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UCAR/NCAR Junior Faculty Forum on Future Scientific Directions 

 

 

Preface 

 

The Junior Faculty Forum on Future Scientific Directions was held in Boulder during June 18-

20, 2003.  The objective of the forum, sponsored by UCAR and the NCAR Advanced Study 

Program, was to bring together junior faculty and members of NCAR's Early Career Scientists 

Assembly (ECSA) to discuss selected topics in the Geosciences. The forum was open to non-

tenured faculty at U.S. universities with preference given to those within five years of their first 

professorial academic appointment. In addition to promoting scientific discussion, an intended 

goal of the forum was to encourage development of professional relationships between members 

of ECSA and UCAR institutions. 

 

The topics chosen for the forum were as follows: 

 

A. Interactions between land ecosystems and the atmospheric hydrologic cycle 

B. Predictability 

C. The water cycle 

 

Over the three days of the forum, discussions in breakout sessions aimed to identify the key 

scientific questions within each topic and to suggest future research foci that could address these 

questions. These discussions formed the basis of three white papers that comprise the 

proceedings in this document. 

 

The success of the forum was due in a large part to the support from the NCAR Advanced Study 

Program.  In particular, I would like to thank Barb Hansford and Scott Briggs for their hard work 

in coordinating all aspects of the forum. 

 

 

Daniel Marsh 

ECSA Chair 2002-2003 
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PREDICTABILITY 
 

J. Hacker, and J. Hansen 

 

I.  INTRODUCTION 
 

The Early Career Scientist Assembly at NCAR, with sponsorship from UCAR, convened the 

first ever Junior Faculty Forum on Future Scientific Directions during June 16-18, 2003 in 

Boulder, CO.  It was intended to promote interaction between junior scientists and faculty from 

UCAR and its member universities by allowing young scientists to better define their interests in 

a group of peers and increasing awareness of resources at UCAR and NCAR.  The format called 

for a majority of time spent in smaller, break-out sessions to discuss specific topics chosen by the 

organizers:  the water cycle, interactions between land ecosystems and the atmospheric 

hydrologic cycle, and predictability.  This report summarizes the predictability discussions. 

 

The small group of predictability session attendees (the authors of this report) can best be 

described as interdisciplinary.  The atmospheric and oceanic sciences, biology, mathematics, and 

engineering were all represented.  Two attendees brought additional interests in societal impacts.  

This diversity produced a wide-ranging, candid discussion. Prior to the forum, co-chairs Joshua 

Hacker and James Hansen circulated a “white paper” that identified several subtopics, and 

modified it according to feedback.  The aim was to streamline discussion by producing an 

agreed-upon agenda.  But the sessions demonstrated little adherence to this agenda, and a free-

form scientific discussion ensued, from which a few threads emerged. 

 

The study of predictability is multifaceted and recurs in diverse fields. One important goal of 

these sessions was to identify and understand different approaches to predictability problems.  

Joseph Tribbia, a Senior Scientist at NCAR and an expert in predictability of geophysical flows, 

was asked to address the group and provide his views on the state of the science and future 

challenges.  A summary of his talk is not part of this report, but the papers he considers seminal 

in the field are noteworthy: Thompson 1957, Lorenz 1963, Epstein 1969, and Leith and 

Kraichnan 1972. 

 

The group agreed, following Tribbia's talk, to adopt the definition of predictability proposed in 

Thompson, which is “the extent to which it is possible to predict [the atmosphere] with a 

theoretically complete knowledge of the physical laws governing it.” More precisely, we 

interpreted this as the state-dependent rate of divergence of trajectories in state space given 

complete knowledge of system dynamics. Therefore predictability is intrinsic to a system, and 

the atmosphere has predictability properties distinct from those of any model.  Similar statements 

can be made about biological and all other dynamical systems. We can exactly describe and 

solve for the evolution of some simple systems analytically.  But with a more complex physical 

system we are faced with the frustrating reality that we cannot precisely know its predictability. 

Thus much of our science is the pursuit of an unknowable goal. 
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Using this definition of predictability to frame the discussions, three concrete threads emerged, 

representing some consensus among the forum participants.  They are presented in the next 

section as a summary of our collective thoughts.  First, the importance of model error and initial 

condition error are considered.  While this topic is certainly not new, strategies are explored 

given the fact that unknowable predictability means the two may never be separated. This leads 

naturally into a discussion about the implications of the choice of norms used to quantify the 

results of our studies.  Finally, we present some comments and suggestions for generalizing 

results by exploiting the makeup of our group. 

 

 

II.  SUMMARY OF DISCUSSION 
 

A.  Initial Condition and Model Error 
 

Attempts to quantify model and initial-condition error have appeared in the literature over the 

last couple of decades (e.g. Tribbia and Baumhefner 1988).  Results are unclear because of the 

synergy between the two.  Thompson's (1957) definition of predictability assumes that given a 

perfect initial state we could exactly specify the future evolution of a system with, leaving only 

initial condition uncertainty to lead to trajectory divergence.  It follows that we can measure the 

predictability of a model, but the predictability of a physical system cannot be precisely known 

without a perfect model. We will never be able to perfectly observe geophysical systems, 

biological systems, and many engineering processes.  Model error is unavoidable, and it inhibits 

our physical understanding of a system because models are indispensable tools for studying a 

physical system.  By improving our models based on empirical evidence, physical 

understanding, and computational power, we hope to make better estimates of the predictability 

of the physical system. Thus attempting to forecast the system in the face of initial-condition 

uncertainty is tantamount to seeking a fundamental property of the system--its predictability. 

 

For practical research purposes, approaches to understanding the predictability of a physical 

system or a model need not coincide with efforts designed to improve forecasts.  Predictability is 

a system property that depends on intrinsic dynamics or other causal relationships. But complete 

understanding of the system is not a prerequisite for forecasting, as the success of operational 

weather prediction has demonstrated.  Many forecasting applications rely heavily on statistical 

parameterizations of poorly-understood processes.  Carefully defining the goals of a study as 

either forecast improvement or physical understanding is an important step toward interpreting 

results and designing studies. 

 

Notwithstanding the difficulties, acknowledging forecast improvement and physical 

understanding as two distinct goals motivates further attempts at estimating model and initial 

condition error with different classes of models.  When forecasting is the goal, separating the 

concepts may guide resource allocation.  Statistical and empirical models can be excellent tools 

for improving forecasts and should not be discredited for being an “engineering” approach, or 

“not based on first principals.” While obviously beneficial for forecasting, statistical and 

empirical models may well play an important role in fundamental studies to identify basic system 

properties. 
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The specification of the problem at hand determines whether boundary condition error should be 

considered as part of model error, or as a third, independent source of uncertainty.  A model M 

propagates its state, x, in time t following  

 

x_t = M(x_0) + f(t), 

 

where f includes all external forcing.  In discretized models boundary conditions can be included 

in either M or f, both of which include errors. Incorporating f into the model implies that 

boundary-condition error is part of model error.  But if boundary conditions are specified in f, 

and f is not included in the model, then boundary condition error must also be considered 

elsewhere and one might choose to conceptually include it as an independent source of 

uncertainty. 

 

As suggested above, strict separation of model and initial condition error is likely impossible, but 

probabilistic state estimation and forecasting may be a useful tool for attempting to disentangle 

the two.  Error can be systematic or appear random.  Although a distribution that appears random 

does not ensure that the underlying process is truly random, it does allow access to probability 

theory for describing it.  With large samples we can estimate an initial condition error 

distribution and a forecast error distribution.  The initial condition error distribution can never be 

fully separated from the model used, but we can strive to minimize the effect of the model on 

initial conditions.  The forecast error distribution includes both effects.  From this we might 

begin to construct error distributions that have some of the effects of initial condition error 

removed, providing an estimate of model error. 

 

A few topics are relevant to any approach to error quantification. Observation networks may be 

designed for the purpose of identifying model error, and preliminary work is needed to identify 

potential designs. Fundamental research is needed to understand the impact of spatially and 

temporally correlated observational errors on state estimation and forecast assessment.  It is 

difficult to quantify the impact of model inadequacy if one does not fully understand one's 

observations. The impact of strong nonlinearities (perhaps infinitely nonlinear such as a 

threshold) on different error sources should be better understood. Finally, a more practical 

consideration is how to deal with the data overload expected as modern observation platforms 

continue to be deployed. 

 

Here we have expressed that we want to measure initial condition and model error.  We next 

explore the implications of choosing how to measure it, and suggest some alternative methods. 

 

B.  The Importance of the Norm 
 

In any quantitative study we must choose a norm or metric by which we evaluate results.  For 

our purposes, the norm determines a magnitude (such as the Euclidean length of an error vector) 

in state space.  Though infinite in many physical systems, the state space of a model can be large 

but is finite, and computational and observational constraints have led to norms defined in a 

subspace of the model state space.  In atmospheric sciences, norms have traditionally been 

observable quantities evaluated on standard levels, such as 500 hPa geopotential heights.  More 

recently some representation of energy has become favored because it includes a larger subspace 

that represents more degrees of freedom in the system dynamics. Whether the goal is 
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understanding system dynamics or producing the greatest forecast skill, we are free to choose the 

norm.  Participants uttered the phrase “everything depends on the norm” frequently--only 

partially in jest.  The norm chosen to answer questions about system dynamics may be different 

from one chosen to maximize forecast utility. The choice becomes more difficult when 

considering forecast value. 

 

In the context of a forecast cycle, the choice of norm and subspace has profound implications for 

both state estimation and verification. Choosing the same norm for both is satisfying because it is 

consistent, but this is certainly not a requirement.  One example is the practice at ECMWF of 

using a 48-h energy norm to determine the initial perturbations in their ensemble forecasting 

system (which is intended to represent the sensitive uncertainties in the analysis) and later 

verifying quantitative precipitation forecasts.  But if the goal is a skillful precipitation forecast 

then what, fundamentally, prevents us from designing perturbations based on some “precipitation 

norm?”  One might think of several reasons to argue on either side of this question, but the point 

is that progress may be possible by choosing norms more closely related to the problem at hand.  

Inasmuch as end users define the value of a forecast, state estimation norms based on user needs 

may lead to a more useful forecast.  Conversely, depending on how value is defined, a perfect 

forecast need not result in maximum value. For example, a small farmer may not be able to 

adjust crops to account for a weather forecast because he does not have access to the forecast 

information or the resources to make an adjustment, and thus is at a disadvantage relative to a 

modern agricultural company. 

 

To address forecast value we might consider norms (possibly user-defined) that contain more 

than the physics of the system we are modeling. In biology, that might mean including animal 

health in a norm for state estimation of a vegetation model.  In ocean forecasting, perhaps 

shipping efficiency may be considered.  Again, specific goals determine the norm or subspace by 

which we should evaluate our success. 

 

When the goal is to understand system behavior, results can be sensitive to the choice of norm 

and subspace.  Thus a thorough treatment should include evaluation with more than one.  In the 

longer term we should seek norms, or groups of norms, that expose similar dynamics. Basic 

research is required to establish whether such groups exist. Assessing the usefulness of norms 

based on information theory, such as relative entropy or mutual information (Schneider and 

Griffies 1999), may be a starting point. 

 

The group often expressed concern about separating initial condition and model error, and 

suggested that questions should be posed so that a norm can be chosen appropriately.  So far it 

would seem that widely generalizable results may be impossible to achieve, but the discussion 

summarized in the next subsection identifies places where generalization may be both possible 

and profitable. 
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C.  Towards Generalization 
 

Scientific studies with broad implications contribute the most to our understanding of the natural 

world.  They may cross disciplinary boundaries or cover a wide range of problems within one 

discipline, expanding the base of experience and accelerating learning with a greater exchange of 

ideas.  Generalization of predictability studies should likewise promote more rapid progress.  

Because of norm-dependence, initial condition and model error, and our lack of understanding of 

some physical systems, generalization has proven difficult in the past. But it is possible by 

seeking different bases for system classification and cross-disciplinary communication. 

 

The geophysical sciences lend themselves to a specific type of generalization based on 

mathematical representation of a dynamical system with differential equations.  In predictability 

this has led to hierarchical studies where certain characteristics of simple systems, which are 

arguably similar to more complex systems, are generalized. Although these approaches are 

satisfying because simple systems are computationally inexpensive, can sometimes be 

analytically tractable, and have results that can often be unambiguously interpreted, the results 

may not always withstand experimentation with more complex systems. 

 

One alternate approach to generalization is to seek different bases for system classification 

beyond those that we can write in the same form as a system of differential equations.  Systems, 

dynamical or otherwise, may be grouped by one or more similar characteristics that are more 

difficult to describe mathematically.  One natural place to begin classification is by grouping 

nonlinear systems.  Examples of geophysical characteristics appearing in other nonlinear systems 

are multiple states, bifurcation, thresholds, transition to chaos, hysteresis, scale cascades, and the 

existence of coherent structures.  Atmospheric, oceanic, ecological, biological, and engineering 

control systems all demonstrate one or more of these.  Each of those sciences may stand to 

benefit from methods and results already established in the others. 

 

Systems may also be grouped by other characteristics that are often not considered in the 

geophysical sciences.  By itself, this possibility motivates interaction with other scientists.  Our 

experience does not prepare us to predict what those characteristics might be, but one example is 

robustness, which essentially means insensitivity to perturbations. Biological systems are 

classified as robust when they have certain levels of diversity, redundancy, modularity, and 

control.  This particular set of classification criteria may or may not have applications to 

geophysical systems, but the process by which biologists defined the robust class may be useful. 

 

The initial barrier to cross-disciplinary interaction is terminology. This became apparent in the 

Forum, even among the geophysical scientists at times, when it took several minutes to realize 

that two people were talking about the same thing.  Although it will take a long-term effort to 

overcome the terminology barrier, we agreed that it would be possible by expanding informal 

discussions via email and perhaps eventually organizing a larger cross-disciplinary workshop on 

predictability. 

 

To summarize, the group was optimistic that generalization is possible, despite the difficulties, 

by seeking different bases for system classification and fostering cross-disciplinary interaction.  

It will take effort to expand our experience, but the return on scientific progress may prove 

substantial. 

 



6 

 

III.  CONCLUSIONS 

 

The study of predictability is diverse and interdisciplinary. Attendees of the predictability 

sessions at the UCAR Junior Faculty Forum on Future Scientific Directions came with diverse 

backgrounds that led to a wide-ranging, candid discussion.  After agreeing to frame discussion 

topics with the definition of predictability first proposed by (Thompson 1957), three threads 

emerged:  initial condition and model error, the importance of the norm, and generalization.  By 

sampling these three topics, we can identify some immediate (though maybe long-term) 

challenges related to state estimation, verification, and nonlinearity. 

 

Probabilistic approaches to state estimation and forecasting offers one hope for beginning to 

disentangle model and initial condition error. To characterize uncertainty, which is here to stay in 

our observations and treatment of most physical systems, we can use the language of statistics 

and probability.  A theory for the statistics of model error is currently unavailable, but the theory 

of state estimation has a long history as an inherently probabilistic problem. To approach an 

optimal solution, we must seek ways to reduce model error and the impact of simplifying 

assumptions.  At best, we can hope to gain an estimate of model error by trying to understand the 

impact of an inadequate model on probabilistic state estimation. 

 

In state estimation the difficulty arises from the fact that distributions drawn from a model can 

never be the same as those from the true physical system.  Because a model does not have access 

to the correct distributions, it cannot produce correct probabilistic forecasts to be used as a first-

guess for state estimation.  The scientific community will no doubt continue improving models 

by reducing deterministic model error, but gaps will always exist in our understanding and 

computational capabilities.  The statistics of error may help fill those gaps by accounting for 

model error so that the deterministic components of first-guess forecasts do not destroy a 

probabilistic state estimation derived with information from a good observing system. 

 

The relationship between verification and state estimation is complex. The possibility of adding 

user-defined norms to determine optimal solutions or measure value as opposed to skill, is 

intriguing.  It admits that the most skillful forecast may not be the most valuable, implying that 

we must understand and carefully define goals before choosing a norm. If we care about 

increasing forecast value then the established practice of verifying state variables, or even 

diagnostic variables that are primary to the modeled system, may not be the best approach. 

Rather, defining norms with variables that are not immediately part of our physical system may 

lead to more useful forecasts and even physical insight in the absence of better physical 

understanding.  Regardless of one's definition of value, deduction from quantitative results that 

are extremely sensitive to the choice of norm may require techniques and/or classes of norms 

that produce common results. 

 

Finally, the ubiquity of nonlinearity suggests that it is a natural system trait where one might 

begin classifying systems for the purpose of generalization.  We can look outside geophysics, 

biology, or engineering to find other systems that display threshold phenomena, coherent 

structures, and nonlinear error growth in general.  This may lead to new bases on which to 

classify systems, and accelerate the learning process. 
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The Forum was a success from the standpoint of raising issues and defining challenges.  It was 

also useful for establishing personal relationships. The attendees were unified in their desire to 

expand the community of young scientists addressing problems in predictability, and look 

forward to more productive discussions in the future. 
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THE WATER CYCLE ACROSS SCALES 
 

Ana Barros, Andrew Gettelman, David Gochis, and Junhong (June) Wang 

 

 

I.  INTRODUCTION 

 

The cycle of water is a critical component in the earth’s climate system. Water, as an essential 

component of the physical and biological earth system, is naturally present in all three phases: 

solid, liquid and gas. The transport and transformations of water substance in the global water 

cycle are of fundamental and primary importance for understanding the ecosystems, the land 

surface hydrology that supports them and the management of water resources for humans. The 

water cycle is also critical for predicting weather, and the long-term climate balance of the 

planet.  

 

Despite the importance of water and a tremendous body of work researching its processes, there 

are still critical questions regarding the global ‘water cycle’. These questions range from 

fundamental details of the spectroscopy of water, to the forecasting of precipitation, to closing 

the budget of the hydrological cycle on many scales.  These were just some of the basic themes 

discussed by the Water Cycle working group at the Early Career Scientist Assembly workshop in 

Boulder, CO, which took place June 18-20, 2003. The group engaged in discussions ranging 

across many topics relevant to contemporary water cycle research and explored opportunities for 

future directions and collaborations. This document provides an overview of the topics and 

opportunities discussed at the workshop.  The themes, questions and opportunities documented 

herein are not intended to be taken as an exclusive list but should merely serve as a synopsis of 

the workshop discussions.  Correspondingly, this summary document is divided into the 

following sections; (I) Introduction, (II) Water vapor, (III) Clouds and Precipitation, (IV) Land 

Surface Hydrology, (V) Observations, (VI) Integrating Themes and (VII) Strategic 

Opportunities.  In sections II-V we attempt to define and expand upon some of the key science 

questions facing water cycle research in the years to come. Many of these issues have been 

brought to the forefront of scientific discourse through a number of strategic documents that have 

recently been published (e.g. Emmanuel et al., 1995; IPCC, 2001; CUASHI, 2003; NRC, 2001; 

USGCRP, 2001; NCAR, 2001).  Section V presents a brief overview of the interdisciplinary 

nature of water cycle research and discusses the convective parameterization problem as a 

prototype method in which to address complex and interdisciplinary research in water cycle 

science.  The summary concludes with Section VI, which provides a number of strategic 

opportunities for conducting research that were put forth by forum participants.   

 

 

II.  WATER VAPOR 
 

Water Vapor is a critical component for understanding both weather and climate. With 

concentrations in the atmosphere varying over 4 orders of magnitude, and very complex 

spectroscopy, there are still many observational challenges to achieve the appropriate 

characterization of water vapor and its role in weather and climate. The vapor phase of water is a 

critical transport mechanism for humidity in the atmosphere, transporting water from surface 

evaporative source regions to distant regions where precipitation occurs.  As well as being a 
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transport mechanism for humidity and the source of precipitation, the energy inherent in water 

vapor provides a heat source (the latent heat of condensation) that can transport significant 

amounts of energy in the atmosphere, and, therefore, is a critical component of the tropospheric 

diabatic heating budget. Water vapor is also the primary and most prevalent greenhouse gas in 

the earth’s atmosphere. Understanding the distribution of water vapor, and the mechanisms 

which control it, are essential for understanding the radiative balance of the planet and how it 

may change over time. The following sections encompass some key issues regarding water vapor 

along with clouds and precipitation in the earth’s climate system that were discussed at the 

ECSA Workshop.  

 

A. Upper Troposphere and Lower Stratosphere Water Vapor 
 

Water vapor in the atmosphere is limited by the strong temperature dependence of the Clausius-

Clayperon equation.  However, recent data indicates that these limits may be exceeded, 

particularly for ice. Super-saturations of water vapor with respect to ice of up to 160% have 

recently been observed in the upper troposphere (Heymsfield et al., 1998; Wang et al., 2003). 

Recently observed hemispheric differences in the relative humidity and observed 

supersaturations may be related to the distribution of aerosols and ice nuclei (Ovarlez et al., 

2002).  Because most of these measurements have been taken under difficult conditions of 

extremely low water vapor concentrations with platforms moving in excess of 200m/s, the 

participants expressed some skepticism regarding these measurements, though it was generally 

accepted that some degree of supersaturation in clouds should exist. It is critical to understand 

the condensation and freezing processes that permit this level of humidity to remain in the 

atmosphere, and to explain observations of large supersaturations in clouds.  In addition, some 

clouds are able to persist in sub-saturated air, or in average conditions of sub saturation due to 

local dynamics. 

 

Recent observations (Wang et al., 2003) have defined the distribution of thin cirrus clouds in the 

upper troposphere, often missed by conventional instruments. These clouds play an important 

role in radiation, and may play an important role in regulating humidity in the upper troposphere 

and lower stratosphere. In addition, there is a significant increase observed in water vapor in the 

upper troposphere (IPCC, 2001) and lower stratosphere (IPCC, 2001; Oltmans et al., 2000), 

which cannot be fully explained by the Clausius-Clapyeron relationship, because tropopause 

temperatures have declined as water vapor has increased. 

 

B. The Radiative Impact of Water Vapor 

 

As the most important greenhouse gas in the Earth’s atmosphere, water vapor is a critical 

component for the radiation balance of the Earth’s climate system. The spectroscopy of water 

vapor is complex and is still an active area of research (Harries et al., 1996). There are large 

uncertainties in the rotational bands and continuum absorption. Water vapor is particularly 

important over most of the depth of the troposphere for its long wave (infrared) cooling. 

Deficiencies in our understanding of the radiative properties of water vapor may limit our ability 

to model the response of the atmosphere to different radiative forcings.  The clear sky radiation 

budget can now be closed thanks to measurements and modeling.  The same is not true for 

cloudy skies, or for the entire globe. A large part of the uncertainty in closing the radiation 

budget comes from understanding the complex radiative effects of overlapping clouds, which are 

not well observed. There was active discussion of how General Circulation Models (GCM’s) of 
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the atmosphere use clouds and cloud overlaps to close the radiation budget. It was noted that new 

observations of the vertical structure of clouds (from CloudSat) may soon help us to better 

understand their impact on the radiation budget. 

 

Because water vapor concentrations are temperature dependent (see above), increasing with 

increasing temperature, water vapor has a potentially strong positive radiative feedback. There 

has been a great deal of recent discussion and debate (Hartmann et al., 2001; Chou and Lindzen, 

2002) regarding the response of the water vapor and clouds to changes in the radiation balance, 

whether at the local cloud scale, or for globally averaged radiative forcings. Most scientists agree 

that the water vapor feedback is positive. The magnitude of the water vapor feedback is 

uncertain, but appears likely bounded by an assumption of no change in specific humidity on one 

side and a change in specific humidity enough to keep the relative humidity constant with 

increasing temperature on the other.  

 

Water vapor also plays a large role in cloud radiative feedbacks, determining the formation, 

altitude and lifetime of clouds. The lack of understanding of the cloud radiation feedback 

provides the largest uncertainty in the climate predictions of global models (IPCC, 2001). This is 

clear from the uncertainty in closing the radiation budget. Because the cloud radiation feedbacks 

are affected not just by large scale processes, but by small scale cloud microphysics, the problem 

is particularly difficult to observe and model. Many scales of investigation are required. 

 

C. Transport of Water Vapor 

 

The transport of water vapor is critical both for the supply of humidity as well as the supply of 

heat. Condensation of water vapor not only creates precipitation, but the latent heat of 

condensation is a significant term both on the small scale of a cloud and on the global scale of 

the transport of heat. 90% of the radiative heating of the global oceans is balanced by 

evaporation (Hartmann, 1994), and this energy is supplied to the atmosphere as latent heat.  The 

supply of latent heat varies strongly at the surface with the availability of moisture, and has a 

strong diurnal variation over land (Hartmann, 1994).  

 

Understanding the transport of water vapor on the global scale is important both for weather and 

for climate. A zero-order picture of the time mean water vapor field is dependent on the 

temperature, and on large-scale transport. The transport of water vapor to sub-tropical dry 

regions is important for the global radiation balance. The “warm conveyor belts,” which bring 

tropical moisture to higher latitudes, are an important source of moisture and of heat, and a driver 

of baroclinic storms. In many cases the transient transport events dominate the total transport, 

and this is particularly important for extreme events such as floods or droughts.  Traditionally we 

have overemphasized mean transport fields, and not sufficiently characterized transients, 

variability and extreme events. 

 

Our measurements of water vapor are generally not complete enough in the boundary layer to 

adequately quantify transport of water vapor in sufficient detail.  Even fewer measurements are 

available in the free troposphere. Local recycling of water vapor from evaporation (whether 

clouds, precipitation or the land surface) either locally or remotely is critical for the evolution of 

the water vapor field at sub-continental scales. The role of the land surface is particularly 

important away from other sources of water vapor. 
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For large-scale transport, a simple picture is emerging that describes the basic mean distribution 

of water vapor. However, this picture may not contain all the information necessary for 

hydrology or forecasting. On the global scale, water vapor transport may not be critically 

dependent on transients, except for semi-arid regions. The latter includes transport out of the 

subtropics to mid-latitudes, which may depend on transients. In most cases, large scale 

circulations and temperature well describe the distribution of water vapor. Complex 

microphysics is not important (to zero order). Even in the upper troposphere, water may not be a 

major part of the energy budget (though it may be an important part of the radiation budget). 

There was some discussion of how much is lost by not including water vapor in the upper 

tropospheric energy budget. This picture gives some hope for forecasting future climate changes. 

 

The workshop also discussed our ability to simulate the small scale transport of water vapor. 

This is important for understanding convection and it is critical in semi-arid regions. One 

example given was Arizona, where observed distributions of precipitable water are often 

bimodal, while models reproduce only monomodal distributions.  This highlights some of the 

complexities and uncertainties in understanding water vapor transport. 

 

Given these differences between the large and small scales, participants discussed classifying 

transport issues by scales. Large scale transport may be different than smaller scale processes 

(such as convection). However, both may be important for transport, precipitation, and climate.  

 

D. Water Vapor and Weather 

 

Water vapor is not just a climate issue.  Understanding the 4 dimensional field of water vapor is 

critical for convective storm forecasting and quantitative precipitation forecasting.  It is well 

known that Quantitative Precipitation Forecast (QPF) skills are still low, especially in 

summertime (Carbone et al., 2001). These results are worrisome given the significant hazards 

from warm season convective events (flash floods, tornadoes, etc).  Participants noted that 

parameterizations of convection are important for QPF. In addition, evidence suggests that an 

accurate representation of water vapor in the lower atmosphere is vital for obtaining realistic 

QPF’s in models with parameterized convection (e.g. Emanuel, 1995) and even in initiating 

convection in cloud resolving models (Crook, 1996). There are also many difficulties in 

obtaining accurate initializations (observations) of the water vapor field. 

 

Discussions focused on QPF as a major obstacle in forecasting weather, which also has 

important impacts on hydrology and climate. One limitation noted again was observations: we 

cannot capture important aspects of the spatial and temporal variability of water vapor on small 

scales that impact precipitation quantitatively. There are still major questions, for example, 

regarding the diurnal variation of water vapor. The degree of precision required is in stark 

contrast to that assumed for transport. 

 

 

III. CLOUDS AND PRECIPITATION 
 

Clouds and precipitation represent the condensed phase of water vapor. Clouds represent the 

suspended condensate, and the conversion process to precipitation, the water substance that 

sediments. Clouds are tightly coupled to the water vapor distribution. Convective transport of 

humidity is likely the dominant means of transporting water vapor into the upper troposphere. 



12 

Cloud microphysical processes may significantly impact the water vapor distribution through 

evaporation and condensation processes inside of and adjacent to clouds.  Additionally, water 

vapor entrainment into clouds may significantly modify the evolution of convective or stratiform 

clouds, and cloud detrainment of water vapor may modify the local environment. The latent 

energy release from water vapor is also important for driving the updrafts in convective clouds.   

 

The discussions were focused around several different scales and critical regions. There was also 

discussion of long-term variability and the need once again to be able to work across scales as 

much as possible. In general, progress in estimating precipitation requires better and focused data 

collection, perhaps better resolution of convection, and better integration of observations with 

theoretical/laboratory research. The better use of weather observations for climate studies was 

also discussed. 

 

A. The Diurnal Cycle of Precipitation 

 

The characteristics of precipitation frequency, intensity, and duration are as important as total 

amounts, but are less explored by both observations and models (Trenberth et al., 2003). 

Advancing understanding and the ability to model and predict the character of precipitation 

(intensity, duration, frequency and amount) requires new approaches to examining data and 

models. The diurnal cycle is a test bed which allows us to examine the timing and duration of 

precipitation events and evaluate model performance predicting these events. Models can only 

predict certain aspects of the diurnal cycle, and sometimes for the wrong reasons (Dai and 

Trenberth, 2003). Various processes and feedbacks are involved in the diurnal cycle of 

precipitation, and need to be studied by observational and modeling tools. Much of the focus in 

understanding the diurnal scale deals with understanding convective processes and how they are 

represented in models (see below). This includes microphysical processes within clouds that 

convert condensate to precipitate, and modify it within clouds.  

 

B. Accurately Measuring and Tracking Moisture Availability for Precipitation 

 

The efficiency of rainfall mechanisms is ~30%; ~7.5 mm of total precipitable water (~25 mm, 

global mean value) is available for precipitation (Trenberth et al., 2003). The global average rain 

rate averaged under all conditions (rain or not), which is often used as the precipitation amount 

for a certain time period, is about 2.8 mm/day, while the average rain rate when it is raining, i.e. 

the actual rate or precipitation intensity, is about 45 mm/day. There is a discrepancy of a factor 

of 16, indicating the importance of the convergence of moisture already in the atmosphere. The 

discrepancy also implies that the rainfall-producing weather systems (thunderstorm, extratropical 

cyclone, hurricanes and so on) gather moisture from about 4 times the radius of the precipitating 

region. The “recycling” ratio for precipitation (the ratio of how much precipitation comes from a 

local region through evaporation versus how much precipitation comes from advection into the 

region) estimated from observations and models, varies in space and time, and is ~10% for scales 

of ~500 km. The moisture supply for moderate or heavy precipitation comes from transport, and 

thus from convergence of low-level moisture elsewhere in the atmosphere. Therefore, there is a 

need for accurate knowledge of water vapor transport in storms. See the “Transport of water 

vapor” in Part II for more information. 
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C. Improving Convective Parameterizations 
 

Improving convective parameterizations in large-scale models is very important for improving 

prediction of precipitation. Improvement is needed not only for the “triggers” of convection but 

also the suppression of convection. Parameterizing convection also involves scale interactions, 

sub-grid scale “triggers” and larger-scale motions either suppressing or enhancing convection. 

The ineffective prediction of summertime precipitation over the continental U.S is partly due to 

uncertainties in convective parameterization. Present parameterizations are not able to properly 

simulate all of the key processes leading to convection, and therefore do not properly simulate its 

formation and evolution in large-scale models. Weather prediction models can simulate some but 

not all of the diurnal cycle patterns of convective precipitation over the continental U.S.  

 

Skill in predicting warm season heavy rainfall events is extremely poor; the improvements in 

prediction skill would have significant economic and social benefit. Numerical simulations have 

shown that an accurate representation of temperature and moisture are necessary to trigger 

thunderstorms. Unfortunately, observations show that it is often difficult to obtain representative 

water vapor measurements, in particular, due to the large degree of horizontal variability within 

the convective boundary layer.  

 

D. Synoptic Scale Variability and the Organization of Convection 

 
The multiscale organization of convection has long been recognized in observational terms, but 

has essentially been ignored in the parameterization context. The consequences of convective 

organization can lead to rainfall coherence on scales of 1000 km and time scales of up to three 

days. The organization of convection is also important for the radiative balance of the climate 

system. The radiative effect of deep convective clouds, often termed cloud radiative forcing 

(CRF) can significantly alter the global radiation balance, and may not be well resolved in 

models. 

 
On the synoptic scale (of 2-3 days) there are several important processes for understanding the 

distribution and organization of precipitation. Easterly waves and the subtropical jets are two 

large scale forcing mechanisms that help to organize convective precipitation. In addition there 

was discussion of how to further validate forecast skill for precipitation over several days. New 

numerical techniques embedded in models help provide quantitative estimates of model errors, 

error propagation and forecast skill. This is starting to turn the tables back towards observations: 

do we really know how much it is raining, when and where? Many observations are simply 

gauge measurements which integrate over time (a day).  

 

On these larger scales, models still seem to have trouble accurately reproducing even stratiform 

precipitation. This is true for global models which cannot adequately capture marine stratus. 

Some of this likely is due to the vertical resolution of such models, but there is also a need for 

more observations to improve the representation of these clouds.   

 

E. Tropical Precipitation 

 
It was noted that the tropics have several unique issues for precipitation. While large scale 

variations such as ENSO are well understood, most variability on shorter timescales is not fully 

understood. This stems from poor observations, as well as from complexities in the dynamic 
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structure of the tropics that regulates precipitation. Dynamic balances (such as baroclinic 

instability and Rossby waves) govern extratropical dynamics, but smaller scale organizations 

(such as mesoscale convective systems) play a large role in tropical dynamics. Convective 

instabilities can impact the large-scale organization in unpredictable ways. Perhaps a good 

example of this ‘exquisite balance’ across scales in the tropics is the inability of global models to 

accurately simulate the annual cycle of tropical precipitation. The intertropical convergence zone 

(ITCZ) is often split into a ‘double-ITCZ’ in these models, a condition the atmosphere only 

reaches in some seasons.  

 

Two examples of the complexities of tropical precipitation are understanding monsoon 

precipitation and interactions with mid-latitudes. These issues are actually related, and it was 

mentioned that there is a need to try to ‘up-scale’ the impact of monsoons on global precipitation 

to examine interactions with other regions. Also the inability to model tropical convection and its 

effects on the large scale circulation may have an important effect on teleconnections with mid-

latitudes. There was also a call for new metrics for diagnosing errors in global models in the 

tropics (perhaps borrowing on some methods used in data assimilation systems, such as analysis 

increments). 

 

The participants discussed the utility of further observations and field campaigns in attempting to 

resolve these issues. Past campaigns such as TOGA-COARE have helped with understanding of 

mesoscale organization of tropical precipitation, but the collaboration with the modeling 

community, particularly the global modeling community, has not been as successful. There was 

discussion that there could be better integration and coordination of activities for field projects, 

as well as in general better discussions and collaborations between these communities. In 

addition, there was discussion that more development of models and assimilation systems in the 

tropics is necessary to incorporate observable parameters. 

 

Finally it was noted that many tropical field programs tend to be of smaller scale structures, and 

have a ‘weather’ focus. However, there is also interest in ‘climate’. The feasibility of running 

longer term ‘campaigns’ or observational networks was discussed, including the successes of the 

TAO array of buoys in the Pacific. 

 

F. Long Term Precipitation Changes  
 

An increase in atmospheric moisture has been observed in many regions (cf. Ross and Elliott, 

2001). It is not clear how this moisture increase affects the trend of precipitation intensity and 

frequency, especially extreme precipitation events, such as flooding and drought. Hourly 

precipitation data with long records are essential for studying these problems. IPCC models 

predict that the change in total precipitation due to doubling of carbon dioxide is about 1 to 2%K
-

1
. The uncertainties of this range are unknown. It is unclear how the intensity and frequency of 

precipitation may change with global warming in either models or observations although there is 

a suggestion of fewer but more intense rainfall events. Uncertainty also remains about how the 

precipitation changes are related to changes in other parameters in the hydrological cycle, such 

as water vapor and evaporation.  

 
A great deal of difficulty lies in actually observing changes to precipitation, given the present 

state of observational records relative to the scales of variability. Scaling single station 

characteristics to larger scales is difficult, even independent of long-term variability. There was 
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some discussion of how much precipitation data was needed for understanding various processes 

in the hydrologic cycle. Several participants thought at least 70 years of precipitation was needed 

to understand stream flows for example.  In many cases we rely on models to tell us what 

“unforced” variability is, but this may not be accurate.  

 

Participants noted that climate research was benefiting from work on weather prediction. Better 

convective parameterizations, and other improvements to fundamental treatments of processes in 

models are helping to narrow uncertainties in climate prediction.  

 

 

IV. HYDROLOGY AND THE LAND SURFACE 
 

Over the two last decades, Land Surface Hydrology (LSH) has emerged as a critical field of 

investigation in the Earth Sciences.  What was originally treated as a boundary problem for 

disparate sub disciplines of classical surface hydrology, hydrogeology and atmospheric science, 

has become a forefront research area, which inextricably links the classical physical earth 

sciences with humans and their ever-widening scope of activities.  Land-surface hydrology, at its 

core, provides a conceptual framework for studying the influence of various components of the 

natural world in tandem with components and demands imposed by humans.  Provided below is 

an abbreviated list of current and emerging issues in LSH research.  The topics listed were 

extracted through a review of strategic planning documents, which have been promulgated over 

the last decade by several working groups working at the forefront of physically-based research 

hydrology (e.g. the Consortium of Universities for the Advancement of Hydrological Science, 

Inc, CUASHI, 2003; NRC, 2001).  For the purposes of the ECSA Forum on the Water Cycle, 

these issues provided focal points from which discussions and future collaborations evolved. 

 

A. Current Issues in Land Surface Hydrology 
 

Current issues in LSH are as disparate as the field itself and are due, in part, to critical 

uncertainties that remain after decades of research.  The topics listed below served as 

centralizing themes for Forum discussions whose principal theses and suggestions are 

subsequently provided.  The order of presentation of issues is broadly indicative of the priority of 

the research needs as indicated in the strategic documents from which they were extracted but is 

not intended as a firm endorsement of priority or of the order of discussion topics. 

 

• Closing the hydrologic budget across scales:  While there has been significant progress in 

closing local, or point scale (1-D) budgets, significant uncertainties reside in closing budgets 

on larger scales and across regions of marked heterogeneity.  Deep and pervasive uncertainty 

resides in the development of regional estimates of evapotranspiration, soil-water infiltration 

and lateral redistribution, shallow-aquifer recharge and distributed quantitative precipitation 

estimates (QPE) at length scales smaller than those of operational weather radars.  The role 

of ecosystems in constraining distributed water and energy fluxes is poorly understood as is 

the cycling of biogeochemical components under time-mean conditions.  Uncertainty in each 

of these sub areas inhibits the development of effective techniques for effective upscaling 

and downscaling of state and flux variables between global and regional modeling systems 

and also presents obstacles to performing societal impact assessments.   

 



16 

During the ECSA Forum, it was agreed upon that the single most important issue in closing 

basin scale water budgets is the persistent need for improved observations of the primary 

water cycle flux and state variables (e.g. precipitation, evapotranspiration, humidity, soil 

moisture and stream flow).  Accurate, distributed estimates of precipitation have only 

recently been available in the U.S. through the deployment of the NEXRAD radar network.  

Within complex terrain regions and outside the U.S. and parts of Europe, reliable, distributed 

estimates of precipitation and its characteristics (e.g. intensity, duration, frequency) are 

nearly absent.  Satellite-retrieved estimates of precipitation appear to be improving but 

currently lack the accuracy and spatial resolution to be of significant use in highly detailed 

hydrological investigations.  The strong spatial variability in evapotranspiration and soil 

moisture content has greatly inhibited effective estimation of area-averaged values required 

by weather and climate models.  Distributed estimations of evapotranspiration and soil 

moisture are only beginning to emerge from the new suite of NASA satellites, but these 

products have a relatively coarse spatial resolution and have yet to be rigorously verified over 

a wide range surface cover types.  Forum participants agreed that, given the problematic 

nature of obtaining accurate estimates of evapotranspiration and soil moisture, data 

assimilation techniques will play a leading role accurately characterizing land surface 

processes over the next several years. 

 

• Detection and/or determination of long-term trends:  The recognition of global change, 

either naturally or anthropogenically induced, has prompted scientists and natural resource 

managers to alter their views on stationarity in the hydroclimatic continuum.  Traditional 

concepts of mean hydroclimatological conditions must be changed in order to adapt to 

apparent trends in primary climate forcing variables. Potential changes in natural vegetation 

cover and ecosystem function due to global and regional climate trends are not fully 

understood.  Models of vegetation are getting better, but there are particular problems. Forum 

participants emphasized that this is particularly true for high latitude and elevation 

environments where changes in cold season processes are likely to be greatly affected, and 

variability enhanced.  The role of an accelerated hydrologic cycle under global warming 

scenarios remains a critical yet largely uncertain hypothesis in this regard.   

 

• Response and role of LSH systems in the context climate variability:  Forum participants 

concurred that variability in the climate system, largely related to sea surface temperature 

(SST) forcing, is an integral component of the mean climate and the occurrence of extreme 

events.  It was also recognized that the land surface plays an active role in initiating and/or 

perpetuating climate anomalies on a range of time and space scales due to direct and lag 

feedback effects on moisture recycling, partitioning of the surface energy budget and the 

intra-seasonal to interannual evolution of ecosystems.  However, marked uncertainty exists in 

how each of these processes is linked together. A major obstacle to addressing these long-

term hydroclimatological linkages was the lack of long-term observations.  The deficiency in 

quality, long-term records on critical variables such as area mean precipitation, associated 

precipitation characteristics and stream flow inhibits the clear identification of multi-decadal 

variability patterns, which are currently thought to be the primary forcing mechanisms for 

drought and/or large-scale flooding.  Participants recommended that stream flow 

measurements, across a range of catchment scales, be incorporated into the current effort to 

improve the global climate-observing network. 
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• Influence of large scale re-apportionment of “natural” hydrologic systems: One pressing 

issue of both scientific and societal concern is the attempt to assess the impact of large-scale 

anthropogenic land-use changes imposed on surface hydrological systems both on the 

atmosphere, land surface and oceans.  Over the course of the 20
th
 century numerous large-

scale water resources programs were deployed throughout the world that have diverted 

freshwater from their natural watercourses.  Such activities include, the draining of regional 

aquifers for irrigation, large inter-basin diversions (e.g. from the Colorado to Mississippi 

basins), the construction of large dams and the draining of natural lakes and inland seas.  

Each of these efforts represents a large-scale change in local to basin-scale water budgets.  It 

has been proposed that, in some cases, detectable changes to the regional climate have 

resulted either through large-scale irrigation and evaporation or diversion and desiccation.  

While these topics have been explored in the literature, Forum participants pointed out that it 

was often difficult to detect distinct anthropogenic change signals in nature due to noise from 

the climate system itself and also due to the lack of sufficient, long-term observations.  The 

diversion of freshwater streams and rivers resulting in a decrease in freshwater inputs to the 

oceans and subsequent alteration of local salinity balances was viewed as a significant 

uncertainty in the estimation of long-term changes in the oceanic thermo-haline circulation.  

As freshwater becomes increasingly scarce, large-scale engineering solutions will continue to 

be developed and implemented to augment supplies.  More coherent evaluations to these 

plans in the context of land surface and atmospheric feedbacks need to be incorporated into 

the assessment process.   

 

B. Methods, Modeling and the Challenges of Working across Scales 

 

Over the past two decades LSH has experienced and enjoyed advancement in both quantitative 

measurement techniques and simulation technology.  Advances in environmental data collection 

have culminated in the development of rich process-based, coordinated field campaigns such as 

the FIFE, HAPEX, BOREAS, LBA and IHOP campaigns.  These kinds of programs have 

provided unique opportunities for the development and testing of new in situ and remote 

environmental sensing instruments and have led to the creation of high-temporal and spatial 

resolution data sets, which have subsequently motivated substantial advancement in the 

modeling of both local and spatially distributed hydrological processes.  Despite these successes 

LSH still faces many significant challenges, due to deficiencies in the current observational 

system and in the representation of processes in models.  Below is a brief list of topics that have 

been consolidated from Forum discussions, which relate to the observation and modeling of LSH 

systems and some of the unique challenges that are presented by integrating concepts, processes 

and technologies across spatial and temporal scales. 

 

• Improvement is needed in sensing both spatially distributed and integrated estimates of 

critical LSH states and fluxes (e.g. precipitation, evaporation, soil moisture, vegetation 

exchanges, water tables, biogeochemical reservoirs) as well as model parameters (e.g. soil 

properties, topographic roughness, vegetation characteristics, detailed geologic features, etc.).  

• Insufficient long-term LSH measurements exist at length scales greater than the headwater 

catchment or experimental watershed (0.5-10 sq. km).  This lack of nested observational 

networks inhibits research across disparate length and temporal scales. 
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• To the degree possible, available land-surface hydrometeorological observations should be 

integrated into the operational data stream.  Forum participants acknowledged that there exist 

many types of observation networks that are not part of the operational data stream.  

Integration of more of these platforms could, potentially help fill significant gaps (both 

spatially and temporally) in the current observational network. 

 

 

• While not traditionally considered to be an element of Land Surface Hydrology, it was 

acknowledged that the ocean surface is a principal driver of the global water cycle.  SST and 

subsurface temperature states are critical in modulating climate anomalies and require 

improved sampling.  Better estimates of both mean and time-varying energy and water vapor 

fluxes to and from the ocean surface are needed.  Regions of coastal upwelling, which posses 

a large impact on regional climates and marine life are not sufficiently monitored.   

 

• There currently does not exist a consistent data model for hydrological data, which facilitates 

efficient exchange of field or model generated data among research groups.   

 

• In contrast to atmospheric and groundwater modeling communities, LSH has, until recently 

lacked a community modeling framework and associated support structure. 

 

C. Summary 

 

The above topics are not expected to be fully inclusive of all pressing issues and needs in the 

field of Land Surface Hydrology.  Instead, they highlight a context within which suggestions 

were put forth and discussed by Forum participants.  Without question LSH is a diverse and 

rapidly evolving field of inquiry and it is hoped that these and other issues brought by ECSA 

participants will contribute to both the resolution of these issues as well as the advancement of 

new ones, to contribute to a more holistic vision of the field of LSH, in particular, and to the 

overall Water Cycle in general. 

 

 

V. OBSERVATIONS 
 

Discussions of observations for the water cycle across scales at the forum focused on 

observations of water vapor, water vapor transport, precipitation, clouds and land-surface 

hydrology. The themes of discussions included integration of research and operational 

observations, integration of observations for weather and climate applications, integration of 

observations and models and future needs for observational facilities. 

 

A. Water Vapor 
 

Water vapor ranges from 4% of the atmospheric composition in the humid tropical planetary 

boundary layer, to as low as a few parts per million in the lower tropical stratosphere. Variations 

can be quite abrupt (e.g. vertical gradients at the tropopause, or horizontal gradients around 

fronts, or the boundary of clouds). A range of over 4 orders of magnitude, and scales from 

kilometers to planetary poses tremendous challenges for observing water vapor to the level of 

detail necessary for not just weather, but for long term climate studies as well. 
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The focus of discussions was largely on radiosonde observations, because they have been the 

core humidity observation for at least the last 50 years, with some discussion of new instruments 

and opportunities for measuring water vapor. The distinction of accuracy requirements between 

weather and climate applications is irrelevant because the same sensor is used, but the 

consistency of instruments both temporally and spatially is an issue for studying long-term trends 

of climate change. Changes of instruments, reporting practices and other procedures can cause 

spurious trends. The difficulty lies in balancing instrument consistency and accuracy 

improvements associated with instrument upgrades. It has been suggested that the consistency is 

better than developing transfer functions to correct long-term record of data.  

 

Currently there are high-resolution observations of water vapor which are not readily available 

for users. These include high vertical resolution observations from 6-second radiosonde data and 

high temporal resolution from the 1-minute ASOS (Automated Surface Observing System) data. 

The ‘weather’ community is not really certain of the spatial or temporal sampling of water vapor 

necessary for accurate forecasting of precipitation. The spatial and temporal sampling of the 

current radiosonde network might be good enough for climate monitoring purposes, but only in 

the northern hemisphere over land.  

 

Climate research has never been the driving force for water vapor or radiosonde observations, 

therefore participants suggested improving radiosonde and water vapor data for climate studies. 

There is a question of how to balance and combine in-situ and remote sensing observations. 

However, government policies which require multiple types of sensors to be purchased (from 

different suppliers) may be a disaster for climate studies, because one of the most important 

things for climate is the consistency and continuity of sensors. Given new technologies (see 

below) there was discussion at the workshop of how much we should and can rely on space-

based remote sensing of humidity. 

 

Operational radiosonde data have very poor performance in the upper troposphere (UT). For 

example, the VIZ carbon hygristor fails to respond humidity changes in the UT, and the Vaisala 

Humicap has dry bias in UT. As a result, the high humidity layer in cirrus clouds is often missed 

in the radiosonde data, but may have great impacts on outgoing longwave radiation. There is a 

significant increase of UT/LS humidity during last 23 years observed from a balloon-borne 

system at one site (Oltmans et al., 2000). However, there is no long-term record of other in-situ 

data available to validate the observed trend and answer the question of whether this positive 

trend also exists in other parts of the world. Satellites, such as the HALOE (HALogen 

Occultation Experiment) instrument have more than 10  years of data, but the global records 

differ from individual point soundings. The TOVS-retrieved UTH data have error bars larger 

than any trend because records come from multiple platforms over 20 years, and were not 

designed for climate studies.  

 

Current long-term records from in-situ sensors (radiosondes, surface stations) are insufficient to 

answer many important climate questions in the middle and lower troposphere as well. Remote 

sensing instruments generally do not have sufficient records for signals to be apparent from the 

large variability in water vapor and quantitative uncertainties in instrumentation, and do not have 

sufficient vertical resolution in the boundary layer to improve QPF. There are insufficient 

attention and resources directed at the difficult task of keeping water vapor observations going at 
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remote locations for determining changes in long-term climate.  New and revolutionary remote 

sensing capabilities for monitoring water vapor may become available in the near future. 

 

Future water vapor instruments include both space and ground based sensors to replace current 

radiosonde humidity sensors with better measurements. The next generation of space-based 

sensors includes GPS radio occultation observations for profiles of humidity below 5km and a 

next generation of satellite-based sensors (e.g. AIRS, MLS, HIRDLS) which should provide 

quantitative water vapor observations (at least for research) through the upper troposphere and 

stratosphere. New and exciting ground based sensor opportunities include radar refractivity 

techniques for near-surface, high-resolution humidity retrievals from the existing NEXRAD 

network. Integrating all of these remote sensing observations will be difficult, especially for 

climate studies. 

 

B. Water Vapor Transport 

 

Collocated water vapor and wind measurements are needed to estimate water vapor transport, 

such as the HRDL and water vapor DIAL on the same aircraft for calculating water vapor 

vertical transport during IHOP_2002. There is a general consensus that observation (estimation) 

of water vapor transport is difficult and techniques are relatively “less developed” despite the 

fact that such observations are very important for both weather and climate; these processes are 

critical for understanding moisture sources for the formation of rain. The temporal and spatial 

resolution needed for measuring the transport of water vapor varies for different processes. 

 

C. Precipitation 

 

As discussed in Sections III and IV, it is very important to study all aspects of precipitation 

characteristics, but traditionally they have been less explored by both observations and models. 

For example, many important uncertainties fall into spatial and temporal scales that are not 

routinely sampled by the current network of rain gauges. Archiving hourly rain rate data is 

essential to study the whole spectrum of precipitation characteristics and address issues raised in 

Section III.  Techniques are needed to blend measurements from multiple radar, rain and snow 

gauges, and satellite data to produce a database of hourly precipitation observations.  

 

There is a consensus that Quantitative Precipitation Estimation (QPE) is as important for 

understanding precipitation as QPF. The accuracy and quality of existing precipitation datasets, 

especially the blended datasets, are less known. The TRMM data (and future CloudSat data) 

might be the only resource for precipitation observations over the ocean, and are expected to 

have an accuracy of ~10%. There are many plans to set up precipitation measurements over 

individual and nested watershed areas. One advantage to working on watersheds or closed basins 

is that if we can close water budget over watershed areas, we can have better understanding of 

QPE and its associated error. 

 

There is less attention paid on cold season precipitation (snow amount) measurements. New 

measurement technologies for snow measurements were discussed, such as the Gamma ray 

logger (for snow water equivalent), the hot plate (measuring energy dissipation in melting), and 

the video disdrometer (for falling particles). 
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There were several discussions on adapting a “radar” system using cellular phone towers for 

measuring precipitation. The engineering research center at University of Massachusetts at 

Amherst is leading the effort to develop the system (called as CASA, Collaborative Adapting 

Sensing of the Atmosphere). Britain also has plans for such system.  

 

D. Clouds 

 

There was discussion of the critical variables needed to observe to aid our understanding of 

cloud processes. Several participants noted that the quantitative measurement of drizzle is 

needed in the future.   

 

In order to improve convective parameterization, it is essential to have measurements of diabatic 

heating profiles. In addition, participants noted that several other poorly observed parameters 

would aid the development of convective parameterizations, including the time rate of change of 

hydrometers, the vertical velocity in the updraft and vertical mass flux profiles. It was noted, 

however, that several of these parameters on the large scale (such as total mass flux and diabatic 

heating) can be inferred from the large scale subsidence, if sufficient large scale observations are 

available. 

 

E. Land Surface Hydrology 

 

Precipitation is still the most important variable for land surface modeling. It is imperative for 

LSH research to accurately depict rates and locations of precipitation events.  Currently, there are 

limited precipitation monitoring networks over mountain regions, where large spatial variations 

of precipitation exist.  In general, there has been reasonably good work on 1-dimensional water 

budgets, but scaling up from point measurements has been problematic. Therefore, it is important 

to move from point observations of LSH to scales of data assimilation (~12 km). Improvement is 

needed in sensing spatially integrated estimates of critical LSH states and fluxes (e.g. 

precipitation, evaporation, soil moisture, vegetation exchanges, water tables, biogeochemical 

reservoirs) as well as model parameters (e.g. soil properties, topographic roughness, vegetation 

characteristics, detailed geologic features, etc.). Insufficient long-term LSH data exist at length 

scales greater than the headwater catchments or experimental watershed (0.5-10 sq. km). This 

lack of nested observational networks inhibits research across disparate length and temporal 

scales. It is also important to study hydrological fluxes over the ocean. More information on the 

mixed layer structure and surface fluxes are needed over the oceans. 

 

 

VI. INTEGRATING THEMES 

 

A. Transport and Transformations:  Atmospheric Convection as Prototype Issue 

 

Addressing the transport and transformation of water and water vapor through the surface and 

atmosphere is the principal focus of water cycle research.  However, the pervasiveness of water 

throughout nearly all atmospheric processes demands an inherent multidisciplinary and multi-

scale approach to addressing critical water cycle research questions.  Because of the amount and 

degree of detail across a range of space and time scales required for comprehensively addressing 

these questions, collaborations, which cut across traditional sub-disciplines, must be forged.  

During the ECSA forum, atmospheric convection was repeatedly referred to as a prototype issue 
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for discussing water cycle interactions across a wide range of scales.  Here we present some of 

the issues raised in studying the convective problem as an example of addressing multi-scale 

challenges in water cycle research. 

 

Atmospheric convection has long been recognized as a multi-scale problem. Approaches to 

understanding convection are often dependent upon the scale at which convection is addressed. It 

is a problem both for understanding micrometeorology and local extreme weather, as well as 

global energy budgets and long term climate change. Correspondingly, decades of research have 

yielded numerous analytical and numerical techniques to quantitatively represent convective 

processes, many applicable only at a particular scale.  One primary assumption, and limitation, to 

these approaches has been to work on scales where there is a clear scale separation between 

processes that are being represented explicitly within numerical modeling frameworks and those 

represented implicitly within a convective parameterization scheme.  However, as stressed 

repeatedly in Sections I-IV, water cycle processes and, their associated feedbacks cut across 

many orders of magnitude of length scales.  Hence, implicit assumptions about length scales can 

often yield significant hindrances in solving such problems.   

 

Recognition of the convective-scale problem (and similar scale related problems) has been 

identified by the broader research community.  Progress is being made towards developing 

enhanced observational capabilities, which can measure convective processes on scales 

traditionally out of reach.  In particular, advances in multi-polarization radar, acoustical sounding 

systems, eye-safe lidar systems and cloud microphysical measurement devices have each 

contributed to important linkages in the chain of convective processes.  These advancements 

have motivated a new generation of field campaigns, such as the Bow Echo and Mesoscale 

vortex Experiment (BAMEX), International H2O Project (IHOP) and the North American 

Monsoon Experiment (NAME), which are aimed at studying the multi-scale process of warm 

season atmospheric convection.  These field experiments leverage significantly upon operational 

data acquisition platforms to characterize the slowly varying synoptic state and several portable 

platforms that are locally deployed for limited duration intensive observation periods.  The result 

of these efforts has and will continue to be the generation of copious amounts of data on the 

thermodynamic and microphysical structure of the atmosphere across a wide range of scales. 

 

One paramount challenge will be to synthesize all of the new information into physically 

consistent conceptual models of convection across a range of scales and then incorporating these 

new concepts into numerical weather and climate models.  In the development of these new 

models, significant questions regarding the sufficiency of the traditional scale-separation 

approach versus an integrated multi-scale approach will need to be addressed.  Some of the 

questions brought up in the ECSA forum were: 

 

• What are the essential prognostic variables that must be accounted for and which must be 

represented explicitly vs. implicitly? 

• Which variables possess the highest degrees of non-linear responses? 

• What are the critical atmospheric precursor variables required for accurate initialization of 

the convective environment? 

• What “secondary” processes, such as cloud radiative forcing, are critical for closing the 

convective cloud energy balance?   



23 

• What are the roles of different micro-physical constituents in drop formation and convective 

development? 

• What is the role of the land/ocean surface in initiating and sustaining convection?  

Correspondingly, what scales of land/ocean surface heterogeneity favor or inhibit convective 

development? 

• At what scale does convection begin to organize into a self-sustaining or “quasi steady-state” 

system? 

• What kinds or combinations of models and model parameterizations best represent the 

natural multi-scale cascade of energy and water through a convective event? 

 

Addressing these and the myriad other questions surrounding the convective problem will 

require the collaborative efforts of many research groups, each capable of contributing expertise 

in the treatment of the critical processes identified.  Collaborations between observationalists 

who possess the detailed understanding of emergent measurement technology, diagnosticians 

who are capable of elucidating the critical processes and modelers who can transfer emerging 

concepts into simulation and prediction tools will need to be established.  Community-based 

analysis and modeling systems will need to be developed and maintained which aid researchers 

in the efficient analysis and visualization of scientific research.   

 

As mentioned previously, the convection problem discussed above is presented only as a 

prototype of a cross-cutting issue in water cycle research.  Similar collaborative strategies can 

and are being implemented within the scientific community to address multi-scale processes in 

land surface hydrology, the coupled ocean-atmosphere climate system, tropospheric-

stratospheric exchange processes and atmospheric (e.g. weather and climate) observational 

networks.   

 

B. The Role of Observations in Water Cycle Research 

 

Despite the progress that has been made in conceptual understanding, diagnostic techniques and 

numerical simulation capabilities, understanding and prediction of water cycle system 

components is still critically dependent on the availability of high quality observations.  While 

the United States and a few other countries have traditionally been fortunate to sustain high-

quality, operational data collection networks, large gaps and inconsistencies in the global 

observing network stand as a major obstacle to performing comprehensive climate assessments.  

Deficiencies in the historical record complicate efforts to document variability in global and 

regional climate systems on inter-annual to inter-decadal timescales.  The lack of widely 

distributed, real-time, mesoscale observational networks (such as the Oklahoma mesonet) both 

within the U.S. and abroad impedes the analysis and prediction of mesoscale processes 

responsible for the generation of significant weather events.  This is particularly true for warm 

season events where typical length scales for events such as air mass convection are on the order 

of 10-100’s of km. There are also critical gaps in the observation of surface-atmosphere 

exchanges as well as in the sampling of the upper troposphere and lower stratosphere.  Taken 

together, these deficiencies inhibit a more complete characterization of the state of the water 

cycle at any one time and complicate the task of detecting short and long-term change over time. 

 

Recognizing the pervasive problem of insufficient data, and the fact that it is unlikely that many 

of the deficiencies in the observing network will be filled by new deployments of operational 
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observing networks, the Water Cycle working group discussed where opportunities may lie in 

the coming years for improving the characterization of the land-atmosphere system.  Clearly, 

remote sensing from both ground-based and space borne platforms will provide a wealth of 

timely information on spatial scales relevant to some water cycle research areas.  A clear 

understanding of what these observations are providing, their associated errors and their 

relationship to point measurements needs to be gained in order to optimize their integration into 

water cycle research.  Much work is also needed to provide guidance on where the existing 

operational system is critically deficient.  As an example, the TAO array of monitoring 

equipment, deployed in the tropical Pacific Ocean has provided a wealth of information on 

ENSO related phenomena, which has resulted in a greatly increased understanding ENSO 

variability.  Similar studies need to be conducted which focus on quantifying the impact of both 

new and existing observations on diagnostic studies and numerical predictions.  Those sites and 

platforms deemed to yield highly significant impacts on diagnostic and predictive capabilities 

need to be implemented into the operational observing network.  It was generally agreed upon 

that this level of detailed assessment is critical to obtaining the sustained funding required for a 

new operational observing system.  This work will, certainly require increased collaboration 

between observationalists, diagnosticians and modeling groups beyond what is generally present. 

 

 

VII. STRATEGIC OPPORTUNITIES 

 
Sections II-VI above outlined many of the current priorities in Water Cycle research.  These 

issues, having been compiled from strategic documents, literature reviews and ECSA Water 

Cycle group participants, represent those issues being addressed by many groups around the 

world.  Here we present three additional opportunities for envisioning and developing research 

strategies aimed at addressing the scientific issues above.   

 

A.  Development of Collaborative Inter-disciplinary Research Team 

 

As exemplified by the “convective problem” discussed above it was proposed by the ECSA 

Water Cycle group that significant opportunities for research lie in the development of 

collaborative, cross-disciplinary research teams.  This concept is also being forwarded by NOAA 

in their Climate Process Teams (CPT’s) and by NCAR in their Water Cycle Across Scales 

Initiative.  Participation in such a team can offer a valuable, broadening experience for early 

career scientists by helping them to think more holistically about their research.  The interaction 

among different groups can also help to develop new scientific questions aimed at addressing 

uncertainties in the linkages between different physical processes (e.g. cloud microphysics and 

convection) out to different Earth system linkages (e.g. the climate system and the ecosystem).  

Such collaborations are expected to erode traditional barriers to performing comprehensive 

research.  These barriers have, on occasion, resulted in the application of many inappropriate 

assumptions that pervade model parameterizations and therefore limit model performance and 

predictability.  

 

B.  Fostering Operational-Research Linkages 

 

While most of the participants at the ECSA forum were from the academic research community, 

several members also possessed close affiliations or collaborations with operational institutions, 

in particular the National Weather Service.  It was repeatedly stressed that there is insufficient 
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dialogue between the operations and research communities.  It was suggested that many 

opportunities exist for conducting and integrating “societally-relevant” research when 

collaborative partnerships are established.  Operational linkages are needed along many facets of 

research including weather and climate observational network deployment and evaluation, model 

development and evaluation, forecasting assessment, improved diagnostic techniques, and 

improved visualization and communication tools.  Participants who were currently involved in 

operational research found the research questions challenging as well as rewarding.  It was 

consistently pointed out that many operational personnel are interested in conducting research 

within the scope of their activities but often lack the time and resources to spin-up research 

efforts independently.  Hence, it was proposed that the development of collaborations with 

operational groups can be a mutually beneficial endeavor.    

 

C.  Development of Improved Metrics for the Evaluation of Theories and Models  
 

Participants of the ECSA Water Cycle group echoed the shortcomings of much recent work, 

mostly modeling, which has suffered from a lack of standardized metrics.  It was generally 

agreed upon that many published modeling studies are failing to contribute to improved forecasts 

or conceptual understanding in a tangible way.  For example, it was pointed out that model 

estimated mean daily rainfall in warm season convective environments offers little informational 

value on the validity of simulated or predicted atmospheric processes which generate 

precipitation.  The method to best improve this research is to better utilize observations in the 

model validation processes.  Improved metrics should be established which take advantage of 

emerging instrument platforms such those listed above.  A new generation of metrics should 

include, radar based climatologies of sub-daily rainfall (i.e. the diurnal cycle), lidar sensed 

boundary layer structure, remotely sensed soil wetness, vegetation phenology, and stream flow 

as a basin scale integrator of hydrological processes.   Moreover, further emphasis should be 

placed on utilizing ensemble simulations and forecasts.  Use of ensembles allows for an 

improved probabilistic characterization of a simulated or forecasted climate at time scales 

beyond deterministic numerical weather prediction.  Ensemble techniques should also be utilized 

in short term forecasts especially in the development of Quantitative Precipitation Forecasts.   

 

In support of modeling work the need was also expressed for increased collaboration between 

observationalists and modeling groups in the appropriate estimation of model parameters.  Many 

studies have documented marked sensitivities in simulated weather and climate to a small 

handful of parameter values.  When possible, collaborative research should be directed at 

developing optimal values for parameters based on observations.  There should be improved 

two-way dialogue between modelers and observationalists in determining which model 

parameters are realistically quantifiable through observations and which parameters are relatively 

impossible to constrain observationally.  Effort should also be placed on developing distributed 

parameter data sets where possible as opposed to obtaining single values. 
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THE COUPLING BETWEEN TERRESTRIAL ECOSYSTEMS 

AND THE ATMOSPHERIC HYDROLOGICAL CYCLE 

M. Barth, J. McFadden, J. Sun, and C. Wiedinmyer 

I.  INTRODUCTION 

The importance of land surface properties in controlling the exchanges of energy, water, and 

momentum with the atmosphere, and thus in influencing local and regional climate, is well 

recognized (IPCC, 2001). Land albedo, surface roughness, latent and sensible heat fluxes, and 

rates of evapotranspiration all affect the way in which water is released into the atmosphere, its 

physical and chemical transformations, and its deposition back to the surface. At the same time, 

the amount of water in the atmosphere and returning to the earth affects many of the key 

properties of the land surface.   

Traditional hydrology is the study of water in all its forms and from all its origins to all its 

destinations on the earth (Bras, 1990). However, the majority of investigations have concentrated 

only on ground hydrology, which includes precipitation and evaporation, but has not focused on 

clouds or the interactions between aerosols, canopy-emitted gases, and boundary layer 

circulation.  Previous eco-hydrology work has focused primarily on the movement of water 

through plants and soil and has not concentrated on the energy budget associated with the 

hydrologic system. Cahill and Parlange (1998) demonstrated the importance of considering the 

conservation of both mass and energy in deriving energy transport by water vapor in soil.  To 

understand the energy transfer for numerical weather forecast models or global climate change, 

the energy exchange between the ground surface, including land and water systems, and the 

atmosphere plays a key role in connecting hydrology, ecology, and the atmosphere. Without 

understanding the linkage among these three systems, we cannot estimate the impacts of human 

disturbances and manage natural resources.  

The land and atmosphere are not only coupled through water vapor, momentum, and radiative 

fluxes. Aerosols (e.g., dust and biogenically-derived particulate matter) are a key component of 

terrestrial ecosystems and may play an important role (Figure 1) in modulating cloud 

development and precipitation through their ability to act as efficient cloud condensation nuclei 

(CCN) (e.g., Novakov and Penner, 1993) and ice nuclei (IN) (e.g., Gorbunov et al., 2001). By 

contributing to the CCN population, terrestrial aerosol influences microphysical and optical 

properties of clouds (e.g., Facchini et al., 1999).  Alterations in cloudiness, cloud optical 

properties, and precipitation directly control the primary emission and secondary formation of 

biogenic aerosol through the effects of incident photosynthetically active radiation (PAR) and 

temperature on biogenic emissions.  Temperature and light control the chemical kinetics of 

compounds in the atmosphere. Temperature also determines phase distribution of semi-volatile 

secondary species through its link to vapor pressure.  Precipitation and nucleation scavenging 

within clouds can influence the quantity and type of biogenic aerosol loading in the atmosphere, 

so a dynamical balance exists between the aerosol loading and clouds.  
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Figure 1.  Schematic of the coupling of land ecosystems and the hydrological cycle via energy 

and water exchange and aerosol processing. 

 

Potential feedbacks between primary and secondary aerosols originating in the biosphere and the 

hydrological cycle have been postulated for years (e.g., Andreae and Crutzen, 1997; Andreae et 

al., 2002).  However, the processes controlling each step in this coupled mechanism are highly 

uncertain and not well quantified, and the relative importance of these processes to the 

atmospheric hydrological cycle is unknown.  Incorporation of these processes into quantitative 

numerical models is seldom performed in modeling studies to date. 

We hypothesize that feedbacks between the terrestrial biosphere and the atmosphere by way of 

biogenic aerosol pathways exist and that these feedbacks play an important role in both direct 

and indirect radiative processes under certain conditions. An investigation into this coupled cycle 

is necessary for an improved understanding of the earth system, which would improve 

assessments of climate change, characterize regional and global atmospheric chemistry, address 

visibility and air quality problems, and assess changes in land cover and its feedback into 

biodiversity and ecology. Here, we report on discussions of this feedback mechanism and 

recommendations for future research resulting from the UCAR/NCAR Junior Faculty Forum on 

Future Scientific Directions in June 2003.  
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II. Background 

 

A.  Interactions Between Land Ecosystems and the Hydrological Cycle via Energy and 

Water Exchange 

 

a. Energy Exchange from an Ecosystem on Cloud Properties  

 

The exchange of energy and water between the land surface and the atmosphere has been an 

active topic of research for some time. Land surface characteristics, such as albedo, land cover, 

and surface roughness largely control how water and energy are transferred to the atmosphere. 

Evapotranspiration is controlled by the ground hydrology, plant and leaf stomata, plant 

physiology, solar radiation, ambient temperature, and relative humidity.  These state parameters 

are modulated by the presence of clouds, primarily depending on the cloud’s optical properties, 

coverage, and ability to precipitate.  Surface moisture and groundwater control ecosystem 

evapotranspiration, surface temperature, and the ground surface radiation budget, which will 

control the energy exchange between the ground surface and the atmosphere. These ground-level 

variables influence the way that water is transferred and processed in the atmosphere.  

 

Changes in land characteristics affect cloud properties.  For example, Durieux et al. (2003) 

illustrated the impact of Amazonian deforestation on cloud cover.  They found that, in general, 

deforestation increases convective clouds during the wet season. Under dry season conditions, 

they report a decrease in convective clouds and an increase in low-level clouds.  

 

There are still many unanswered questions concerning energy exchange between the ecosystem 

and atmosphere and its effect on cloud properties.  Recently, a group of hydrologists and 

ecologists raised an urgent issue on eco-hydrology in semi-arid landscapes (Newman et al., 

2003). There is a global problem of woody-plant encroachment in semi-arid landscapes. We do 

not understand the hydrological implications of such a large-scale landscape change, nor have we 

developed cost-effective ways of rehabilitating such extensive areas of terrain. These large-scale 

vegetation changes might have enormous impacts on cloud formation and cloud properties, as 

well as the global weather system and climate change. Addressing these environmental problems 

would require not only an understanding of eco-hydrologic phenomena but also of interactions 

and feedbacks related to the hydrologic cycle, terrestrial ecosystems, and the atmosphere.  

 

Numerical forecast models depend heavily on improvements of land-surface parameterizations 

and land-surface interactions with the atmospheric boundary layer. To improve land-surface 

parameterizations, various boundary layer field experiments have collected enormous data, 

which seem to be site-dependent.  These field experiments have addressed spatial and temporal 

variations of the data. However, these variations need to be explored by experts working 

together. Nielsen et al. (1996), in their discussion of the importance of soil science for surface 

soil water content studies, illustrate the tremendous progress gained when scientists from 

different backgrounds analyze data for a common goal. On larger spatial scales, climate 

modeling studies have shown the importance of the land surface in maintaining or changing the 

circulation, clouds and boundary layers on different time scales (e.g. Xue, 1997; Kutzbach et al., 

1996). 
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b.  Atmospheric Hydrological and Cloud Effects on Ecosystems and Ground Hydrology  

 

Cloud formation, lifetime, and precipitation all have important effects on soil moisture and 

surface temperature and therefore, ecosystems and ground hydrology.  For example, grass 

transpires a significant amount of surface water after rainfalls, and woody plants may extract 

water from deep soil layers (Scott et al., 2000; Snyder and Williams, 2000; Chehbouni et al., 

2000). Chen and Brutsaert (1995) found that vegetation patterns gradually change by deep drying 

of the soil but are restored after heavy rainfall. These changes control the amount of aerosol 

emitted to the atmosphere as dust. Snyder and Williams (2000) showed that mesquite in a 

riparian area adapt to the local environment by developing an extensive surface root system in 

addition to its deep roots. Therefore, the mesquite trees use the water from the topsoil when the 

surface moisture is available from precipitation, and obtain water from the deep groundwater 

when the surface moisture is low. These results shed light on the traditional understanding that 

winter precipitation controls woody plant growth by recharging deep soil moisture, while 

summer rains drive annual grass production through surface moisture.  

 

B.  Interactions between Biogenic Aerosols, Cloud Properties, and Terrestrial Ecosystems 
 

a. Aerosols, CCN, and Cloud Properties 

 

Clouds affect CCN concentrations and chemistry of both particles and precursors by modifying 

the structure and radiation in the boundary layer. Processes originating in the biosphere that 

modify the size distribution and chemical characteristics of CCN also modify subsequent cloud 

formation. These links are discussed in more detail below. 

 

The growth of the aerosols by condensation of semi-volatile and low-volatile species and 

coagulation of ultrafine aerosols are the primary mechanisms for CCN formation in the 

atmosphere. Changes in chemistry and size of aerosols from the presence of terrestrial processes 

affect cloud droplet formation. The theory used to assess this was originally formulated by 

Köhler in the 1930s (Köhler, 1936).  According to this theory, properties controlling the droplet 

formation potential of aerosols are the hygroscopicity (or, the effective moles of solute released 

into the droplet solution) and the surface tension of the droplet. Both of these properties vary 

significantly with dry size, density, and chemical composition. It has been found that water 

soluble organic compounds tend to increase the solution density, decrease the surface tension, 

and therefore, increase the CCN number concentrations (e.g., Mircea et al., 2002).  

 

The number of CCN is a critical link between aerosols and clouds and precipitation.  When CCN 

number concentrations are higher, clouds typically have more drops compared to airmasses with 

low CCN number concentrations.  For constant liquid water content, higher numbers of cloud 

drops increase the albedo of the cloud (Twomey et al., 1977), prolong the lifetime of the cloud 

by delaying precipitation (Albrecht, 1989), and affect the cloud thickness (Pincus and Baker, 

1994).  Ice nuclei may be equally important in modulating mixed phase clouds and the resulting 

precipitation, but are less understood. Changes in cloud properties will then feed back on the 

ecosystem.  

 

Cloud processing of aerosols alters the properties of the resulting CCM.  A CCN may cycle 

through several clouds before it is removed from the atmosphere. During each cycle, aqueous-

phase chemistry continuously modifies the chemical composition and its CCN properties.  Some 
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Volatile Organic Compounds (VOCs) dissolve into the drop and then may partition onto the 

particle. VOCs and semi-volatile organic compounds apparently in excess of Henry’s Law are 

commonly observed in aqueous drops (Aneja, 1993; Herckes et al., 2002). As the drop 

evaporates and the CCN remains, unique organic species may be formed from the ionic species 

that were in the aqueous phase (Gelencser et al., 2003). The resulting CCN may be very different 

from its predecessor because of the aqueous reactions, and as a result future cloud formation will 

be altered. 

 

Organic compounds in aerosol strongly influence the radiative properties of the aerosol.  

However, the optical properties of water soluble organic compounds in aerosols are not well 

characterized.  In general, organic aerosols are thought to scatter radiation (although some 

absorption occurs) in the atmosphere but to a lesser extent than sulfate aerosols.  Thus, on 

average, cooling is expected to occur below regions where aerosols composed of sulfate and/or 

organic compounds reside during daytime.  

 

Clouds have a much greater effect on atmospheric radiation than aerosols.  While most aerosol 

optical depths are < 0.5, optical depths of clouds are greater than 10.  Thus, clouds generally 

impose substantial cooling during daytime to cloudy regions and regions below clouds.  At night, 

clouds typically cause warming to their surroundings. These trends depend on the height of the 

cloud. 

 

The scattering of solar radiation by aerosols will also affect land ecosystems. For example, Gu et 

al. (2003) showed that an ecosystem’s photosynthetic rate was enhanced after the eruption of Mt. 

Pinatubo.  The cause of the increased photosynthetic rate was attributed to decreased direct 

radiation and increased diffuse radiation brought about by the presence of aerosols in the 

stratosphere. 

 

b. Biogenic Aerosols 

 

The extensive research involving Biogenic VOCs (BVOCs), particularly isoprene and 

monoterpenes, has largely focused on their direct effects on photochemistry and oxidant 

production, while less effort has been directed towards understanding their aerosol forming 

potential. There is growing evidence that additional classes of BVOC, including sesquiterpenes 

and carbonyls, may produce particles with high efficiency (Hoffman et al., 1997). However, an 

evaluation of their significance awaits measurements requiring new collection and analytical 

techniques and improved understanding of the biochemical pathways leading to their production.  

Biogenic nitrogen (ammonia, oxides, and amines) and sulfur (dimethyl sulfide) gases are also 

likely to be important contributors to CCN in pristine regions, but the magnitude of these 

emissions and the processes controlling their release are not well known, particularly in tropical 

ecosystems.  In arid regions, the entrainment of mineral soil particles into the atmosphere is 

modulated by the existence of vegetation and by the surface soil moisture. Mineral aerosol 

emissions are one of the largest aerosol emissions, in terms of mass, to the atmosphere. We 

consider these “biogenic aerosols” although they are better understood than the directly emitted 

primary and secondary aerosols considered below. 

 

Terrestrial ecosystems contribute significantly to the total aerosol burden through both direct 

primary emission of microbial particles (e.g., bacteria, fungi, pollen, spores) and humic matter, 
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and through secondary aerosol production via the oxidation of BVOCs (including hemi-, mono- 

and sesquiterpenes, and carbonyls) and other trace gases containing S (dimethyl sulfide) and N 

(NO, NH3).  Because the amount of gas-phase aerosol precursors emitted from vegetation, such 

as monoterpenes, has been quantified, their contribution to secondary aerosol formation in the 

atmosphere has been calculated. Estimates of global organic aerosol formed through BVOC 

oxidation are estimated to range from 19 Tg yr
 -1

 (Griffin et al., 1999) to 30-270 Tg yr
-1

 (Andreae 

and Crutzen, 1997). However, these estimates are subject to considerable uncertainty from 

poorly characterized (but potentially significant) emissions of certain gas-phase BVOC (e.g., 

sesquiterpenes) with significant aerosol formation potential.  In addition, changes in 

environmental variables that affect secondary organic aerosol formation (with the exception of 

temperature effects on condensation/evaporation) are not always considered in modeling studies. 

In addition, the amount of primary biogenic aerosol emissions could be substantial.  For 

example, it has been shown that biogenic sources are the main contributors of aerosols during the 

wet (non-biomass burning) season in Amazonia (Roberts et al., 2001).  At Big Bend National 

Park, a very remote location on the Texas-Mexico border, the origin of organic particulate matter 

was determined to be significantly biogenic and secondary in nature (Brown et al., 2002). 

 

Compared to emissions of SOA precursors, estimates of primary biogenic particulate emissions 

are even less understood. Part of this uncertainty originates from the large number of potential 

sources and aerosol formation processes. In addition, the techniques for attributing the origin of 

primary particulate matter is still under development; until then, apportionment of primary 

particulate matter emissions to specific sources will be highly uncertain.  

 

Recent work is beginning to provide a quantitative understanding of the contribution of biogenic 

particles to the total aerosol loading over some terrestrial ecosystems, both in terms of particle 

number and particle mass. In addition, the conditions favorable for secondary biogenic oxidation 

products being involved in new particle nucleation and condensational growth have been 

elucidated.  For example, frequent aerosol nucleation events have been observed in coastal 

environments (e.g., Mace Head at the west coast of Ireland) that have been attributed to the 

oxidation of I2CH4 emitted from marine algae (O’Dowd et al., 2002). Large-scale nucleation 

events, followed by particle growth, are often observed above boreal forests (e.g., Makela et al., 

1997).  Kavouras et al. (1998) observed the oxidation products of biogenic compounds in 

measured aerosols above a forest. Although the exact process is not fully understood, biogenic 

emissions may play a pivotal role both in new particle formation and in particle growth (Janson 

et al, 2001; Leaitch et al., 1999; Kulmala, 2003).   

 

Once in the atmosphere, biogenic aerosols have the potential to affect many atmospheric 

processes, including photochemistry, cloud formation, and cloud chemistry. These particles may 

also be deposited back to the surface, where they can act as fertilizer or contaminant, depending 

on their chemical composition. To understand the coupled process that we propose in this paper, 

we must evaluate the potential impact of these aerosols on cloud formation and characteristics, 

and how these impacts may relate back to the biosphere.   

 

c. Atmospheric Hydrological Effects on the Emission of Biogenic Aerosols and Precursors 

 

The emissions of BVOCs and primary aerosols are strongly dependent on vegetation density, 

species distribution, solar radiation, ambient temperature, drought stress, nutrient availability, 

and ambient oxidant concentrations (e.g., Guenther et al., 1993; Guenther et al., 1995; Geron et 
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al., 2000; Pétron et al., 2000; Guenther et al., 1999; Fall and Wildermuth, 1998). Emissions are 

hence closely linked to the hydrological cycle. For example, cloud cover will determine the 

amount of PAR that reaches the biosphere. Chemistry is also largely photochemically-driven. 

Fluctuations in radical concentrations affect SOA formation and CCN concentrations. Thus, the 

presence of clouds will affect CCN concentrations through slowing down secondary aerosol 

formation. The emissions of several BVOCs are also dependent on this parameter. The 

convective updrafts that take place during the daytime as a result of solar radiation may also 

control the amount of bacteria emitted into the atmosphere (Lighthart, 1997). Convective 

updrafts also change the boundary layer height, which affects concentrations of gases and 

particles. Emissions of BVOC can also be altered when plants become water stressed, and thus 

are directly coupled with rainfall.  

 

B.  Human Impacts on Ecosystems and How This Disturbs the Coupled System 
 

Temporal variations in land ecosystems may occur as the result of many drivers, including 

climatic changes, human perturbations, and natural occurrences, such as wildfire. These 

variations have a dramatic effect on the land cover characteristics, including the vegetation 

cover, albedo, evapotranspiration, and sensible and latent heat fluxes that control the atmospheric 

hydrological cycle. In addition to these parameters, changes in land cover dramatically affect the 

quantity and type of potential biogenic emissions.  

 

As an example, ecosystem restoration, especially of wetlands of the Everglades in south Florida, 

has drawn public attention. Determining the impacts of ecosystem restoration on the 

environment is proving to be a challenge for hydrologists, ecologists, and atmospheric scientists 

who are attempting to understand the interactions between the hydrologic cycle, ecosystems, and 

atmosphere.  The impact of ecosystem restoration on cloud formation and precipitation must be 

assessed along with other studies. 

 

 

III. ISSUES/QUESTIONS TO ADDRESS  

 
The hypotheses of this discussion are that terrestrial biogenic aerosols play an important role in 

the atmospheric hydrological cycle and that feedbacks between the hydrological cycle and the 

biogeochemical cycle control the concentration of the biogenic aerosol. Although an initial 

understanding of the individual processes is currently available, our discussions pointed to the 

need for process coupling to evaluate the feedback hypothesis as well as to assess the spatial and 

temporal scales influenced. Some of the issues brought up during the forum are presented here. 

 

A.  General Questions and Issues 
 

Appropriate scales, both temporal and spatial, at which this hypothesis is tested, must be 

established. Aerosols and CCN may go through several cycles before being rained out of the 

atmosphere, and water may travel as far as 1000 km before returning to the earth; given that the 

biosphere is heterogeneous over such scales, evaluating the extent and importance of feedbacks 

is challenging. Heterogeneous land cover over a 1000 km spatial scale may dramatically change 

the characteristics of the overlying atmosphere thus affecting cloud formation. The Amazon 

region during its wet season may be an appropriate locale to test the coupled cycle hypothesis; 

the frequent rain events during the wet season of Amazonia imply rapid and localized water 
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recycling. Indeed, an estimated 75% of the rainfall at locations such as Manaus, Brazil, is 

returned to the atmosphere via evapotranspiration (Salati and Vose, 1984).   

 

In addition to the spatial characteristics, temporal variations in key components of the biosphere 

may complicate analysis of the biosphere-atmosphere interactions. Vegetation characteristics 

may change seasonally, or even over the course of years.  These temporal changes would also 

influence the atmospheric hydrological cycle. The diurnal variation in emissions and atmospheric 

processes will be of great importance to the overall understanding of the coupled cycle.  Thus, 

understanding the impact of the diurnal cycle on the individual parts of the interactions between 

land ecosystems and the atmospheric hydrological cycle should be addressed foremost. Finally, 

one should always be cautious when extrapolating knowledge obtained from small scale studies 

to regional and global scales.  

 

B.  Questions and Issues about Individual Components of the Coupled Cycles  

 

There are three classes of processes in the forest canopy that should be studied.  First, the ability 

to describe processing of radiation within canopies needs to be improved.  The photosynthesis of 

plants is affected by whether the PAR is direct or diffuse.  Thus, quantifying the distribution of 

PAR in a variety of canopies needs to be done.  Second, key mechanisms that describe 

environmental conditions, such as drought and oxidant concentrations, that effect emissions from 

plants needs to be understood better.  Third, net fluxes of primary aerosols from the canopy need 

to be determined.  Not only should the flux of these aerosols from the canopy to the atmospheric 

boundary layer be quantified, but CCN properties as a function of factors controlling the canopy 

state (e.g. light, temperature, etc.) should be elucidated. 

 

Topics related to aerosol-cloud interactions that need to be understood better are cloud drop 

formation and aqueous chemistry.  In particular, studies investigating the effect of organic 

species in CCN on the activation of CCN to form cloud drops should be continued.  This area of 

research has revealed much information already from laboratory studies (e.g., Raymond and 

Pandis, 2002) but has proven to be particularly challenging because of the complexity of the 

physical and chemical characteristics of organic aerosols.  Aqueous-phase sulfate formation and 

its impact on the CCN size distribution have been examined in many previous studies (e.g., 

Kreidenweis et al. 2003).  These studies need to continue particularly for sulfate production from 

transition metal ion chemistry.  However, an emerging need is determining what organic 

chemistry is occurring in the aqueous phase and determining how such chemistry is affecting the 

CCN.  For example, it is known that methylglyoxal, which is formed in the gas-phase by both 

aromatic and alkene (e.g. isoprene) chemistry, is oxidized in the aqueous phase to form pyruvic 

acid, which then can become part of the CCN because of its low volatility.  Assessing organic 

aqueous chemistry needs to be accomplished with laboratory, field, and modeling studies. In 

addition to increasing aerosol mass, in-cloud chemistry can have a profound effect on CCN 

properties by chemically transforming the organic component of aerosol. 

Specific questions to address in future research efforts include:  

• What are the main variables affecting the distribution of PAR within a canopy and how 

can these be incorporated into empirical models?  

• How does drought stress affect BVOC and biogenic aerosol emissions?  
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• What are the fluxes of primary aerosol emissions from various ecosystems? What are the 

chemical and physical characteristics of these emissions?  

• How does organic aqueous chemistry affect CCN and CCN activation? 

Besides the issues brought forth above, there are several additional actions that should be taken.  

These include:  

 

• The determination of the magnitude of SOA formation and nucleation, the conditions that 

control SOA formation, and the identification of the gas and aerosol chemical 

mechanisms that describe SOA formation; 

• The identification of the organic compounds in aerosols and the quantification of the 

optical properties of water soluble organic compounds in aerosols;  

• The determination of the composition and physical characteristics of atmospheric CCN, 

and the time scales for CCN growth;  

• The quantification of the wet deposition of a variety of gas-phase species; 

• The determination of the onset of precipitation in clouds and how the CCN characteristics 

may affect precipitation formation;   

• The understanding of ice microphysics, particularly the nucleation of ice; 

• The identification of ecosystems that are most important to the coupling of clouds and 

biogenic aerosols; 

• The determination of the needs for a well-coordinated, integrated field program to 

measure the importance of interactions between ecologic, hydrologic, and atmospheric 

systems;  

• The assessment of the impact of altered land use, through natural or anthropogenic 

drivers, on the coupled cycle. 

  

 

IV. RECOMMENDATIONS FOR FUTURE RESEARCH DIRECTIONS  

 

The previous section identifies the scientific topics that must be addressed to understand and 

evaluate the importance of the proposed coupled cycle between terrestrially-derived aerosol and 

the atmosphere. Both the individual processes of the coupled cycle and the coupling of the cycles 

need to be addressed by laboratory, field, and modeling studies from the nanoscale to the global 

scale. 

 

One approach that the authors plan to pursue is to assess the signal of coupled feedbacks between 

the biogeochemical and the atmospheric hydrological cycles via a simple model.  Estimates of 

the emissions of organic aerosol precursors, their formation of secondary organic aerosols, and 

size distribution can be used to determine the organic aerosol mass, number concentration and 

optical depth.  These results can then be implemented into calculations of cloud droplet 

activation and precipitation formation, which then can influence the emissions of the precursor 

gases. 
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