 
Marine infrastructure e.g. fixings 
such as nails, rivets, bolts etc. 
Coral bleaching/die-back/reef 
erosion reducing island protection. 

   

Aragonite 
saturation 

Coral formation and reef 
integrity, shells, and fish 
skeletons. 

 
Coral integrity, lagoon protection    
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Table 18-3 Climate hazard assessment for Tuvalu, based on current and future climate hazards (Table 18-1) for 2030 and 2050 for low and high emissions scenarios, noting current 
vulnerabilities and exposure based on the TVAR [2], Chapter 2 of this report (L), or in-country (IC) missions. Colours are aligned to the consequence rating scale below. SST is sea surface 
temperature and MHW is marine heatwave. 

Low Medium High Very high Extreme Very Extreme Unclear 

 

Sector/Theme Source Current vulnerability and exposure Current hazard ratings  
 

Climate hazard ratings 

2030 2050 

Low/high Low High 

Fisheries: ocean L National revenue is strongly dependent on offshore fish catches and licences SST    

Fisheries: coastal T*, L Household consumption is strongly dependent on inshore fisheries productivity and 
marine biodiversity 

SST    

T Invasive species affect marine biodiversity and ecosystem health (e.g. Crown of 
thorns seastars). 

L Food and fish are vulnerable to spoiling post-harvest on very hot days due to lack of 
suitable cold storage 

Extreme temperature    

T Invasive species affecting land crabs etc. (e.g. yellow crazy ants) Temperature    

T, L Maritime saftey and fishing activity for coastal fishers can be affected and/or 
weather / waves too rough  

Wind speed    

L Fish being processed may spoil in the heat without refrigeration, affecting potential 
sale value and suitability for consumption 

Extreme temperature    

T Declining ecosystem health of coastal marine habitat such as coral reefs and lagoons MHW    

Ocean acidification    

T Low resilience of marine food sources observed in past droughts (Nukulaelae) maybe 
due to high temperatures and low water flushing through the lagoon impacting 
water quality 

Drought    

L, T Nutrient runoff, pollution and wastewater degrades water quality in lagoons Extreme rainfall    

L Sea turtle gender affected by sand temperature (air temperature and SST) Sand temperature     

L Sargassum polycystum infestation of reefs and lagoons due to high nutrient levels 
near densely populated areas  (mainly in Funafuti) 

Wind 
Rainfall 
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Agriculture T High exposure of agriculture  in low lying coastal areas with reducing reslience to 
coastal inundation, declining or poor soil quality for farming with salt water intrusion 
and storm surge (Vaitupu in particular).  
Low resilience of crops to salt water leading to declining or limited crop diversity 
(Niutao, Nui). Crops can become inundated with saline water from wave 
overtopping 

Extreme sea level    

T Poor soil quality and exposure of crops to salinity from groundwater intrusion  Extreme sea level    

L Livestock (pigs) are vulnerable to heat stress Extreme temperature    

T, L Crops have shown low resilience to droughts in the past Drought    

T Crops have shown low resilience to floods causing recrurrent crop failure Extreme rainfall    

T Low resilience of crops to tropical cyclone winds and waves e.g. breadfruit dropping, 
tree damage etc 

Cyclones    

Coastal 
infrastructure 
and ecosystems 

T*, L With high exposure in low lying coastal areas, and limited coastal protection,  
shorelines are retreating due to coastal inundation and erosion (Nanumea and 
Nanumaga in particular). Exposure to salt water due to coastal inundation causes 
decline in shoreline vegetation health and cover. 

Extreme sea level    

L Asphalt road surfaces/ airport runways are poorly maintained and exposed to 
coastal inundation/erosion, e.g. pot holes (Funafuti and Vaitupu) 

Extreme sea level    

Extreme rainfall    

Extreme temperature    

L, IC Water, electricity and other infrastructure subject to surface flooding, coastal 
inundation and groundwater intrusion  

Extreme rainfall    

Extreme sea level    

L Inadequate marine resource (natural infrastructure) conservation including coral / 
coastal protection, also to waves generated by remote severe cyclones. 

Ocean acidification    

Marine heatwaves    

Cyclones    

Health L, IC Heat stress occurs where there are buildings with inadequate cooling,lack of 
communal ‘green space’/natural shade and at outdoor worksites without protection 
from the sun; compounded during power outages 

Extreme temperature    

L Limited capacity to cope with heat related morbidity, diabetes, and heat related 
mental health issues 

L Food safety issues where adequate refrigeration is limited or not available 

T Lack of refrigeration for timely and effective transportation and storage of medical 
supplies  

T Changes to coastal fisheries production may affect availability of fresh food quality 
and quantity 

SST    

IC Incidence of Cigateurra poisoning  SST    
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T Exposure to vector borne disease (Chikungunya, dengue and lymphatic filariasis) Temperature    

Rainfall    

T Exposure to water borne diseases due to poor water quality, availability and 
environmental health and sanitation, especially during floods 

Extreme rainfall    

L Flood related water borne disease and sanitation issues due to limited  water 
treatment and sewage treatment plants 

L High exposure to inundation, loss and damage in low lying coastal areas, affecting 
mental health 

Extreme sea level 
 

   

T Low resilience of health infrastructure to inundation    

L Communities affected by lack of access to potable quality water and reduced water 
for agriculture, contributing to water/food stress and physical (sanitation-related) 
and mental health issues 

Drought    

Water  L, IC Water demand increases under extreme heat conditions Extreme temperature    

T Salt water intrusion affects ground water quality, affecting potable water supply  Extreme sea level     

L, T Increasing pressure on water resources occurs during drought due to limited  access 
to water treatment equipment, inadequate household and communal water tank 
capacity, leaking or faulty household water tanks, and inadequate public water 
supply system and services 

Drought    

L Drainage affected during flooding events leading to reduced water quality, excessive 
run-off, damage to infrastructure and loss of public amenity  

Extreme rainfall    

T* Limited ability to capture water in household water tanks due to land availability and 
cost of purchasing and maintaining water tanks 

Rainfall    

 
Disaster risk 
management 

T Lack of cyclone-proof and extreme climate-resilient housing, e.g cyclone straps, 
poorly fixed roofing materials 

Cyclones    

Extreme rainfall    

T Limited access to post-disaster building reconstruction services, including shipping 
and transporation being affected by waves generated by remote severe cyclones. 

Cyclones    

T* Limited or no access to adequately sized and located climate-resilient evacuation 
centres (Vaitupu, Nui and Nukufetau) (Top TIVA priority) 

Cyclones    

Extreme sea level    

T, IC High exposure to coastal inundation in low lying areas affects power supply, 
ctelecommunications and evacuation centres 

Extreme sea level    

L, IC Inundation and damage to roads and airports and other public infrastructre affecting 
transport and other critical support services 

Extreme rainfall    

*denotes vulnerability issue with the highest frequency of total responses across all islands, according to TVAR 
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Chapter 19 Knowledge gaps and research priorities  
This report has described historical and projected climate hazards that potentially pose risks to 

Tuvalu. Confidence ratings, uncertainties, limitations and caveats have also been provided along 

with consolidated hazard ratings for priority sectors incorporating aspects of climate-related 

hazards, impacts, exposure and vulnerability under current and future climate conditions for Tuvalu. 

These hazard ratings are in turn used to inform integrated climate change risk assessments (reported 

separately) as science-based evidence to inform the new NAP for Tuvalu. 

Through this assessment  process a few key knowledge gaps have emerged. Addressing these gaps 

will inform research priorities to enhance the knowledge base for future assessments; in particular 

as might inform the future implementation and evaluation of the new NAP. Likewise, 

implementation of the Pacific Climate Change Research Roadmap coordinated by SPREP in 

partnership with Pacific Island countries including Tuvalu, will facilitate these gaps to be addressed. 

Historical climate  
This report has quantified historical climate averages, variability and trends. In addition to the 

primary purpose of informing the risk assessment as part of the new Tuvalu NAP, this report also 

serves effectively as a ‘state of the climate’ report for Tuvalu relevant across current and future, 

multi-decadal (climate change) timescales. This analysis should be updated every two-three years, 

including potentially by refreshing the 2022 report on Climate Change in the Pacific: Historical and 

Recent Variability, Extremes and Change [1] at a national level for Tuvalu. Better supporting the 

historical analyses of observed station data could be via a revised or extended monitoring network 

for digitising and quality controlling observed atmospheric and oceanic variables in Tuvalu. Without 

reliable, high (spatial and temporal) resolution and quality controlled/homogenised atmospheric and 

ocean measurements, it is difficult to evaluate the performance of climate models, which influences 

the level of confidence in climate projections. Likewise the ability to produce application-ready 

projections data tailored to the needs of target sectors is also limited. 

While global trends in temperature and sea level have been attributed to climate change, there is 

uncertainty about whether local trends and extreme weather events can be attributed to climate 

change. This could be explored using detection and attribution methods described in IPCC AR6 

Working Group 1 Chapter 10 [1]. Such analysis will provide more reliable insights to better 

understand the historical and current climate trends, particularly in terms of elucidating the impacts 

of climate change from natural variability. 

Future climate 
Most of the climate projections in this report were based on simulations from CMIP5 climate models 

driven by low (RCP2.6) and high (RCP8.5) greenhouse gas concentration pathways. These datasets 

are becoming outdated due to the growing availability of more contemporary simulations from 

CMIP6 climate models driven by low (SSP1-2.6), medium (SSP2-4.5), medium-high (SSP3-7.0) and 

high (SSP5-8.5) concentration pathways. Projections for Tuvalu (and the broader western tropical 

Pacific region) should be updated with data from CMIP6 climate models driven by SSPs. In this 

report, projected changes in extreme windspeed, marine heatwaves and ocean acidification (pH and 

aragonite saturation) are based on existing/ available CMIP6 GCMs for low (SSP1-2.6) and high 

(SSP5-8.5) emissions scenarios. 

While the newer CMIP6 models show incremental improvements in the simulation of the climate of 

the western tropical Pacific compared to CMIP5 GCMs, and there will be new insights and new 
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opportunities to understand the future climate using these models, the western tropical Pacific 

remains a challenging area to simulate climate variability and change. For the Pacific region, for 

example, there is lower confidence in SST projections where the climate models tend to simulate the 

wrong shape for the Warm Pool and equatorial ‘cold tongue’; the well-known “cold-tongue bias” 

where the West Pacific warm pool is pinched in at the equator by a tongue of cold water and the 

‘cold tongue’ is generally too strong in models [2-4]. This issue is reduced, but still persists in the 

CMIP6 models [5].  

Projected changes in ENSO also have significant uncertainty. Understanding the zonal gradients of 

sea surface temperature (SST) across the equatorial Pacific have major consequences for both Pacific 

and global climate [6]. Improvements on the large degree of inconsistency among climate models on 

some aspects of future ENSO projections, as well as biases (e.g. [3, 7-9]) will be very important going 

forward.  

These challenges could be explored using dynamical and statistical downscaling of the CMIP6 climate 

models over the western tropical Pacific. An internationally coordinated downscaling experiment 

called CORDEX-CMIP6 is running simulations at 12.5 and 25 km resolution over 14 domains, but this 

does not include the Pacific. A CORDEX Pacific Flagship Pilot Study has been proposed. Downscaling 

is computer-intensive in terms of data processing and storage. Artificial intelligence and machine 

learning capabilities could enhance data processing.  

Regarding extreme weather events, more information from scientifically robust extremes analysis is 

needed at spatial and temporal scales relevant to assessing climate risks, i.e. less than 50 km and 

less than 24 hours between data points. Key parameters include:  

• Tropical cyclones: frequency, intensity (peak wind speeds, storm surge and rainfall), 

duration, and location (latitude of maximum intensity, area of gale-force winds).  

• Extreme sea level: intensity, frequency, duration and location.  

• Extreme rainfall: intensity, frequency, duration and location.  

• Flood: intensity, frequency, duration and location.  

• Extreme heat: intensity, frequency, duration and location.  

• Drought: intensity, frequency, duration and location. 

• Marine heatwaves: intensity, frequency, duration and location. 

Further research is needed to reduce uncertainty about potential (low risk/high consequence) 

tipping points. While much of this research is already occurring internationally, having a ‘Pacific’ 

voice in these activities could improve the local relevance of information, e.g. a Tuvalu case study. 

An analysis of SSP likelihoods would be highly policy-relevant, bearing in mind the COP28 Global 

Stocktake of emission reduction policies, recent emission growth rates, and revision of SSPs for the 

CMIP7 project aligned to the next IPCC AR7 reporting cycle. This would allow Tuvalu (and the 

western tropical Pacific) to use the latest climate models and emissions scenarios in risk 

assessments, adaptation planning and decision-making.  

Co-design and co-development of communication products is essential for raising awareness and 

boosting the uptake of science in planning and decision-making. Communication products could 

include brochures, reports, journal papers, videos, posters, slides and presentations. Adding or 

updating climate information on an existing web portal can also add value, in particular where 

tailored climate change data and information can be readily accessed, analysed, visualised and 

spatially-referenced. Ongoing climate change services such as these can provide information tailored 

for specific purposes, such as sector-based national and sub-national impact and risk assessments. 
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Linking climate hazards to impacts, exposure and risks 
Another gap is understanding the historical links between climate hazards and impacts. Knowledge is 

patchy in the Pacific e.g. a good understanding of the link between marine heatwaves and coral 

bleaching, but a poor understanding of the link between extreme temperature and electricity 

consumption. New work on tuna biomass modelling has been proposed, as there are key gaps in our 

understanding of the likely responses of tuna to climate change. The existing modelling assumes that 

each tuna species forms a single stock across the tropical/subtropical Pacific Ocean basin. Evidence 

is accumulating that this is not the case. Location specific assessments may be required to 

understand the effects on ciguatera fish poisoning from ocean warming. 

Further research is needed to develop reliable, scientifically robust ‘damage functions’ which 

provide statistical links between hazards and economic impacts for different sectors and activities. 

Once established, these statistical links can be used with future climate data to estimate future 

economic impacts of climate change under different scenarios, including potentially the cost-benefit 

of selected adaptation interventions and the application of climate information services to enhance 

adaptation planning and decision-making. It follows there is limited information about economic loss 

and damage related to climate change. Economic models need to be configured to account for 

annual-average losses due to extreme events. The economic costs and benefits of adaptation and 

mitigation can guide international policy negotiations and local action. 

Finally, the technical capacity of policy-makers, adaptation planners and associated sectoral 

decision-makers needs to be enhanced to ensure the available scientific data and information is well 

understood, routinely accessed and effectively applied as a mainstream outcome for civil society in 

Tuvalu; thereby resulting in building resilience to climate change for local communities going 

forward. 
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Chapter 20 Glossary 
A 

Adaptation: In human systems, the process of adjustment to actual or expected climate and its 

effects, in order to moderate harm or exploit beneficial opportunities. In natural systems, the 

process of adjustment to actual climate and its effects; human intervention may facilitate 

adjustment to expected climate and its effects. 

Anomaly: In climate science, a deviation from the normal value of a variable. It is usually the 

deviation of a variable from the average value at a specific place and time. 

Aragonite saturation state – see also Ocean acidification, pH: Aragonite is a form of calcium 

carbonate that makes up the shells and skeletons of key organisms in reef ecosystems, including 

reef-building corals. The saturation state of aragonite in seawater (known as Ω) is a measure of the 

potential for the mineral to form or to dissolve. When the Ω = 1, the seawater is in equilibrium with 

respect to aragonite, so aragonite does not dissolve or precipitate. When Ω > 1 seawater is 

supersaturated with respect to aragonite and aragonite will precipitate, and when Ω < 1 aragonite 

will dissolve. Aragonite saturations states above about 4 are considered optimal conditions for 

healthy coral reef ecosystems, with values below 3.5 becoming increasingly marginal for supporting 

healthy coral reef growth. 

C 

Carbon dioxide (CO2): A naturally occurring gas, CO2 is also a by-product of burning fossil fuels (such 

as oil, gas and coal), of burning biomass, of land use changes and of industrial processes (e.g., 

cement production). 

Climate: Climate is usually defined as the average weather. The relevant quantities are most often 

surface variables such as temperature, precipitation and wind. The classical period for averaging 

these variables is 30 years, as defined by the World Meteorological Organization1. In various parts of 

this portal different averaging periods, such as a period of 20 years, are also used. 

Climate change: A change in the state of the climate that can be identified by changes in the mean 

and/or the variability of its properties and that persists for decades or longer. Climate change may 

be due to natural internal processes or external forcings such as changes in solar irradiance, volcanic 

eruptions and human-induced changes in the composition of the atmosphere or in land use1. 

Climate extreme: A weather/climate event above (or below) a threshold value near the upper (or 

lower) ends of the range of observed values of the weather/climate variable1. Extreme events 

include hot/cold days, heavy rainfall, droughts and wind-storms. The extreme threshold can be 

defined in different ways for different purposes, e.g. daily maximum temperature above the long-

term 95th percentile, a 3-hourly rainfall-total with an annual exceedance probability of 1% (1-in-100-

year return period), 10-second windspeed exceeding 200 kph. 

Climate model – also see Global climate model: A mathematical representation of the climate 

system based on the physical, chemical and biological properties of its components, their 

interactions and feedback processes. These mathematical models are run on powerful computers. 

There is an evolution towards more complex models with interactive chemistry and biology1, and 

finer spatial and temporal detail. Climate models are used to simulate the past and future climate 

variability and change. 
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Climate projection: The response of the climate system to a scenario of future emission or 

concentration of greenhouse gases and aerosols, generally derived using climate models and 

statistical analysis1. Climate projections are distinguished from climate predictions in order to 

emphasise that climate projections depend upon the emission/concentration/ radiative forcing 

scenario used, which are based on assumptions concerning, for example, future socioeconomic and 

technological developments that may or may not be realised and are therefore subject to substantial 

uncertainty. 

Climate scenario: A plausible description of how the future may develop based on a coherent and 

internally consistent set of assumptions about key driving forces (e.g., demographic change, 

technological change, energy use, land use). Scenarios are neither predictions nor forecasts, but are 

used to provide a view of the implications of developments and actions1. Climate scenarios quantify 

three main sources of uncertainty: greenhouse gas emission pathways, regional climate responses to 

each emission pathway, and natural climate variability. 

Climate variability: Climate variability refers to variations in the mean state and other statistics (such 

as standard deviations, the occurrence of extremes, etc.) of the climate on all spatial and temporal 

scales beyond that of individual weather events. Climate variability on a range of timescales can be 

due to internal and external factors. Internal variability stems from natural processes (e.g. the El 

Niño Southern Oscillation), while external variability is due natural processes (e.g. volcanic 

eruptions, sunspot cycles) or human-induced processes (e.g. increases in greenhouse gases and 

aerosols) 1. 

Confidence: The robustness of a finding based on the type, amount, quality and consistency of 

evidence (e.g., mechanistic understanding, theory, data, models, expert judgment) and on the 

degree of agreement across multiple lines of evidence. 

Coral Bleaching Alert Level: 

Coral bleaching thermal stress levels based on the NOAA Coral Reef Watch warnings (NOAA Coral 

Reef Watch Daily 5km Satellite Coral Bleaching Heat Stress Bleaching Alert Area Product (Version 

3.1). 

 

Coupled Model Intercomparison Project (CMIP): A climate modelling activity from the World 

Climate Research Programme (WCRP) which coordinates and archives climate model simulations 

from around the world. The CMIP5 climate simulations are driven by Representative Concentration 

Pathways (RCPs) and used in the IPCC Fifth Assessment Report. The CMIP6 climate simulations are 

driven by Shared Socio-economic Pathways (SSPs) and used in the IPCC Sixth Assessment Report 1. 

D 

Degree heating weeks (DHW): A measure of coral stress relating to when SSTs are warmer than a 

defined bleaching threshold for the location. Heat stress builds up the longer SST stays above the 

bleaching threshold. Both the magnitude of threshold exceedance and length of the exceedance are 

important factors in measuring stress, and thereby DHW.  



 

141 
 

Downscaling: A method that derives local- to regional-scale climate information from larger-scale 

models or data analyses. Two main methods exist: dynamical downscaling and empirical/statistical 

downscaling. The dynamical method uses the output of regional climate models, global models with 

variable spatial resolution, or high-resolution global models. The empirical/statistical methods are 

based on observations and develop statistical relationships that link the large-scale atmospheric 

variables with local/regional climate variables. In all cases, the quality of the driving model remains 

an important limitation on quality of the downscaled information. The two methods can be 

combined. 

E 

El Niño – see also El Niño‑Southern Oscillation, La Niña: This is the warm phase of the El 

Niño‑Southern Oscillation. El Niño events occur on average once every two to seven years. They are 

associated with basin-wide warming of the tropical Pacific Ocean east of the dateline and a 

weakening of the Walker Circulation. 

El Niño-Southern Oscillation (ENSO) – see also El Niño, La Niña: The term El Niño was initially used 

to describe a warm-water current that periodically flows along the coast of Ecuador and Perú, 

disrupting the local fishery. It has since become identified with a basin-wide warming of the tropical 

Pacific Ocean east of the dateline. This oceanic event is associated with a fluctuation of a global-

scale tropical and subtropical surface pressure pattern called the Southern Oscillation. This naturally 

occurring coupled atmosphere-ocean phenomenon, with time scales of approximately two to seven 

years, is known as the El Niño-Southern Oscillation (ENSO). The state of ENSO is often measured by 

the Southern Oscillation Index (SOI) and sea-surface temperatures in the central and eastern 

equatorial Pacific. During an ENSO event, the prevailing trade winds weaken, reducing upwelling and 

altering ocean currents such that the sea-surface temperatures warm, further weakening the trade 

winds. This event has a great impact on the wind, sea-surface temperature and precipitation 

patterns in the tropical Pacific. It has climatic effects throughout the Pacific region and in many other 

parts of the world. The cold phase of ENSO is called La Niña. 

Emissions – see also Greenhouse gases: Emissions of greenhouse gases and aerosols caused by 

human activities. These activities include the burning of fossil fuels, deforestation, land use and land 

use changes, livestock production, fertilisation, waste management, and industrial processes. The 

main greenhouse gases are water vapour, carbon dioxide (CO2), methane (CH4), ozone (O3) 

precursors, aerosols such as black carbon and sulphur dioxide, nitrous oxide (N2O) or other 

fluorinated gases. 1. 

Exposure: The presence of people; livelihoods; species or ecosystems; environmental functions, 

services and resources; infrastructure; or economic, social, or cultural assets in places and settings 

that could be adversely affected. See also Hazard, Risk and Vulnerability 1. 

G 

Global Climate Model (GCM): A mathematical representation of the climate system based on the 

physical, chemical and biological properties of its components, their interactions and feedback 

processes. These mathematical models are run on powerful computers. There is an evolution 

towards more complex models with interactive chemistry and biology 1, and finer spatial and 

temporal detail. Climate models are used to simulate the past and future climate variability and 

change. 

Greenhouse gases – see also Emissions: Atmospheric gases that absorb and emit radiation at specific 

wavelengths. This property causes the greenhouse effect which keeps the Earth warm enough for 
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life. Water vapour, carbon dioxide, nitrous oxide, methane and ozone are the main greenhouse 

gases. Some human-made greenhouse gases, such as the halocarbons and other chlorine- and 

bromine-containing substances, are dealt with under the Montreal Protocol 1. 

Gridded data – see also Reanalysis: A set of climate data that are given for the same time or average 

period on a regular grid in space. Data at each grid point represent the average value over a grid box 

whose size is determined by the spacing between the grid points (also called the grid resolution). 

Global climate model and reanalysis data are produced as gridded data. 

H 

Hazard: The potential occurrence of a physical event or trend that may cause loss of life, injury, or 

other health impacts, as well as damage and loss to property, infrastructure, livelihoods, service 

provision, ecosystems and environmental resources. See also Exposure, Risk and Vulnerability 1. 

Homogenisation: Observed climate variables sometimes show sudden shifts in the average values or 

variability. Not all of these shifts are caused by real changes in climate. Non-climate related shifts 

can be due to changes in instrumentation, observation site, surrounding environment and 

observation practices, or other factors. Climate data homogenisation aims to adjust data if 

necessary, so that all variations in the data series are caused by real changes in the climate, and not 

due to changes in the way the data have been recorded. 

I 

Impact: The consequences of realized risks on natural and human systems, where risks result from 

the interactions of climate-related hazards, exposure and vulnerability. Impacts generally refer to 

effects on lives, livelihoods, health and well-being, ecosystems and species, socio-economic and 

cultural assets, services and infrastructure. Impacts may be adverse or beneficial 1. 

Interdecadal Pacific Oscillation (IPO) – see also Pacific Decadal Oscillation (PDO): The Interdecadal 

Pacific Oscillation (IPO) is a natural recurring pattern of variability in tropical Pacific Ocean sea-

surface temperatures occurring on periods of about 15 years and longer. While defined differently 

the IPO and PDO (Pacific Decadal Oscillation) describe essentially the same variability. The 

Interdecadal Pacific Oscillation (IPO) Index is a measure of the strength and phase of the 

Interdecadal Pacific Oscillation pattern. 

Intertropical Convergence Zone: The Intertropical Convergence Zone (ITCZ) is a persistent east-west 

band of converging low-level winds, cloudiness and rainfall stretching across the Pacific just north of 

the equator. It affects most countries across the tropical North Pacific, being strongest in the 

Northern Hemisphere summer/wet season (April to October). The ITCZ tends to move towards the 

equator in El Niño years and to the north in La Niña years, affecting rainfall in northern tropical 

Pacific countries 2. 

L 

La Niña – see also El Niño, El Niño–Southern Oscillation: The most common of several names given 

to cold phase of the El Niño–Southern Oscillation. La Niña is the counterpart to the El Niño warm 

event, although La Niña events tend to be somewhat less regular in their behaviour and duration. La 

Niña is associated with large-scale cooling of the surface waters of the eastern tropical Pacific Ocean 

and a strengthening of the Walker Circulation. 

Likelihood: The chance of a specific outcome occurring, often expressed as a percentage probability. 
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M 

Marine Heat Wave (MHW): Marine heatwaves are defined as discrete, anomalously warm water 

events which last for five or more days, with SSTs warmer than the 90th percentile relative to 

climatological values. 

Mean sea level – see also Sea level change/rise: Mean sea level is normally defined as the average 

relative sea level over a period, such as a month or a year, long enough to average out transients 

such as waves and tides. 

Marine heatwave: Marine heatwaves (MHWs) are a “discrete, prolonged anomalously warm water 

event” which lasts for five or more days, with temperatures warmer than the 90th percentile. MHW 

events were defined by their duration (number of days above the 90th percentile threshold), 

maximum intensity (maximum temperature above the climatological mean attained during the 

event), mean intensity, and cumulative intensity (sum of the daily intensities through the duration of 

the MHW event occurrence; Hobday et al. 2016). MHWs are categorised into four intensity 

categories, defined by multiples of difference between the mean climatology and the 90th 

percentile threshold, and includes “Moderate” (Category I, 1-2x), “Strong” (Category II, 2-3x), 

“Severe” (Category III, 3–4×), and “Extreme” (Category IV, >4x) (Hobday et al. 2018). 

Methane: CH4, One of the six greenhouse gases to be mitigated under the Kyoto Protocol. It is the 

major component of natural gas and associated with all hydrocarbon fuels. Significant emissions 

stem from animal husbandry and agriculture. 

N 

Nitrous oxide: N2O, One of the six greenhouse gases to be mitigated under the Kyoto Protocol. The 

main source is agriculture (soil and animal manure management), but important contributions also 

come from sewage treatment, fossil fuel combustion, and chemical industrial processes. It is also 

produced naturally from a wide variety of biological sources in soil and water, particularly microbial 

action in wet tropical forests. 

Ocean acidification – see also Aragonite saturation state, pH: A reduction in the pH of the ocean, 

accompanied by other chemical changes (primarily in the levels of carbonate and bicarbonate ions), 

over decades or longer, which is caused primarily by uptake of carbon dioxide (CO2) from the 

atmosphere. 

Optimum Interpolation Sea Surface Temperature v2-1 dataset (OISST): The NOAA 1/4° Daily 

Optimum Interpolation Sea Surface Temperature (OISST) is a long-term Climate Data Record that 

incorporates observations from different platforms (satellites, ships, buoys, and Argo floats) into a 

regular global grid. The dataset is interpolated to fill gaps on the grid and create a spatially complete 

map of sea surface temperature. Satellite and ship observations are referenced to buoys to 

compensate for platform differences and sensor biases. 

(https://www.ncei.noaa.gov/products/optimum-interpolation-sst ) 

P 

Pacific Decadal Oscillation (PDO): A naturally recurring pattern of variability in the tropical and 

northern Pacific characterised by warming and cooling sea-surface temperature, similar to that of 

ENSO, although broader in a north-south direction. Oscillations in the PDO take multiple decades 

usually 20–30 years. 

Paris Agreement: The Paris Agreement under the United Nations Framework Convention on Climate 

Change (UNFCCC) was adopted in 2015 by 196 countries. One of the goals of the Paris Agreement is 
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‘Holding the increase in the global average temperature to well below 2°C above pre-industrial levels 

and pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels’, 

recognising that this would significantly reduce the risks and impacts of climate change. Additionally, 

the Agreement aims to strengthen the ability of countries to deal with the impacts of climate 

change. 

Percentiles: When data values are sorted in ascending order, percentiles can be calculated. For 

example, half the values will be larger than the 50th percentile, 10 % will be larger than the 90th 

percentile and 90 % will be larger than the 10th percentile. Percentiles are often used to estimate 

the extremes of a data distribution 1. 

pH– see also Aragonite saturation state, Ocean Acidification: A measure of the acidity or alkalinity of 

a solution, numerically equal to 7 for neutral solutions, increasing with increasing alkalinity and 

decreasing with increasing acidity. The pH scale ranges from 0 to 14. 

R 

Reanalysis – see also Gridded data: An analysis combining many irregular meteorological or 

oceanographic observations from close to the same time into a physically consistent, complete 

gridded data set for a given time and usually for the whole globe. 

Relative sea level: Sea level measured by a tide gauge with respect to the land upon which it is 

situated. 

Relative sea‑level rise – see also Mean sea level, Sea level change/rise: Relative sea level rise occurs 

where there is a local increase in the level of the ocean relative to the land, which might be due to 

ocean rise and/or land level subsidence. 

Representative Concentration Pathways (RCPs): Time series of emissions and concentrations of the 

full suite of greenhouse gases and aerosols and chemically active gases, as well as land use/land 

cover. Each RCP provides only one of many possible pathways that would lead to the specific 

radiative forcing characteristics 1. RCPs were used in CMIP5 climate models to develop climate 

projections (also see Shared Socio-economic Pathways). 

• RCP2.6: a low emissions pathway where radiative forcing reaches 2.6 W/m2 in 2100 with 

0.9-2.4°C global warming by 2081-2100, relative to 1850-1900. 

• RCP4.5: a medium emissions pathway where radiative forcing reaches 4.5 W/m2 in 2100, 

with 1.7-3.3°C global warming by 2081-2100, relative to 1850-1900. 

• RCP8.5: a high emissions pathway where radiative forcing reaches 8.5 W/m2 in 2100, with 

3.2-5.4°C global warming by 2081-2100, relative to 1850-1900 3. 

Risk – see also Exposure and Vulnerability: The potential for adverse consequences for human or 

ecological systems, recognising the diversity of values and objectives associated with such systems. 

Relevant adverse consequences include those on lives, livelihoods, health and wellbeing, economic, 

social and cultural assets and investments, infrastructure, services (including ecosystem services), 

ecosystems, and species. Risks result from interactions between climate-related hazards with the 

exposure and vulnerability of the affected system 1. See also Hazard, Exposure and Vulnerability. 

S 

Sea level change/rise – see also Mean sea level, Relative sea‑level rise, Thermal expansion: Sea level 

can change, both globally and locally, due to; (1) changes in the shape of the ocean basins; (2) 

changes in the total mass of water and, (3) changes in water density. Factors leading to sea level rise 

under global warming include both increases in the total mass of water from the melting of land-
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based snow and ice, and changes in water density from an increase in ocean water temperatures 

and salinity changes. 

Sea‑surface temperature: The temperature of the ocean surface. The term sea-surface temperature 

is generally representative of the upper few metres of the ocean as opposed to the skin 

temperature, which is the temperature of the upper few centimetres. 

Shared socio-economic pathways (SSPs): Shared socio-economic pathways (SSPs) have been 

developed to complement the Representative Concentration Pathways (RCPs). The SSP-RCP 

framework is now widely used in the climate impact and policy analysis literature. Climate 

projections obtained under the RCP scenarios are analysed against the backdrop of five socio-

economic pathways denoted SSP1 to SSP5, including sustainable development, regional rivalry, 

inequality, fossil-fueled development, and middle-of-the-road development1. The abbreviations 

SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 denote the main SSP-RCP combinations used in 

the IPCC Sixth Assessment Report. 

South Pacific Convergence Zone: The South Pacific Convergence Zone (SPCZ) is a diagonal band of 

intense rainfall and deep atmospheric convection extending from the equator to the subtropical 

South Pacific. Movement of the SPCZ causes variability in rainfall, tropical-cyclone activity and sea 

level that affects South Pacific island populations and surrounding ecosystems 4. 

Standardised Precipitation Index: Indicators commonly employed for declaring drought include the 

Standardised Precipitation Index (SPI). The concept which underpins the SPI is that it allows quite 

different rainfall regimes to be expressed in relative terms, i.e. drier than usual relative to what is 

expected at the time of year for the particular location, by expressing the rainfall anomaly as a 

standard deviation. 

Storm surge: The temporary increased height of the sea above the level expected from tidal 

variation alone at that time and place due to extreme meteorological conditions. 

T 

Thermal Expansion – see also Sea level change/rise, Mean sea level: The increase in volume (and 

decrease in density) that results from warming water. 

Time‑series: The values of a variable generated successively in time. Graphically, a time series is 

usually plotted with time on the horizontal axis (x-axis), and the values of the variable on the vertical 

axis (y-axis). 

Trade winds: The wind system, occupying most of the tropics that blow from the subtropical high 

pressure areas toward the equator. 

Traditional Knowledge: The understandings, skills and philosophies developed by societies with long 

histories of interaction with their natural surroundings. For many indigenous peoples, this 

knowledge informs decision-making about fundamental aspects of life, from day-to-day activities to 

longer-term actions. This Traditional Knowledge (TK) is integral to cultural complexes, which also 

encompass language, systems of classification, resource use practices, social interactions, values, 

ritual and spirituality 1. The TK informs weather and climate predictions based on the behaviour of 

plants and animals, temperature and rainfall, and astronomical indicators such as stars and the sun. 

Tropical cyclone: A tropical cyclone is a tropical depression of sufficient intensity to produce 

sustained gale force winds (at least 63 km per hour). A severe tropical cyclone produces sustained 

hurricane force winds (at least 118 km per hour). Severe tropical cyclones correspond to the 

hurricanes or typhoons of other parts of the world. 
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U 

Uncertainty: A state of incomplete knowledge that can result from a lack of information or from 

disagreement about what is known or even knowable1. For a given climate variable, the uncertainty 

range is typically expressed as the 10-90th percentile range of values simulated by an ensemble of 

climate models. For example, in an ensemble of 40 climate models, the 10th percentile is the 4th 

lowest value and the 90th percentile is the 4th highest value. 

V 

Vulnerability – see also Exposure and Risk: The propensity or predisposition to be adversely 

affected. Vulnerability encompasses a variety of concepts and elements including sensitivity or 

susceptibility to harm, and lack of capacity to cope and adapt 1. 

W 

Walker Circulation: The Walker Circulation is the east-west circulation of air, oriented along the 

Equator, across the Pacific region. 

West Pacific Monsoon: A monsoon is a tropical and subtropical seasonal reversal of both surface 

winds and associated rainfall, caused by differential heating between a continental scale land mass 

and the adjacent ocean. The Western Pacific Monsoon is the eastern edge of the Indonesian or 

Maritime Continent Monsoon, and the southern extension of the larger Asian-Australian Monsoon 

system. 

Weather: The state of the atmosphere at a specific time. It is usually expressed in terms of sunshine, 

cloudiness, humidity, rainfall, temperature, wind, and visibility. 

 


