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Abstract: Tropical cyclones, hurricanes and typhoons (“cyclones”) threaten the lives and livelihoods 

of many millions of people. The magnitude of this threat justifies scrutiny of all potential mitigation 

strategies. Here we consider a neglected factor: forests. Forests may influence storm formation, 

intensity, and behaviour through interactions involving temperature, friction, moisture and 

aerosols. Understanding these relationships could guide cyclone mitigation and preparedness. With 

global deforestation continuing and reforestation efforts expanding, the relationships between 

forests and cyclones are not simply academic—it’s a critical consideration for climate adaptation, 

disaster risk reduction, and sustainable development. Here we show that, despite major unknowns 

and uncertainties, forest conservation and expansion are likely to reduce cyclone frequency and 

severity. 
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Introduction 

Tropical cyclones, also known as “hurricanes” or “typhoons” depending on where they occur 

(Figure 1), are powerful weather systems characterized by a low-pressure “eye” surrounded by a 

vortex of rainbands and strong winds. The winds, rainfall, and flooding associated with these storms 

(henceforth “cyclones”) threaten lives, livelihoods, and infrastructure in many regions [1,2]. The poor 

tend to suffer disproportionately from the impacts [3]. Recent investigations indicate that the 

frequency, power, and range of cyclones are increasing [2,4–7]. 

 

Figure 1. Approximate distribution of tropical cyclones, typhoons and hurricanes, and past and 

present forest cover. White: oceans; green: current forest, pale green; previous forest (lost or 

fragmented due to human activity), grey mainly non-forest. Pink: main areas where tropical cyclones 

occur. Compiled/drawn from multiple sources including 

https://commons.wikimedia.org/wiki/File:World_forest_cover_then_and_now.png#file 

https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/hurricanes/location & 

https://earthobservatory.nasa.gov/images/7079/historic-tropical-cyclone-tracks. 
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The risk to life caused by tropical cyclones is poorly documented and often underestimated. A 

recent study examined 501 historical storms that hit the contiguous United States and considered 

long term impacts: it concluded that each tropical cyclone that makes landfall leads to an estimated 

7,000–11,000 excess deaths (not just the 24 deaths average that occur immediately). According to the 

authors this makes cyclones a greater cause of excess mortality than motor accidents, infectious 

disease or military activity [8]. 

While ecologists have long studied how forests respond to cyclones and other destructive events 

[9–11], less attention has been given to how these events respond to forests. Such relationships are 

potentially important given the extent of global forest loss and proposed restoration efforts. Here, 

focusing on atmospheric and meteorological aspects, we examine the relationship between forest 

cover and the formation, frequency and violence of cyclones. Our hypothesis is that more (versus 

less) forest cover will reduce (increase) the formation, frequency and violence of cyclones. Science 

advances by identifying and testing valuable hypotheses so our main goal here is to explore if the 

hypothesis makes sense. Understanding these interactions could inform land-use planning in 

vulnerable regions, enhance disaster preparedness strategies, and add to ecosystem valuations. It 

might guide climate adaptation, disaster risk reduction, and sustainable development. Insights can 

inform global environmental policies and agreements, forest management and development. By 

synthesizing current understanding we hope to stimulate further investigation. 

Context 

Cyclones form over warm tropical seas. As moist air rises, it creates a low-pressure zone that 

draws in surrounding low-altitude air. This air converges, rises and cools—with most of the vapour 

it contains condensing or freezing—before the remaining drier air flows away at higher altitudes. 

Some of the dry air falls back into the eye and into bands while some rest spirals out and descends 

again some kilometres away. Intense water condensation around the eye of the cyclone creates dense 

clouds and heavy rain. Cyclones form in 5 to 30 degrees latitude bands either side of the equator. The 

characteristic vortex shape arises as a result of the Earth’s rotation (the “Coriolis force”) with 

counterclockwise storms forming in the northern hemisphere and clockwise in the south [12–14]. 

While the conditions that lead to storms arising are relatively well known—for example, they 

only form where sea surface temperatures exceed 26.5°C—the specific processes remain a subject of 

research and debate [15–17]. Cyclone formation takes days requiring suitable conditions to be 

sustained. While low pressure weather systems develop in many contexts, few become powerful 

cyclones. For example, over land, rough terrain slows and dissipates winds so that even if the surface 

is warm and moist, energy is lost faster than it is gained. 

Mainstream understanding of cyclone development and functioning is summarized in models 

which likens a developing cyclone to a heat engine converting thermal energy from the ocean into 

kinetic energy that drives winds [18,19]. This model emphasizes the role of temperature differences, 

and the heat released from water vapor condensation in fuelling storms. While the subject of various 

adjustments and debates this model remains central to current theory [18]. Storm formation, 

intensification and track prediction remain major research themes [16]. 

This essay reflects recent technical insights and debates concerning the processes sustaining 

cyclones and also forests. Both cyclones and forests generate rainfall by drawing in large volumes of 

moist air. An appreciation of these processes offers insight into both how cyclones can generate two 

cubic kilometres of rain water per day [20] and how tropical forests maintain high rainfall far from 

the ocean [21]. Recent work suggests that moisture condensation plays a more central in these key 

processes than previously recognised [22,23]. While these ideas have been sketched out previously 1 

they have not been the focus of a peer reviewed summary. 

In brief, Makarieva and colleagues claim is that condensation of water vapour provides energy 

that generates and sustains the low pressure that that draws moisture into cyclones. In contrast to 

past theory that considers cyclones to be largely driven by ocean heat with moisture playing a minor 

role, Makarieva and colleagues argue that the energy provided to cyclones from water vapour is 

around five times that from ocean heat [24]. Similarly, water vapour condensation is the dominant 
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factor in driving the winds that draw moisture deep into forest rich continents [25,26]. This 

mechanism also suggests forests and cyclones compete for atmospheric moisture. Forests draw this 

moisture—that might otherwise spawn, or support the growth of, cyclones—away from the oceans. 

Of course, various other mechanisms and processes also influence outcomes. These relationships too 

require evaluation. 

How Forests Influence Cyclones 

Forests likely have various effects on cyclone creation and behaviours. We summarise what we 

know by considering temperature, surface friction, moisture (condensation) and aerosols. 

Temperature 

Cyclones need heat. Cyclones become more frequent and more powerful as temperatures rise. 

Forests influence temperatures through various mechanisms. Additional carbon dioxide in the 

atmosphere is believed to contribute to warming at the global scale [27] with this heating being seen 

as the major reason that storms are believed to be becoming more frequent and covering a wider 

range of latitudes [2,5,7]. Forests sequester large amounts of carbon from the atmosphere [28], so, all 

else being equal, more forests means less carbon dioxide and a cooler climate while less forests means 

a warmer climate. Forests also influence air temperature more locally through effects on, radiation, 

moisture and heat flows [29,30]. Various details, such as the influence on clouds and thus on 

temperature, remain under active research. While the overall influence of boreal forest has been a 

subject of debate (being much darker than the snow for much of the year they can lead to local 

warming in the winter months) tropical forests have an overall cooling effect both locally and globally 

[31,32]. Such an overall colling effect from forests should dampen heat-dependent cyclone formation 

and growth. 

Land surfaces and Friction 

The destructive potential of cyclones depends on the speed of the winds and where they strike 

[33]. Numerous studies have explored the factors influencing such outcomes and the role of land-

cover  [34]. Friction is the best understood. The friction between air and land surface dissipates wind 

energy and thus slows cyclones and impedes their development. This is one reason why most 

cyclones form far from land (despite the heat and moisture over some land surfaces) and weaken as 

they near land (often over a few hours) [35–37]. Compared to other land cover forests are particularly 

effective wind breaks [38]. This is due to their high “aerodynamic roughness length”” a physical 

measure which estimates this friction and relates to the height, profile, and density of surface features 

including trees [39]. Few storms that make landfall survive more than a few days. 

Moisture Condensation 

Evaporation leads to local cooling as energy is used to evaporate water rather than cause heating. 

Nearly half of all the sun’s energy reaching the Earth’s surface goes into vaporising water. Much of 

this vaporising is due to plants, in particular trees [40,41]. This is because trees can sustain high levels 

of transpiration when other land cover cannot [42]. In areas with less vegetation where less moisture 

is returned to the atmosphere, more of the sun’s energy goes into heat [30,41]. These effects have both 

local and global contributions to heating and cooling, though there is uncertainty around the 

influence of these moisture and temperature processes regarding cloud dynamics and atmospheric 

flows. 

As water vapour condenses it releases heat (“latent heat”) which can warm the local atmosphere 

and drive atmospheric motion via increased buoyancy. This energy contributes to the dynamics of 

cyclonic storms. This heat release adds to the heat gained directly from the warm ocean and is thus 

part of the models currently used to understand cyclone dynamics [18,19]. The winds that develop 

with cyclones bolster evaporation from the ocean by an order of magnitude and thus further bolster 

the energy of the storm [12,43]. 
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Heat release isn’t the only contribution made by water vapour as it condenses: the reduction in 

gas molecules as vapor becomes liquid or solid also contributes. There is evidence that this process 

adds to storm power [44]. Recent theoretical work on this effect suggests that as water vapor 

evaporates and condenses, changes in the number of gas molecules can also generate atmospheric 

pressure gradients that contribute to both cyclone dynamics and to global wind patterns [24,45]. The 

power generated is potentially large. Under this theoretical reappraisal the total energy provided to 

cyclones from water vapour is around five times that from ocean heat [24]. This explains why the 

energy generated by a cyclone matches the water vapor condensing within it [20,45] –Figure 2. The 

implication is that we can actually predict cyclone power from their rainfall. 

Similar to the discussion around the role of water vapour in fuelling cyclones there have been 

parallel developments around the role of water vapour (and forests as a major source of water vapour 

over land) in driving the winds that carry rainfall into continents. Theory and observations suggest 

that forests create persistent areas of low pressure that draw in moist warm low-lying air from 

surrounding regions and feeding rainfall inland [22,25,46,47]. This process is often referred to as the 

“Biotic Pump”. While still often portrayed as controversial e.g., [48], these ideas have gained 

recognition over recent years and supporting evidence appears to be accumulating [42,49–53]. I wont 

attempt a full theoretical discussion here, but the key point is that the physical mechanisms that 

sustain the biotic pump are basically the same as those that drive cyclones—the condensation of 

water vapour leads to a reduction in air pressure that was not accounted for in previous models. The 

implication if the biotic pump means that forests play a major role in generating the low pressure 

areas that draw in atmospheric moisture from surrounding regions (Figure 3). If this moisture is 

drawn in to provide rain over continents it is not accumulating over the ocean. The ability of forest 

to draw warm moist air in from the oceans results in a circulation in which the air over the tropical 

oceans is cooler and drier [26]. With cooler drier air over the oceans cyclones are less likely to form 

or gain power. Nonetheless, as cyclones are generally believed to move with the ambient circulation 

they are embedded within [54] there is a potential concern if forest related landward winds draw 

storms to landfall—whether a stronger draw increases the overall threat or perhaps reduces it, by not 

giving storms time to grow remains a matter of speculation. 

There have been suggestions that forests themselves could act as sources of warm moist air that 

might generate and support cyclones [55]. Evidence contradicts these speculations—no such 

processes have been observed. While forests indeed release large amounts of moisture back to the 

atmosphere providing a potential energy source, the frictional forces and diurnal temperature 

variations over these landscapes appear sufficient to prevent cyclone development. Similarly, any 

existing cyclones that approach are slowed as they dissipate energy more rapidly than it can be 

replenished. There are occasionally storms that, rather then slowing, actually gain energy as they 

approach land. These are generally small and associated with unusually clear skies which permits 

sunlight to heat the shallow near-shore seas—such continued heating is unlikely in large storm where 

clouds are typically widespread [56]. There are also cases where heat and moisture from the land 

surface appear to sustain cyclones as they reach land. Such effects have been reported where tree 

cover is sparse and moist heat is available, e.g., a wet desert [57]. 
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Figure 2. Predicted and observed power in the cyclone windwall with respect to cyclone velocity. 

Empirical data (blue bars with two standard deviations) and predicted values, redrawn from data 

and analyses presented in [20,45]. See these publications for more details on how the observations 

and calculations are made. 

 

Figure 3. Schematic description of the biotic pump and moisture accumulation over the ocean. 

Atmospheric volume reduces at a higher rate over areas with more intensive evaporation (solid 

vertical arrows, widths denotes relative flux). The resulting low pressure draws in moist air (open 

horizontal arrows) from areas with weaker evaporation. This leads to a net transfer of atmospheric 

moisture to regions with the higher evaporation. While the biotic pump is generally seen as a theory 

to explain how rainfall is maintained far inland, it is also a theory that explains how moist air is 

constantly being removed from over the oceans which will thus impact the likely formation and 

growth of cyclones (indicated by dark blue whirl symbol). (a) Under full sunshine, forests maintain 

higher evaporation than oceans and thus draw in moist ocean air. (b) In deserts, evaporation is low 

and air is drawn toward the oceans where moisture accumulates. (c) In seasonal climates, solar energy 

may be insufficient to maintain forest evaporation at rates higher than those over the oceans during 
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a winter dry season, and the oceans draw air from the land and moisture may accumulate though the 

temperatures may be too low for powerful cyclones to form. However, in summer, high forest 

evaporation rates are reestablished (as in panel a) leading to a seasonal monsoon effect. (d) With forest 

loss, the net evaporation over the land declines and may be insufficient to counterbalance that from 

the ocean: air will flow seaward and the land becomes arid and unable to sustain forests—moisture 

is more likely to accumulate over the oceans. (e) In wet continents, continuous forest cover 

maintaining high evaporation allows large amounts of moist air to be drawn in from the coast. 

Consistently high moist air that can support cyclone formation is most likely under the conditions in 

panel b, c and d, the symbol is smaller in c as a lower temperature results in lower water vapour. Not 

shown in diagrams: dry air returns at higher altitudes, from wetter to drier regions, to complete the 

cycle, and internal re - cycling of rain contributes significantly to continental scale rainfall patterns. 

Modified from author’s own figures [47]. 

Aerosols 

Aerosols—particles and droplets suspended in the air—play a major role in atmospheric 

processes. Potential interactions between aerosols and cyclones are multifaceted and uncertain with 

few direct observations to guide us. Various interactions are believed to influence cloud development 

and how heat moves within the atmosphere and are likely to play some role [58,59] though much 

remains uncertain [60]. 

A key influence of aerosols is in determining the conditions under which water vapour 

condenses to liquid water or freezes to ice (ice nucleation). These processes are heavily influenced by 

aerosol properties, including size, composition, and concentration [61–63]. I will not attempt a 

comprehensive review here as the topic is technical and remains a field of active research, but in 

general some particles are much better at contributing to condensation and freezing than others 

(allowing these to occur at lower humidity levels and high temperatures) and many of the more 

potent aerosols have a biological origin associated with forest I provide a more complete introduction 

with various examples in [52]. 

Forests are significant sources and sinks of various aerosols. They emit “primary biological 

aerosol particles” (PBAPs) such as pollen, spores, and bacteria, as well as “volatile organic 

compounds” (VOCs). The volatile compounds undergo various reactions in the atmosphere and 

interact with each other and with the particles to form diverse “secondary organic aerosols” (SOAs) 

some of which may, depending on conditions, persist for only seconds or minutes, while other persist 

for days [52,64,65]. These forest-derived aerosols can influence cloud formation and precipitation 

[65,66]. 

Ice formation plays a major role in cloud dynamics and related meteorological phenomena 

[67,68]. There is evidence that particles can influence this process. These particles facilitate the 

freezing of water at warmer temperatures than would otherwise be required, impacting cloud 

formation and precipitation [69]. Such particles include not only salts, ash and mineral dust but also 

various biological materials—and various studies indicate that the biological particles are not only 

diverse but often the most abundant and influential [70,71]. Forests, and indeed other vegetation, 

appear to emit many such particles to the atmosphere though their wider implications are uncertain 

[52]. 

Aerosols that promote condensation and/or freezing likely affect storm dynamics in various 

ways as they influence the conditions under which water vapor becomes ice or water and thus 

determine where the energy from these processes is released and what ice and water is being carried 

(Thompson & Eidhammer, 2014; Zhang et al., 2024). Simulations suggest that cyclone behaviour will 

be sensitive to many of these aerosol determined atmospheric processes though the details debated, 

with some recent work suggesting contradictory effects [72]. The impacts may vary with particle 

properties, concentrations, and context. Some research has suggested that aerosols might suppress 

intensification in the early stages of cyclone formation [58]. 

For the purpose of our discussion we note that atmospheric moisture is a key energy source for 

cyclones and thus any factors influencing this moisture, and its distribution in time and space, will 

also affect the distribution of energy available to create and sustain storms. Aerosols that reduce the 
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moisture holding capacity of the air also reduce the energy that is subsequently available. Noting that 

forests are often a major source of such aerosols and that some of these are likely to promote 

condensation in the often relatively aerosol free air that moves in from over the ocean, suggests that 

forest may reduce the potential energy available (i.e., condensation happens at lower water vapour 

concentrations). As saturated air moves from lower aerosol concentrations, where condensation is 

inhibited, to higher aerosol concentrations (over and near forests) where condensation is promoted 

and this energy release is likely to lower air pressure and reduce the ability of stable weather systems 

to develop in nearby oceans (as these will be drawn towards the forest). Research to clarify these 

relationships is lacking. 

Any relationship between forests and aerosols is further complicated by spatial and temporal 

variability in forest cover. Deforestation, forest fires, and land-use changes can significantly modify 

aerosol composition and concentrations over time and space, potentially influencing atmospheric 

processes at local, regional, and even global scales [73,74]. For example, deforestation can lead to 

increased dust emissions, while forest fires produce large quantities of black carbon and other 

aerosols that can have wide-ranging atmospheric effects. 

The potential effect of aerosols (from forests and otherwise) on cyclones is not limited to direct 

interactions as aerosols may influence larger-scale atmospheric circulation and climate which in turn 

can affect the frequency and intensity of cyclones over longer time scales [60,75]. 

Synthesis and Conclusions 

Assessing the overall impact of forest gain and loss on cyclones requires somehow balancing 

multiple uncertain relationships and influences. Some of the uncertainties involve theory while many 

simulations that have been used to propose relationships remain of unknown validity in practice. 

Giver current knowledge, forests appear likely to be able to inhibit cyclone formation by mitigating 

key requirements: heat, moisture, and especially low friction. The positive contribution of heat and 

the negative role of friction are not contested. While the specific mechanisms remain contested there 

is no disagreement about water vapour having a generally positive role in contributing to cyclones. 

The dominant role of heat, moisture and friction, means that the hypothesis that, despite various 

uncertainties, more (versus less) forest cover will reduce (increase) the formation, frequency and 

violence of cyclones appears plausible and justifies further evaluation. 

The role of moisture could explain the scarcity of cyclones in the South Atlantic despite warm 

ocean conditions—atmospheric moisture is regularly drawn to the forests of the Amazon and Congo. 

Forests near to what would otherwise be expected to be potential cyclone formation areas— the low 

pressure over the nearby forests divert the necessary moisture away. Observations confirm that long 

lived patches of high moisture are generally scarce in this region though more formal assessments 

should be possible to quantify these differences (see http://tropic.ssec.wisc.edu/real-

time/mtpw2/about.html). 

Relationships regarding landfall are less clear. Forests’ low-pressure systems might attract 

storms, potentially increasing the likelihood and frequency of landfall while also reducing time for 

storms to grow before this happens. These local effects could also influence affected coastlines, 

latitudes, and inland storm tracks. Aerosols introduce additional complexity, potentially intensifying 

energy use in some areas while limiting available energy in others and overall. The interplay of these 

factors underscores the need for further research to fully understand forest-cyclone interactions. 

We have focused on the hypothesis that the presence and extent of forests will influence the 

atmospheric processes that determine cyclone formation and power. The key underlying idea is that 

increased forest cover reduces the threat from such storms. But there are, of course, many other good 

arguments for conserving and restoring tropical forests—these include the maintenance of the water 

cycle [52,76], the sequestration of carbon [28], and the preservation of habitat for biodiversity [77] as 

well as many other goods and services—[78–81]. Some of these arguments will be relevant if and 

when a cyclone strikes. There is for example, evidence to show that mangrove forests reduce the harm 

due to cyclones that hit coastal communities [82,83]. Furthermore, communities with access to forest 
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have additional options and may cope better and recover more quickly from destructive storms and 

floods than communities without such access [84,85]. 

The potential for forests to influence tropical cyclones is evident, but the nature and extent of 

such relationships remain unclear. There are good reasons to suggest that forest conservation and 

expansion may reduce cyclone frequency and severity when compared to a world with less forests. 

In a world grappling with climate change, biodiversity decline and poverty, this warrants attention. 

 

Figure 4. Schematic representation of the formation and power gain of tropical cyclones in a context 

without extensive forest and with (and near to) extensive forests. Red + signs show sources of energy 

(heat and vapour) that available to cyclones while yellow – show losses of energy (friction). We omit 

aerosols as though they likely play a role their contribution is uncertain. The magnitude of the 

relationships remains speculative though we are confident about the sign (plus or minus) : i.e., while 

friction plays a negative role in cyclone development, heat and moisture play positive roles. 
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