
Physical Impacts of Global Climate Change:
Insights, Adaptation, and Future Directions

XLVI MIT Global Change Forum

Xiang Gao
MIT Joint Program on the Science and Policy of Global Change



Climate Change Impact: A Complex Issue

• Climate change is not just an increase 
in temperature, also includes much 
more.
ü Seal level rise (SLR)
ü Extreme weather & compound events
ü Water, Energy, Infrastructure
ü Agriculture, Ecosystems
ü Human health

• Impacts on different sectors are 
interrelated.

• Impacts are uneven across the world.
• Some alarming changes (NOAA)

ü SLR has accelerated from 1.7mm/yr in 
20th century to 3.2 mm/yr since 1993

ü Average thickness of glaciers has 
decreased more than 60 feet since 1980

ü Arctic sea ice area has shrunk by 40% 
since 1979.

Global reported natural disasters by type (1970-2022)

Wildfire acres burned in the US (1983-2020)



Biodiversity, Ecosystems, and Natural Resource Management
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et al., 2014), resulting in further changes to ecosystem function and po-
tentially substantial changes to entire ecosystems.

Globally, terrestrial primary production increased during the late
20th and early 21st centuries due to the fertilizing effect of increasing
atmospheric CO2, nutrient additions from human activities, longer
growing seasons, and forest regrowth (Campbell et al., 2017; Domke
et al., 2018; Graven et al., 2013; Wenzel et al., 2016; Zhu et al., 2016).
However, regional trends vary, and different components of climate
change may have opposing impacts on production; while increased at-
mospheric CO2 can increase vegetation growth (e.g., Norby et al., 2002),
excess or lack of nutrients, water deficits, and air pollution can limit
growth (Norby et al., 2010; Oren et al., 2001; Pan et al., 2009).Warming
and increased atmospheric CO2 may also affect belowground biogeo-
chemical processes, such as carbon and nitrogen cycling (Melillo et al.,
2017), which can affect terrestrial production (Campbell et al., 2009).

Climate-driven changes to forest primary productivity vary by forest
type and elevation. Primary production will likely decrease in forests
where soil water availability is limited during the growing season
(Latta et al., 2010), but will likely increase in energy-limited forests
where snow and cold temperatures restrict the growing season (Latta
et al., 2010; Marcinkowski et al., 2015; Wang et al., 2017). However,
even in energy-limited forests, drought and extreme temperatures

could limit growth increases (Anderegg et al., 2015; Hember et al.,
2017). It is also unclear if fertilization effects will continue as forests
age (Norby et al., 2010).

In marine and aquatic systems, phytoplankton is responsible for
nearly all primary production and generates almost half of the total
global primary production. Phytoplankton growth rates affect CO2 up-
take from seawater and organic carbon export to the deep ocean, and
also impact fisheries productivity (Tyrrell, 2019). Like terrestrial sys-
tems, climate change impacts to marine primary production vary re-
gionally; warming in temperate and tropical oceans can increase
stratification, limiting upwelling of deep nutrients that stimulate new
production (IPCC, 2013). In contrast, reduced ice cover at higher lati-
tudes increases sunlight availability to the ocean surface, increasing
phytoplankton growing seasons and annual primary production
(Wasmund et al., 2019). Understanding how these changes impact the
food web is crucial for maintaining sustainable fisheries.

3.2. Species interactions, emergent properties, and biological invasions

Variability in species' exposure and responses to climate change are
primary drivers of altered species interactions. Emergent properties of
ecosystems, including community characteristics such as food-web

Box 1
Examples of climate-driven changes to ecosystems.

Terrestrial
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Marine
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The 2012–2017 drought across California resulted in direct
physiological stress to trees and facilitated bark beetle outbreaks,
causing an unprecedented mortality of 129 million trees in Sierra
Nevada forests (Asner et al., 2016; Cal Fire, 2018; Stephens et al.,
2018). High levels of mortality among ponderosa pine led to
increases in the relative proportion of incense cedar (Calocedrus
decurrens), which has increased the likelihood of high-intensity
surface fires and large wildfires (Stephens et al., 2018). The
combined effects of drought, insects, and altered community
composition has drastically changed this ecosystem.

Non-native invasive species such as European green crab (Carcinus
maenas) are now present off the California coast, alongside recent
“invasions” (due to climate-driven range expansion) of the Humboldt
squid (Dosidicus gigas) (Epstein and Smale, 2017; Grosholz et al.,
2000; Zeidberg and Robison, 2007). Both Humboldt squid and green
crab are voracious predators that feed on a variety of native prey
(Field et al., 2013; Grosholz et al., 2000). Although ultimate syner-
gistic impact on California marine communities is not yet known,
impacts from these species that have already been observed sepa-
rately include prey population reductions, alteration of the resource
base available to migratory shorebirds, and potential fundamental
modification of ecosystem structure.
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Sierra Nevada Forests

2012-2017 drought across California àstress to trees and 
bark beetle outbreaks àmortality of 129 million trees 
(ponderosa pine) àincense cedar increases à large wildfires 
increase à drastically changed ecosystem

Busch et al., 2016; Link, 2016; National FishWildlife and Plants Climate
Adaptation Partnership, 2012; National Park Service, 2013; Swanston
and Janowiak, 2012; Table 1). For example, the National Marine Fisher-
ies Service has developed guidance on how climate change information
should be considered in Endangered Species Act (ESA) decisions
(NationalMarine Fisheries Service, 2016). TheU.S. Fish andWildlife Ser-
vice has also considered climate change in listing decisions, biological
opinions, and proposed alternative actions under the ESA (e.g., U.S.
Fish and Wildlife Service, 2008, 2010), although climate change is still

not included for many species. Even when climate change has been
listed as a threat, specific management actions are often lacking
(Delach et al., 2019). Federal agencies have also been directed to pro-
mote consideration of ecosystem services and related climate impacts
within existing planning and decision frameworks (Executive Office of
the President of the United States, 2015).

Despite progress, institutional barriers such as a focus on near-term
planning, fixed policies and protocols, jurisdictional restrictions, and an
established practice of managing based on historical conditions remain

Box 3
An integrated case study: climate change impacts on salmon across the U.S.

Individual, population, and species level
responses

Bureau of Land Management

Photo: National Park Service

• In the Northwest, abnormally warm temperatures have led to losses of migrating and spawning salmon in
the Columbia River (NOAA Fisheries, 2016).

• In Alaska, some salmon populations have benefited from warmer temperatures, earlier spring, and
increased density of zooplankton prey (Schindler et al., 2005).

• Coho salmon on the west coast of the U.S. are expected to shift their range north by 2050 (Cheung et al.,
2015). Under a high greenhouse gas emissions scenario, projected stream temperature increases could
lead to a 22% reduction in salmon habitat in Washington by late century (Niemi et al., 2009).

• Sockeye salmon (Oncorhynchus nerka) in the Columbia River have been migrating earlier. Nearly two--
thirds of this response was explained by evolutionary rather than plastic responses (Crozier et al., 2011).

• In the Penobscot River in the Gulf of Maine, adult Atlantic salmon (Salmo salar) have arrived as much as
2–3 weeks earlier to their freshwater spawning grounds between the late 1970s and early 2000s
(Huntington et al., 2003; Juanes et al., 2004).

Ecosystem level responses • Kodiak brown bears (Ursus arctos middendorffi) have responded to phenological shifts in sockeye salmon
and red elderberry (Sambucus racemosa). During years with warmer springs, elderberry fruited earlier and
overlapped with the salmon spawning run, causing bears to eat less salmon and more berries (Deacy
et al., 2017).

• In the Pacific Northwest, warming stream temperatures are likely to reduce the amount of rearing habitat
for Chinook salmon (Oncorhynchus tshawytscha), but will likely increase the range of invasive
smallmouth bass (Micropterus dolomieu) (Lawrence et al., 2014).

Impacts to ecosystem services

Matt Nagle, Puyallup Tribal News

• As Kodiak brown bear diet shifted away from salmon (see panel 2), this reduced the distribution of marine
derived nutrients being distributed into the surrounding terrestrial landscape, with implications for eco-
logical function (Deacy et al., 2017).

• Shifts in availability and declines of salmon and other cold-water fishes impact cherished cultural
resources, particularly in the Pacific Northwest where they are important to tribal nations such as the Nez
Perce Tribe as cultural, subsistence, and economic resources. Tribes view salmon as an extension of life
and an indicator of environmental health, and loss of salmon is equated with loss of tribal identity and
culture (Colombi, 2012).

Implications for management

(Pictorial representation of scenarios used in
Borggaard et al., 2019)

• Atlantic salmon and many distinct Pacific salmon population groups are federally protected species.
Climate change is expected to exacerbate pre-existing anthropogenic stressors, which have reduced
adaptive capacity (Crozier et al., 2019; Hare et al., 2016b). The Pacific Salmon Climate Vulnerability
Assessment identified life stages that are most vulnerable to climate change and established a methodol-
ogy for future status reviews to monitor and update recovery needs and prioritize recovery actions
(Crozier et al., 2019).

• In the Yakima Basin, water resource managers, conservation groups, and state and federal agencies are
enhancing reservoir storage capacity to ensure minimum flows for fish, allow passage above dams for
access to cool, historical habitat, restore a more natural hydrograph, and improve riparian conditions for
natural temperature and flow stabilization to bolster salmon runs and riparian habitat during droughts.
Actions to redistribute water also impacted farmers, but agreements were made to sustain conditions
needed to support salmon (NOAA Fisheries, 2015).

• NOAA used Atlantic salmon as a pilot case study for Scenario Planning - a structured process that
embraces uncertainty and explores plausible alternative future conditions to help manage risk and priori-
tize actions - to explore actions to increase resilience to changing conditions in riverine and marine
environments in response to declining population trends (Borggaard et al., 2019). Some outcomes from
this effort have already been incorporated into the most recent revision of the Atlantic Salmon Recovery
Plan (USFWS and NMFS, 2019).
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Climate Change Impacts on Atlantic Salmon

(Borggaard et al. 2019)

2.2. Phenology

Phenology, or the seasonal timing of recurring biological events,
is a critical part of ecological relationships (Rudolf, 2019), and a pri-
mary indicator of species responses to climate change (Staudinger
et al., 2019). Acrossmuch of the terrestrial U.S., broad changes in sea-
sonality are evidenced by an earlier start to spring compared to 20th-
century averages (Ault et al., 2015; Monahan et al., 2016). Although
changes in phenology are well documented, trends are far from ho-
mogenous (Cohen et al., 2018), a result of high variability in climate
drivers and phenological responses across habitat types (Chmura
et al., 2019; Fu et al., 2015; Pearson, 2019). Migratory birds provide
clear examples of phenological shifts, with extensive documentation
of earlier migration (Lehikoinen et al., 2019) and earlier breeding
(Lany et al., 2016) in response to rising temperatures and altered
precipitation patterns.

Phenological shifts in marine and aquatic habitats are less well doc-
umented in comparison to terrestrial systems, largely due to difficulty
detecting and tracking aquatic organisms (Staudinger et al., 2019).
Nonetheless, there have been clear, directional shifts in the timing of
seasonal aquatic andmarine abiotic drivers, including earlier transitions
fromwinter to spring temperatures (Thomas et al., 2017) and earlier ice
melting and runoff (Post, 2017; Staudinger et al., 2019). Marine

phytoplankton can respond rapidly to such abiotic changes, resulting
in altered timing of phytoplankton blooms (Wasmund et al., 2019),
which in turn can create a mismatch with secondary consumers and
change the foodweb structure (Post, 2017; Sundby et al., 2016). Pheno-
logical changes have also been observed in freshwater and riparian sys-
tems, including advances in the winter spawning phenology of coho
(Oncorhynchus kisutch) and chum salmon (O. keta) in the Pacific North-
west, which has driven phenological changes in bald eagle (Haliaeetus
leucocephalus) populations (Rubenstein et al., 2019).

Differential shifts in phenology among interacting organisms could
drive population declines through reduced reproductive success and/
or increased predation or competition (Visser and Gienapp, 2019;
Wann et al., 2019; Zimova et al., 2016). Additionally, phenology changes
in species with multiple life stages are complex and shifts that are ben-
eficial for one life stage may be detrimental to another (Campbell et al.,
2019; Schluter et al., 1991). However, few species have had docu-
mented population-level consequences of mistimed reproduction, per-
haps due tomitigating effects of density-dependence and greater ability
to alter prey or behavior (Dunn and Møller, 2014; Staudinger et al.,
2019). Asynchronous phenological shifts have the potential to disrupt
the functioning, persistence, and resilience of population dynamics, eco-
systems, and ecosystem services (Asch et al., 2019; Mayor et al., 2017;
Staudinger et al., 2019; Visser and Gienapp, 2019).

Fig. 1. Climate change and non-climate stressors interact and affect ecological systems at multiple scales. These combined stressors affect individuals, populations, and species, as well as
ecosystem processes and properties. The relative impact of climate change versus other stressors varies depending on the species or ecosystem. Diverse biological communities and
functioning ecosystems are critical to maintaining the ecosystem services (Millennium Ecosystem Assessment, 2005) that support human well-being (Díaz et al., 2019). Natural
resource management affects biodiversity, ecosystems and their services and can moderate or exacerbate climate change and non-climate stressors.
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Climate change and non-climate stressors interact 
and affect ecological systems at multiple scales 

disease, pollution,
invasive species



RCP2.6 RCP8.5

Change in wetland area (%) across inland Ramsar sites for 2081-2100 relative to 1981-2000

Wetlands: A Complex Social-Ecological System

• 5 ~ 8% of land surface and 20 ~ 
30% of carbon pool.
• Provides many ecosystem 

services (flood control, water 
purification, biodiversity, food 
supply, carbon sequestration). 
• Important in global carbon 

cycles, but also most vulnerable 
to climate change.

Wetland lost in 2020 (% of wetland area in 1700)
(Fluet-Chouinard et al. 2023)

RCP2.6 RCP8.5

Change in wetland area (%) south of 45˚N in winter (December-February) and waterbird migration

(Xi et al. 2021)
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Food security Chapter 5

5

5.1 Framing and context 

The current food system (production, transport, processing, packaging, 
storage, retail, consumption, loss and waste) feeds the great majority 
of world population and supports the livelihoods of over 1 billion 
people. Agriculture as an economic activity generates between 1% 
and 60% of national GDP in many countries, with a world average 
of about 4% in 2017 (World Bank 2019). Since 1961, food supply per 
capita has increased more than 30%, accompanied by greater use of 
nitrogen fertiliser (increase of about 800%) and water resources for 
irrigation (increase of more than 100%). 

The rapid growth in agricultural productivity since the 1960s has 
underpinned the development of the current global food system that 
is both a major driver of climate change, and increasingly vulnerable 
to it (from production, transport, and market activities). Given the 
current food system, the UN Food and Agriculture Organization 
(FAO) estimates that there is a need to produce about 50% more 
food by 2050 in order to feed the increasing world population (FAO 
2018a). This would engender significant increases in GHG emissions 
and other environmental impacts, including loss of biodiversity. 
FAO (2018a) projects that by 2050 cropland area will increase 

90–325  Mha, between  6% and 21% more than the 1567  Mha 
cropland area of 2010, depending on climate change scenario and 
development pathway (the lowest increase arises from reduced food 
loss and waste and adoption of more sustainable diets).

Climate change has direct impacts on food systems, food security, 
and, through the need to mitigate, potentially increases the 
competition for resources needed for agriculture. Responding to 
climate change through deployment of land-based technologies for 
negative emissions based on biomass production would increasingly 
put pressure on food production and food security through potential 
competition for land. 

Using a food system approach, this chapter addresses how climate 
change affects food security, including nutrition, the options for the 
food system to adapt and mitigate, synergies and trade-offs among 
these options, and enabling conditions for their adoption. The chapter 
assesses the role of incremental and transformational adaptation, 
and the potential for combinations of supply-side measures such as 
sustainable intensification (increasing productivity per hectare) and 
demand-side measures (e.g., dietary change and waste reduction) to 
contribute to climate change mitigation. 
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Figure 5.1 |  Interlinkages between the climate system, food system, ecosystems (land, water and oceans) and socio-economic system. These systems 
operate at multiple scales, both global and regional. Food security is an outcome of the food system leading to human well-being, which is also indirectly linked with climate and 
ecosystems through the socio-economic system. Adaptation measures can help to reduce negative impacts of climate change on the food system and ecosystems. Mitigation 
measures can reduce GHG emissions coming from the food system and ecosystems. 
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and other environmental impacts, including loss of biodiversity. 
FAO (2018a) projects that by 2050 cropland area will increase 

90–325  Mha, between  6% and 21% more than the 1567  Mha 
cropland area of 2010, depending on climate change scenario and 
development pathway (the lowest increase arises from reduced food 
loss and waste and adoption of more sustainable diets).

Climate change has direct impacts on food systems, food security, 
and, through the need to mitigate, potentially increases the 
competition for resources needed for agriculture. Responding to 
climate change through deployment of land-based technologies for 
negative emissions based on biomass production would increasingly 
put pressure on food production and food security through potential 
competition for land. 

Using a food system approach, this chapter addresses how climate 
change affects food security, including nutrition, the options for the 
food system to adapt and mitigate, synergies and trade-offs among 
these options, and enabling conditions for their adoption. The chapter 
assesses the role of incremental and transformational adaptation, 
and the potential for combinations of supply-side measures such as 
sustainable intensification (increasing productivity per hectare) and 
demand-side measures (e.g., dietary change and waste reduction) to 
contribute to climate change mitigation. 
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Figure 5.1 |  Interlinkages between the climate system, food system, ecosystems (land, water and oceans) and socio-economic system. These systems 
operate at multiple scales, both global and regional. Food security is an outcome of the food system leading to human well-being, which is also indirectly linked with climate and 
ecosystems through the socio-economic system. Adaptation measures can help to reduce negative impacts of climate change on the food system and ecosystems. Mitigation 
measures can reduce GHG emissions coming from the food system and ecosystems. 

(Mbow et al. 2019)



Total Factor Productivity (TFP) 

Ortiz-Bobea et al. 2021

TFP (a measure of productive efficiency) 
= aggregated output / aggregated inputs (labor, capital)



Urban Land Expansion and Food Production 
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(Chen et al. 2020)



Water Resources

Trend (days/year) in the frequency of extreme-to-exceptional 
droughts (TWS drought severity index ≤ -1.6 for 2006-2099

RCP6.0

Changes in Terrestrial Water Storage (TWS) 
for 2070-2099 relative to 1976-2005

RCP6.0
(Pokhrel et al. 2021)

• Global lakes are experiencing less ice 
cover and shorter ice duration 

• Lake surface water temperatures 
(LSWT) have increased worldwide at a 
global average rage of 0.34˚ C/decade

• Global annual mean lake evaporation 
rates increase 16% by 2100

• Less frequent mixing of lakes

Current Climate

Future Climate

(Woolway et al. 2020)



The 100th Meridian: Arid-Humid Divide

CMIP5 (RCP8.5, 18 models)

2081~2099

2021~2040

NLDAS2 (1979-2015)Arid Index 
= P/PET

• Vegetation
• Land 

hydrology
• Crops
• Farm 

economy

Northern 
(42˚~48˚N)

Central 
(36˚~42˚N)

Southern 
(30˚~36˚N)

• Aridity increases, the 100th meridian moves east,  aridity gradient becomes more muted
• Aridity’s eastward shift is evident in the southern and central plains and less so in the north.
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(Serger et al. 2018)



Energy Systems

Climate Change

Climate change impact (%)

change (%)

Climate change impacts on energy system per 
region averaged across > 200 reviewed studies

(Yalew et al. 2020)



Extreme Atmospheric Rivers (EAR)
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AR: a long and narrow corridor of concentrated water vapor transported in the atmosphere 

3.52˚

1.41˚

hist
RCP85

Difference in EAR occurrence frequency (%) 
between 2051-2100 and 1956-2005

0.94˚

Difference in precipitation (mm/day) 
between 2051-2100 and 1956-2005

(Wang et al. 2023)

Large-scale Meteorological Patterns (LSMP, Analogue)



Extreme Heat
Trends in the highest daily maximum temperature of the year  
(regression on global mean temperature) in the GHCN-D 
station data

(Philip et al. 2022)

(Almazroui et al. 2021)

21 CMIP6 model 
ensemble-mean 
changes in annual 
hottest day 
temperature (left) 
and extreme heat 
wave days 
frequency (right) 
between 2070-
2099 and 1985-
2014 under SSP5-
8.5 Scenario.

Effect pf extreme heat on economic growth

(Callahan et al. 2023)



Adaptation Responses

• Behavioral/cultural
Ø change food consumption practices; adopt 

drought-tolerant plant/animal species
• Technological/infrastructural
Ø desalination; rainwater harvesting; boreholes and 

tube wells for extracting water
• Natural-based
Ø protect landscapes to limit deforestation; restore 

ecosystems; improve land management practices 
• Institutional
Ø creating policies, programmes, and regulations; 

establishing formal and informal organizations
• Integrated
Ø installation of urban green roofs for cooling; 

government-supported planting of drought-
resistant seeds among subsistence farmers

Types of Adaptation Responses

evapotranspiration

Trend in evapotranspiration
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x

signs of climate and 
crop trends match

Change in cover crops from 2012-2017 (103 acres)

(Waring et al. 2023)

Restoring meadows 
in the Sierra Nevada

Federal, state, and NGO partners 
restored four meadows with high 
ecological value in 2015

Nature-based Infrastructure

Living shoreline as coastal 
resilience structures for 
withstanding hurricane



Transformational Adaptation (TA)
Dimensions
of TA

Scenarios of TA

Low High

Overall Sporadic and limited with small adjustments Widespread and full implementation

Depth Expansion of existing practices Entirely new practices with deep structural reform

Scope Localized and fragmented, lack of 
coordination across sectors

Widespread and substantial with most possible sectors 
and levels of governance

Speed Implemented slowly Rapid change

Limits Don’t challenge soft limits Exceed many soft limits and challenge hard limits

North America Europe Asia Australasia

Small Island States South and Central America Africa

High
Medium
Low
Insufficient 
information

Scenarios of TA



• A new generation of high-resolution climate 
models that can explicitly represent relevant 
fine-scale processes and provide more detailed 
and precise projections of future climate and 
severe weather events, particularly at regional 
and local levels, to support robust climate 
mitigation and adaptation 

• Exascale computing and data facility of
unprecedented power, capacity, and scale to 
deliver the timely simulation, prediction and 
data analytics of the Earth system 

• A global coordinated effort by a trained and 
well-resourced scientific workforce

• Advanced knowledge of tipping points and 
improved methodologies (e.g., IAM) for 
quantification of the complex risks (e.g., 
feedbacks and interactions between risks, 
uncertainty, unidentified risks, etc.)

• Interdisciplinary interactions and collaboration 
within and between natural and social science 
communities for sharing knowledge and 
expertise 15

Knowledge Gaps and Future Directions

Scientific Perspectives Mitigation & Adaptation Perspectives

• Identify gaps in adaptation research and 
practice that address equality, justice, and 
power dynamics (towards developing more 
equitable adaptation practices).

• Leverage emerging new technology and
infrastructure

• Strengthen governance

• Facilitate public participation and citizen 
engagement

• Global coordination, cooperation and 
commitment across localities, sectors of 
society, and scales of governance to ensure 
global sustenance


