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Abstract:  Rainfall feedback results from the sensitivity of atmospheric processes to environmental conditions 

that are generated by a preceding rainfall event. Feedback that is persistent over several weeks is most likely due 

to environmental phenomena that involve growth and therefore most probably involves aerosols of biological 

origin. Based on a tool developed to quantify feedback at specific sites from historical daily rainfall data and maps 

of the feedback trends (http://w3.avignon.inra.fr/rainfallfeedback/index.html) we have generated a series of 

site-specific and season-specific hypotheses about the extent to which aerosols – from biological sources in 

particular - influence the outcome of meteorological conditions that are favorable for rainfall.  We illustrate how 

the tools we report here and elsewhere can be applied in a framework of rationale for the design of field 

experiments finely tuned to site-specific hypotheses and thereby to a more refined understanding of the contexts 

of geography, season and land use that underlie the extent to which aerosols influence the fate of cloud 

processes.  

 

Rainfall is critical for water availability. Anticipating 

rainfall is vital for flood forecasting and management of 

urban drainage (39, 40); for filling catchments (24) 

essential for aquatic wildlife, drinking and irrigation water, 

and electricity generation; and for the planning of planting 

of crops. Changes in rainfall patterns have numerous 

consequences including but not limited to altered primary 

production and the timing of leaf and fruit development 

(42), declines in the viability of herds of domestic animals 

(2), socio-economic phenomena that can culminate in civil 

conflict (8, 11), and contribute, in extreme cases, to the 

collapse of civilizations (38).  Management, adaptation to, 

and mitigation of the effects of drought for example, as in 

the current dire situation in California (1), depend on 

accurate forecasts of precipitation and knowledge of how 

human activities influence precipitation.  

Rainfall patterns depend on synoptic-scale atmospheric 

circulations. However, the atmosphere is never free of the 

aerosols that can influence the outcome of 

meteorological phenomena. Therefore, it is easy to 

understand that their decisiveness in the processes 

leading to rainfall is still under debate. There is need for 

new approaches to address the question of when and 

where aerosols can make or break the outcome of 

meteorological conditions that are ripe for rainfall.  This 

need comes hand in hand with the increasing awareness 

that human activities that generate aerosols (21) and 

changes in land cover (32) have a marked impact on 

precipitation because they influence the conditions under 

which aerosols operate (e.g., temperature and the 

availability of moisture) and the types and abundance of 

aerosols produced.  

How can the extent to which aerosols influence 

precipitation be disentangled from the effects of the 

prevailing meteorological conditions if these two factors 

are always associated? We recently developed a tool that 

quantifies rainfall feedback, the apparent sensitivity of 

rainfall to aerosols that are generated and released into 
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the atmosphere after rainfall events of a certain intensity 

(28). This tool was developed from observations of 

feedback patterns that persisted for several weeks in daily 

rainfall data and similar patterns of increased 

concentration of ice nucleation active aerosols after 

rainfall (3, 5). It is difficult to explain such persistent 

phenomena in terms of physical processes such as 

increased soil moisture, splashing of aerosols from 

impaction of raindrops, or trends in ambient 

meteorological conditions. In light of the numerous 

particles of biological origin (bacteria, fungi, etc.) in the 

atmosphere that are active as cloud condensation nuclei 

(CCN), giant CCN (GCCN) and ice nuclei (INP), their 

emissions from vegetation and their persistent increase 

after rainfall (described in detail in the paper that 

describes the tool to calculate rainfall feedback (28)), we 

feel that hypotheses about the roles of these biological 

aerosols in precipitation need to be elaborated and 

assessed. 

With the tool we developed to assess the intensity of 

rainfall feedback (28) we produced maps of regional and 

seasonal trends of rainfall feedback in western USA 

(http://w3.avignon.inra.fr/rainfallfeedback/index.html). 

The many factors that could influence rainfall feedback 

are likely to vary among geographic sites in terms of how 

the atmospheric conditions at these locations promote 

the increase of cloud-active particles, their emission, 

aging and interaction with other aerosols. By 

characterizing the relationship of land use, topography 

and seasons to rainfall feedback, we have created a set of 

hypotheses about the extent to which aerosols influence 

precipitation at specific locations and during different 

seasons. It should be noted that these are hypotheses, i.e. 

they are the fruit of speculation and the foundation for 

future empirical studies. By creating and sharing 

hypotheses, the pertinence of experimentation can be 

optimized and results can be validated across comparable 

sites or conditions. 

MATERIALS AND METHODS 

Trends in rainfall feedback at the 1250 sites in the western 

USA available for this study were identified as described 

previously (28). We paid particular attention to the 

location of regions with the greatest intensity of positive 

and negative values of the feedback index (F) and of 

marked differences between the spring-summer (April-

Sept) and fall-winter (Oct.-Mar) seasons. Hypotheses 

were generated based on topography, knowledge of 

prevailing atmospheric circulation and land use history of 

the regions.  

The hypotheses were also generated based on knowledge 

of sources of aerosols and their dynamics.  Briefly, cloud 

droplets can grow to form raindrops by i) coalescence 

aided by CCN and high concentrations of GCCN or ii) the 

Bergeron process that is catalyzed by INPs at 

temperatures below 0°C depending on the temperature 

at which the INPs are capable at catalyzing this process. In 

addition to the regularly occurring emission of these three 

types of aerosols from various natural and anthropogenic 

sources, surges of emission of GCCN and IN of 

microbiological occur after rainfalls (19). The nature of the 

ensemble of aerosols, their abundance in clouds and their 

interactions can lead to various outcomes for 

precipitation.  For example, microbial IN catalyze ice 

formation at temperatures much warmer than nearly all 

other naturally-occurring IN (25) and in particular 

between -3°C and -8°C where the Hallett-Mossop (H-M) 

process leads to an ice crystal multiplication. Hence, 

surges of emission of microbial IN may greatly enhance 

the probability of precipitation, or – if too many crystals 

are produced - may inhibit it due to competition among 

ice crystals for the available water. The H-M process 

requires the presence of cloud drops >24 µm in diameter 

that could be assured by the associated surge in emission 

of microbial GCCN (16). In stratiform clouds, high 

concentrations of GCCN can lower water content and the 

possibility of rain by producing drizzle that does not reach 

the ground.  An over-abundance of CCN can be inhibitory 

to precipitation (35). Under specific conditions, rainfall is 

followed by rapid increases in new particle formation in 

the atmosphere (4, 6) that have been shown to act as CCN.  

Overall, the combination of the regularly-occurring 

aerosols with rain-responsive aerosols can have outcomes 

that can lead to either more favorable or inhibitory 

conditions for subsequent rainfall thereby setting the 

stage for feedback. 

HYPOTHESES 

Hypothesis 1. Orographic precipitation is propitious for 

positive rainfall feedback.  A map of the sites with the 

greatest positive values of F (> 0.5) (see Fig. 4 of Morris et 

al (28)) suggested that orographic precipitation was a 

predisposing factor for positive feedback.  The position of 

these sites was in marked contrast to the location of the 

sites with near-zero values of F that were mostly in the 

plains east of the Rocky Mountains.  

The short residence time of an air parcel within an 

orographic cloud means that precipitation is much more 

dependent on the efficiency or speed of development of 

precipitation than in non-orographic clouds (20). This 

suggests that orographic precipitation would be 

particularly sensitive to changes in concentrations of 

efficient INPs and GCCN more so than precipitation from 

convective uplift of water vapor and aerosols. Such 
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phenomena have been corroborated by modeling (20). 

Additional corroboration of the influence of efficient INPs 

on orographic precipitation comes from field observations 

showing that INPs active at temperatures warmer than  

-10° C are lost early in the precipitation history of 

orographic clouds (37).  Furthermore, these observations 

suggest that the vegetation upwind of the mountain 

ranges mentioned above would be important sources of 

rain-responsive cloud-active aerosols.   

It should be noted that precipitation in Washington, 

Oregon, California, and Arizona is largely impacted by 

atmospheric rivers, which are concentrated and narrow 

meridional bands of water vapor that are transported 

from the tropics and make landfall along the west coast of 

the USA (7, 29, 30).  These are the general overall trends 

for these regions and specifically on the mesoscale and for 

systems generated over/fueled by Pacific circulation 

patterns. However, it should be kept in mind that the 

North American monsoonal circulation and storms 

generated from easterly flow along the Colorado Front 

Range can sometimes offset this trend. Nevertheless, the 

Pacific Northwest coast (Washington and Oregon), like 

California, is also a site where orographic clouds form.  

However, F is strikingly more negative in the Pacific 

Northwest than in California. There might be important 

differences in the types and seasonality of aerosols in 

these regions due to vegetation, as discussed in more 

detail below, and also due to the numerous pulp and 

paper mills, large sawmills with wood waste burners, and 

aluminum smelters in the Pacific Northwest. The paper 

mills in particular produce prolific amount of GCCN (up to 

1019 / sec) that enhance precipitation downwind (18) 

thereby possibly masking or confounding effects from 

rain-responsive aerosols. The hypotheses concerning 

orographic precipitation and feedback could be addressed 

by conducting focused field studies in these orographic 

cloud formation regions to disentangle the effects from 

orography and aerosols. An interesting approach would 

be to compare similar measurements of meteorology, 

aerosols, and precipitation in disparate mountain ranges, 

which include regions with variable aerosol sources.  

Hypothesis 2. The impact of vegetation on rainfall 

depends on its biodiversity, phenology and health. 

Another trend that we reported was the marked negative 

feedback across much of the Pacific Northwest.  

Furthermore, when we examined the seasonal effect of 

feedback, there was a distinct transect from the Pacific 

Northwest to the southeastern part of the USA. The Pacific 

Northwest was characterized by high positive feedback in 

the spring-summer season and negative in the fall-winter 

season whereas the southeastern part of the USA showed 

the inverse pattern. There was a transition of the trend 

along the western edge of the Rocky Mountain Range (Fig. 

5, Morris et al (28)).  

This raises the question about the seasonal changes at 

these sites that would be favorable to rainfall during one 

season and inhibitory to rainfall in another season. An 

interesting hypothesis arises from the observation that 

nearly half of the sites with high positive rainfall feedback 

in the fall-winter season and negative feedback in the 

spring-summer are in the wheat belt of the Great Plains. 

In the USA wheat belt states, more than 30 million ha are 

planted to wheat (of which half is winter wheat, planted 

from September to October) and are harvested from May 

to July. Since the late 1800’s wheat in the USA has been 

subject to regular epidemics of stem rust (caused by the 

fungus Puccinia triticina) and leaf rust (caused by P. 

graminis f. sp. tritici) (9, 17). The peak of the epidemics 

generally occurs in summer months with up to 1013 

urediospores of the fungus emitted into the air per 5 ha of 

field per day or per hour of combining at harvest (12, 31).  

As mentioned above, the air-borne spores of these and 

other rust fungi (urediospores) are efficient INPs active at 

temperatures as warm as -4° C and it has been proposed 

that such prolific emissions could overcharge clouds with 

INPs thereby having inhibitory effects on the formation of 

raindrops (27).  Under this scenario, rainfall in the fall-

winter season would enhance growth of cold-tolerant ice 

nucleation active microorganisms such as P. syringae on 

winter wheat and other vegetation that could have 

favorable impacts on subsequent rainfall because 

background concentrations of such aerosols would be 

relatively low.  This would be in contrast to the spring-

summer effect of prolific urediospore production that 

would be inhibitory to rainfall formation.  

The nature of the vegetated land cover in the Great Plains 

is markedly different from that of the Pacific Northwest 

where seasonal rainfall feedback trends are also the 

inverse of the trends in the Great Plains. This leads us to 

speculate that the properties of the Pacific Northwest 

vegetation in winter foster production of cloud-active 

aerosols that inhibit cloud drop growth and raindrop 

formation in a scenario analogous to what we proposed 

for the Great Plains in the summer.  Approximately 25% of 

the land cover in the Pacific Northwest is composed of 

evergreen coniferous forests and an additional 25% is 

composed of mixed conifer and deciduous hardwood 

forests (15). Only about 45% of the land use in this region 

constitutes crops, pastures, grasslands and steppe.  

Therefore, during the winter months, foliage of conifers 

would be dominant over that of annual and deciduous 

plants.  Although there are important epidemics of rust 

diseases on conifers in the Pacific Northwest that could be 

sources of INPs, production of urediospores in the disease 
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cycle does not occur in the fall-winter season (13). 

Furthermore, the bacterial flora on leaves of conifers and 

other gymnosperms has an unusual genetic structure, 

dominated by species in the Bacteroidetes phylum and 

only rarely harboring ice nucleation active bacteria 

whereas those on angiosperms are dominated by 

Proteobacteria and frequently harbor ice nucleation 

active bacteria (23, 33).   

The seasonal dichotomy of rainfall feedback in the Pacific 

Northwest might result from environmental chemical 

conditions conducive to NPF. The abundance of these new 

particles can vary across seasons, and in some forested 

sites the peak abundances can occur between November 

and March (34). Rapid increases in NPF also typically occur 

after rainfall because rain washes out other particles that 

compete for the condensation of the gases (6). But, as 

mentioned above, persistent increases of new particles 

likely due to rain-induced growth of soil microorganisms 

have been observed in forests (4).  In light of these 

observations we suggest that the wet and mild winter 

conditions in the Pacific Northwest forests are conducive 

to production of quantities of cloud-active aerosols that, 

when added to the pool of existing aerosols, are abundant 

enough to serve as CCN and potentially inhibit 

precipitation. Overall the effects of land use on rainfall 

feedback evoke an ensemble of hypotheses concerning 

the dynamics of biological and biogenic cloud-active 

aerosols. Field studies to address these hypotheses could 

attempt to characterize more specifically the biological 

aerosols – in terms of the identity of the microbial species 

- and the biogenic aerosols involved and the land cover 

from which they originate. Not only will it be useful to 

elucidate the dynamics of abundance of the biological 

aerosols to test the hypotheses mentioned here, but it will 

be important to identify the periods when upward flux of 

such particles could occur. For example, rain-responsive 

ice nucleation active bacteria such as P. syringae tend to 

become airborne in warm sunny conditions with wind 

strengths exceeding 1 m/s (22), conditions that are not 

usually associated with rain. There is much that is to be 

learned about microbial flux given the important paucity 

of direct measurements (26). 

Hypothesis 3. Urban centers favor positive feedback. In a 

previous study on rainfall feedback in Australia (5), sites in 

large urban centers and downwind had positive rainfall 

feedback. Here, the values of F in the immediate vicinity 

of San Francisco, Los Angeles and San Diego, California; 

Phoenix, Arizona; Salt Lake City, Utah and Denver, 

Colorado tended to be greater than those of the more 

                                                           
1 For online information about the circulation of air masses in Arizona : http://www.library.arizona.edu/exhibits/swetc/azso/body.1_div.3.html,  

http://ag.arizona.edu/extension/riparian/pub/UARA_07-17-07_chapter6.pdf  

distant surrounding area. Some of these sites might be 

influenced by orographic processes as described above, 

but the apparent downwind trends suggest a role for 

additional factors such as urban aerosols, which have 

mostly been considered as inhibitory to rainfall (35). We 

were able to evaluate the downwind footprint of the San 

Francisco and Phoenix urban centers because there were 

sufficient downwind sites in contrast to the settings of the 

other large urban centers that are not importantly 

impacted by orographic precipitation. Furthermore, the 

San Francisco and Phoenix regions are unencumbered by 

large point sources of anthropogenic pollutants such as 

ozone, volatile organic compounds (VOCs), NOx, and SO2, 

which can create secondary aerosols that serve as CCN 

and delay the onset of precipitation (14, 36). Both of these 

urban centers had downwind plumes of positive F for 

distances of 200 to 300 km. The contours of the plumes 

did not mimic the topography and were consistent with 

an urban plume extending in the downwind direction (Fig. 

1). The overall pattern of F values around Phoenix is in 

marked contrast to that in the adjacent region of Tucson 

which is also on the windward edge of the Mogollon Rim 

of the southern Rocky Mountains and which are both 

primarily influenced by incoming air masses from the 

southwest1. Phoenix and Tucson are markedly different in 

terms of both their physical and population sizes as urban 

centers and in terms of the surrounding and downwind 

land use. The regions around Phoenix and Tucson also had 

different seasonal dichotomies in rainfall feedback with 

the inter-seasonal variability for the Phoenix region being 

greater and more markedly significant (mean FOct-Mar = 

0.53, FApr-Sept = -0.43, pairwise t test p = 0.0001) than for 

Tucson (mean FOct-Mar = 0.19, FApr-Sept = -0.19, pairwise t test 

p = 0.0367) (based on 8 to 9 sites up to 115 km north of 

each of the cities and eastward to the edge of the 

Mogollon Rim or up to 200 km eastward in the case of 

Tucson). Urban centers are known to emit large quantities 

of particulate matter depending on the size of the urban 

center (36) and some of these have negative effects on 

rainfall (35). However, the trends in rainfall feedback 

suggest that aerosols from urban centers are somehow 

favorable to rainfall feedback.   

One hypothesis could be that urban centers emit some 

type of aerosol, not described to date, persistently in 

response to rainfall and that fosters positive feedback. 

The greater seasonality of rainfall feedback for Phoenix 

compared to Tucson suggests that differences in land use 

would give clues to the nature of these aerosols for the 

Phoenix region if they exist.  These observations also raise 

questions about the dynamics of aerosol composition of 
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urban centers and the synergistic or antagonistic 

interactions that could occur among the different types of 

aerosols. This leads to another hypothesis about the effect 

of urban centers: that urban deactivation of rainfall 

initiators increases the importance of freshly produced 

GCCN and INP recurring at intervals following a key day.  

This hypothesis is compatible with recent observations 

that aerosols associated with air pollution can enhance 

precipitation depending on local meteorological 

conditions, the presence of dust and other factors that 

lead to particle interactions that favor growth of cloud 

drops, and location of precipitation (10, 41). Tests of the 

hypotheses evoked here would require not only the 

assessment of a range of biological, biogenic and 

anthropogenic aerosols and dust at selected study sites 

but also would need careful analyses of the chemical 

interactions that could alter their cloud-activity 

Hypothesis 4. Pollution from petroleum production 

fosters negative feedback. As examples of sites with the 

most negative values of F, sites to the east and south of 

Houston, Texas are a striking exception to the trend of 

positive F near large urban centers. There are major oil 

refineries at these positions, Port Arthur and Beaumont to 

the east and Galveston Bay and Deer Park to the south. 

Fig. 7 shows areas of negative feedback extending to the 

NW from them. Another large refinery at Baytown is on 

the eastern edge of the metropolitan area. The Baytown 

operation has the largest output in the nation and sulfur-

rich oils are processed. In 1990, for example, it produced 

over 50000 tons of SO2 per year according to the US 

Environmental Protection Agency. Although in the 

immediate vicinity of these refineries there is negative 

feedback, further downwind, it appears as if the negative 

effect has been submerged in an area of urban positive 

feedback that also extends to the NW.  This suggests that, 

as under Hypothesis 3 above, the negative effect of 

pollution on rainfall was overcome through interaction 

with urban aerosols in the meteorological context of the 

Houston region. Interestingly, the outcome of the 

atmospheric processes in the vicinity of this refinery for 

rainfall feedback is the same as those occurring in the 

most northwest corner of Washington where the sources 

and types of aerosols are probably strikingly different.  

Both contexts lead to the greatest negative feedback of all 

sites examined in this work (Fig. 2). By examining the 

various contexts where there is negative rainfall feedback, 

a comprehensive list of aerosols, and their concentration 

and dynamics that are inhibitory to rainfall could be 

elaborated. In conjunction with tests of hypotheses about 

aerosol interactions described above, the environmental 

contexts that alleviate the negative effects could be 

described.  

DISCUSSION 

The geographic variability of rainfall feedback revealed in 

rainfall feedback patterns (28) and in the hypotheses we 

present here illustrates the problem of confounding 

effects of site-specific traits on the influence that aerosols 

have on precipitation. Rainfall feedback as defined by our 

index concerns processes that are apparently amplified in 

a persistent manner after a rainfall. In some cases the 

apparent persistence could be due to a series of events, 

such as fungal sporulation, that start in succession after a 

rainfall and contribute overall to a persistent increase in 

certain types of cloud-active aerosols. Persistent increase 

could also be due to microbial growth that begins near the 

time of the rainfall.  Overall, microorganisms are 

reasonably the main focus for studies of persistent 

aerosols because of their rapid response times and growth 

rates. Exploration of the processes underlying rainfall 

feedback will foster the discovery of persistent rain-

responsive cloud-active aerosols beyond what has been 

described elsewhere (28). Furthermore, unraveling the 

processes underlying rainfall feedback will also advance 

our understanding of the impact of biological aerosols on 

rainfall and their interaction with non-biological aerosols, 

in the context of disparate meteorological conditions. In 

this exploration it should be kept in mind that positive 

rainfall feedback is not necessarily due to direct 

enhancement of rainfall by persistent aerosols.  It could 

also be the result of the alleviation of inefficient or 

inhibitory cloud-activation processes from urban or other 

pollution sources. Furthermore, it should also be kept in 

mind that near ground level increases of aerosols such as 

biological INPs, for example, does not mean that these 

aerosols are effectively transported into clouds. Means to 

directly assess microbial flux into the atmosphere or to 

validate modeled estimations remains a challenging 

frontier.  

Here we present a rationale for developing site-specific 

hypotheses about the impact of aerosols on 

meteorological conditions that are ripe for rainfall and 

about the underlying geographical, seasonal and land-use 

contexts.  This rational can be set into the framework of a 

set of generic hypotheses depending on whether the 

trend of rainfall feedback is positive, negative or null. This 

framework is illustrated in Table 1. We have developed 

this framework and the associated tools to contribute to 

the design of field experiments finely tuned to site-specific 

hypotheses and thereby to a more refined understanding 

of the context and the extent to which aerosols influence 

the fate of cloud processes.   
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Table 1. Generic hypotheses and questions relative to rainfall feedback trends.   

Rainfall feedback trend1: Hypotheses (H) and Questions (Q) 

Positive H1: Sources of rain-responsive aerosols are present but the quantity of these 

aerosols is a limiting factor for rainfall prior to a rain event. 

H2: Cloud-active aerosols are not limiting in abundance before a rain event, but 

they are inefficient and their activity is enhanced after a rain event. 

Q: Are there conditions under which the quantity and activity of these aerosols 

could increase to levels that are inhibitory to precipitation? 

Negative H1: Cloud-active aerosols are abundant prior to a rain event. Sources of rain-

responsive aerosols are present and the increase in their abundance after 

rainfall leads to a total atmospheric load of cloud-active aerosols that is 

inhibitory to precipitation. 

H2: Cloud-active aerosols are abundant prior to a rain event but of low 

efficiency. Rainfall sets off processes that increase the efficiency of these 

cloud-active aerosols leading to a total atmospheric load of cloud-active 

aerosols that is inhibitory to precipitation. 

Q1: To what extent can aerosol abundance be inhibitory to rainfall?  

Q2: Would elimination of processes that inhibit the activity of rain-responsive 

aerosols lead to positive rainfall feedback? 

Null H1: Sources of rain-responsive aerosols are absent. 

H2: Rain-responsive aerosols are inactivated after their formation. 

Q: Would rain-responsive aerosols have effects on precipitation if they were 

introduced or if the inactivation processes were inhibited? 
1These refer to regional trends that are stable or that alter with time and/or season of the year. 

 

 

 

 

Figure 1. Regions of homogenous F delimited by kriging in the vicinity of San Francisco (left panel) and Phoenix (right 

panel) revealing the downwind plumes of positive rainfall feedback. On each panel the city is indicated with a black dot.  
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Figure 2. Regions of homogenous F delimited by 

kriging in the vicinity of Houston, Texas revealing 

the plumes of negative rainfall feedback in the 

vicinity of the petroleum refineries to the east and 

west of Houston. Refinery complexes are indicated 

with black triangles and Houston is indicated by the 

black dot. 
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