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ABSTRACT

Hydrologic research at the interface between the atmosphere and land surface is undergoing a dramatic change in
focus, driven by new societal priorities, emerging technologies, and better understanding of the earth system. In this
paper an agenda for land surface hydrology research is proposed in order to open the debate for more comprehensive
prioritization of science and application activities in the hydrologic sciences. Sets of priority science questions are posed
and research strategies for achieving progress are identified. The proposed research agenda is also coupled with ongo-
ing international data collection programs. The driving science questions and related research agenda lead to a call for
the second International Hydrologic Decade. This activity will help to ensure that hydrology starts the new millennium
as a coherent and vital discipline.

1. Background connection between hydrology and the rest of the climate
system are being developed just as society’s needs for
Hydrologists are facing important, even fundameimproved water management and hazards prediction
tal, changes in the direction of their science. New toodse becoming critical. The application of new ideas and
nontraditional datasets, and a better understanding oftkehniques to the difficult hydrologic problems of the
future will require a carefully formulated plan of attack.
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person. By 2005, projections suggest that one-fifthlehnium, is a response to the challenge facing the hy-
the global population will not have access to safitologic community. The authors collaborated volun-
drinking water, and more than one-half will lack adarily, and no institution or agency supported or
equate sanitation (UN-SWI 1997). commissioned the work. Our purpose is not to claim the
Despite the emergence of advanced technologgenda but to open the debate. Although our scientific
both developed and developing countries will prolpriorities are focused on the land surface—atmosphere
ably feel the effects of limited freshwater resources @ontinuum, the authors hope that this initiative may
the near future. Economic growth and social welfaserve as an example for other areas of hydrology. The
in major urban centers of the semiarid United Statieasd surface hydrology agenda we propose originates in
and other megacities in the industrialized and induke science questions posed in section 2. These questions
trializing worlds will be affected by hydrometeorologireflect ideas and experiences communicated through
cal hazards as well as by limited water availability. ihe existing hydrologic literature. For the sake of clarity,
fact, floods and droughts are considered by someatad in order to reduce the need for expanded discus-
be the leading natural threats to society in many cowmns, the science questions are raised and discussed
tries (NRC 1996). Global environmental changesithout specific references. These questions imply a
brought about by land-use modifications, desertificashole set of data and modeling needs that will require
tion, and anthropogenic greenhouse trace gas ensismmitment of both economic and human resources.
sions are intimately connected with water at the lahtsection 3 we explore these needs and identify impor-
surface. The ultimate impact of such changes is highdnt priorities for hydrologic research and development.
uncertain and difficult to predict. In section 4, we propose a concerted effort to an-
The new hydrological tools available to addressver the science questions and to achieve the research
water resource problems are largely a reflection albjectives we have identified. We call this effort the
technological advances in environmental monitorirf§econd International Hydrological Decade (2d IHD).
and computation. Satellite remote sensing providd$)e 2d IHD is intended to engage the research com-
for the first time, the potential for global coverage ahunity in its efforts to develop effective tools for trans-
critical hydrological data (e.g., precipitation, soil moidating of data into useful information. Key objectives
ture, and snow water content). Such global data aredbthe proposed 2d IHD are 1) to develop feedback
gistically and economically impossible to obtain throudbetween the research community and agencies respon-
traditional in situ measurement. However, remote sesghle for water-related research and 2) to provide an
ing datasets are in forms unfamiliar to many hydrologisistellectual framework that can be used to guide man-
largely because the measured quantities are radiaraggsment decisions, including decisions related to the
that are only indirectly related to the hydrologic varallocation of research funds.
ables of most interest. Computational advances haveLand surface hydrology is a discipline through
made it possible to develop new data processing amtich many of the emerging advances in monitoring,
assimilation techniques that are able to extract usedfomputation, and telecommunications may be brought
information from these indirect measurements.  to bear on food supply, health, security, and develop-
In addition to new types of data, hydrologists armaent issues facing Earth’s growing population. This
encountering a new intellectual paradigm that emph@eomise may only be realized if hydrologic data col-
sizes connections between land surface hydrology daction and modeling activities are based on sound
other components of the earth system (NRC 199&gientific principles. This is the overall objective of the
This coupling is now widely considered to be esseseientific agenda we propose.
tial. It has already led to significant changes in the re-
search and training foci for the discipline.
The continuing shifts in hydrology, driven by nev2. Priority science questions
tools and intellectual paradigms, should not take place
blindly. The hydrological community must take stock agi. What are the mechanisms and pathways by
the current state of knowledge, prioritize the emerging which the coupling between surface hydrologic
science questions for the coming decade, set objec-systems and the overlying atmospheric modulate
tives, and identify data needs and standards. This pa-weather and climate variability?
per, which proposes an agenda for land surface The exchanges of moisture and energy between
hydrology research at the beginning of the new mdeil, vegetation, and snowpack and the overlying at-
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mospheric boundary layer have impacts on near-surfat®ut by the introduction of improved land surface
atmospheric moisture and temperature. These in tehraracterization and initialization in an operational
largely define regional climate. For example, when soiimerical weather prediction model. At longer lead
moisture or plant stomatal closure limit latent he#itnes, deeper soil storage and plant root distribution
flux, the near-surface atmospheric humidity deficit anday affect prediction skill. Studies of surface and sub-
temperature are increased. This leads, in turn, to &l¥face water budgets are needed to better describe the
evated growth of the boundary layer and enhanceatface water—groundwater interactions that operate
entrainment of relatively warm and dry air. The ovepver these longer timescales.
all process constitutes a positive feedback mechanismit should be recognized that hydrologic states such
for continued surface drying. as soil moisture and snow cover influence the surface
The behavior introduced by such multivariate coflux of moisture and energy only under a limited set
pling and feedback may lead to excursions, oscillaf conditions that depend on surface properties and at-
tions, and persistence of hydroclimatologicahospheric forcing (see Fig. 3). There are timescales
anomalies (e.g., extreme precipitation, droughts, efg.e., storm, interstorm, and seasonal) and geographic
see Fig. 1). These phenomena cannot be accounteddgrons in which fluxes of moisture and energy are
in analyses or models that force the various compssentially independent of land surface moisture.
nents of the land-air system in
isolation. The contributions of
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Hydrologic states that have e

long memory or serve to inte- Fic. 1. Relative influences of sea surface temperature (SST) on boreal summer precipi-
grate past atmospheric forcingation. (a) Observed precipitation over the continental United States for summers contain-
may be used to enhance predid('—‘? t(r:; ?SxtremeI 1_988|dr_ought zancli 199|3 flcf)od Events arg'?fresentedss a differe_n?e”fisld.. (b),
. . . . C), eneral circulation model results for the same differences between rainfall during
tion skill for regional climates. the 1993 flood and 1988 drought events are shown. (b) Both SSTs and soil moisture fields
For example, the Short'termare either observed or estimated for the specific period of simulation. (c) Estimates of soil
evolution of weather events ismoisture for the particular time period are used in conjunction with SST climatology. (d)
affected by fluxes (e.g., summerObserved SSTs are used as boundary condition for the simulation in conjunction with esti-
time precipitating convection) mated soil mqisture cIima_toIogy. This figure demonstrates both' the impact of s_oil moisture
that depend on surface state¥” the_ numer_lce_ll forecasting of the extreme events a_n_d the notion that s_urfmsﬂune _ _

. . iS equivalent in importance to SST as boundary conditions for the climatic system. It is evi-
such as SO'I_ moisture and tem'dent that precipitation extremes over the United States are more strongly affected by soil
perature. Figure 2 shows thengisture fields than SSTs, which are currently the principal fields used to extend forecast
gains in forecast skill broughtlead times (M. Suarez, S. Schubert, and A. Chang 1999, personal communication).
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Fic. 2. Threat scores (a measure of forecast skill) for 36-h fore-

casts of 24-h accumulated precipitation as a function of precipi- Fic. 3. Evaporation following rainstorms and soil wetting pro-
tation threshold. The bottom curve shows the relationship obtainggd through several stages. In the first stage, although soil mois-
when the prediction system uses a standard bucket model initiate is steadily depleted by evaporation (equal to the so-called
ized with climatological soil moisture values. The upper curysotential evaporation, ) the rate of evaporation is limited only
shows the relationship obtained when the bucket model is replapgdavailable energy to vaporize liquid soil water and it is essen-
by a more sophisticated land surface scheme and the soil mgigly independent of soil moisture content. During the early pe-
ture is more realistically initialized from reanalysis data. The comed of the day or across high-latitude regions where available
bination of improved model physics and improved initiaénergy may be the limiting factor, this first phase may extend up
conditions for soil moisture has led to significantly improveeb the next wetting event. Similarly, in climates with frequent wet-
weather prediction. The improvement seen here is of the sating events, the first stage may dominate much of the time. During
order as that obtained from doubling the resolution of the atnthe second stage of evaporation, lower levels of soil moisture limit
spheric model (K. Mitchell 1999, personal communication). the movement of water in the soil to supply evaporation at the
surface. The transition from the first to the second stage occurs at
. . . . . . the time to drying (J, which depends on soil texture and climate.
There is a need to identify and investigate climatige figure shows field experiment observations by R. D. Jackson
regimes that prevent surface conditions from influengnd the applicability of a model of the process by Salvucci (1997).
ing fluxes into the lower boundary of the atmospher®e soil drying effect and the time to drying are evident in the

The seasonal cycle and interannual variability of eaglfedo observations (lower plot). During this phase of evapora-
of these redimes need to be understood as a rel,ei'gm_soil moisture exerts strong influence on latent heat flux, sur-
9 P ce energy balance, ground temperature, and the near-surface

site for predicting variability in regional climates. atmosphere states. In a third stage (not evident in this experiment),
A critical problem in coupled land—-atmospherge evaporation rate is dominated by vapor flow driven by ther-

process studies is the need to define appropriate sya-gradients within the soil column. The influence of soil tex-

tem boundaries (see the heat and moisture budge vegetation, and atmospheric forcing on the timing of the

example in Fig. 4). Air entrainment associated Wifﬁmsitions between evapqration regim_es, and the effects of spa-

. . . tial and temporal aggregation on modeling the phenomena are not

the large diurnal variations of the atmospheric boungl: . established.

ary layer is a significant factor in surface energy an

mass balance. These processes need to be better un-

derstood if we are to substantially improve our abiftepth of the troposphere are strong constraints on re-

ity to predict either atmospheric or land surfacgional hydroclimatology and on the atmospheric con-

hydrologic processes. vergence of moisture and energy. Aspects of this effect
Over larger scales and over longer periods, they be monitored remotely (e.g., top-of-atmosphere

convergence of moisture and static energy across thdiation may be measured easily and accurately with
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Fic. 4. Surface water and energy budgets are strongly coupled to the mixeetd layer, and decrease during the latter part of
atmospheric layer above the surface. In some applications it may be importathigtalay when there is more rapid growth of the
include the mixed layer water and energy budgets together with that of the mixed layer into drier portions of the atmosphere.
face. This is effectively redefining the control volume or the system boundaifiée potential temperaturé, has a larger diurnal
for budget calculations. In the top panels the profiles of specific humidianty amplitude. The amplitude of the diurnal cycle in
potential temperaturéd) are shown conceptually for two time periods during th@is larger for days with drier land surface condi-
growth phase of the mixed layer. In plot (a) the results of surface input intottbes when the surface sensible heat flux and
mixed layer are considered in isolation. Evaporat®nand sensible heat flux growth of the mixed layer due to thermals origi-
(H) contribute to increase tlggandO of the mixed layer with heighh). If thehis  nating from the near surface are dominant factors.
fixed, the profiles of the variables at the new time follow the dashed lines. H&inrce the surface turbulent fluxds §éndH) are
ever, the lgrows during the time period in response to thermals originating fraimiven by the gradient between the surface mois-
near the surface. When the mixed layer grows to the new heigldhjhdry and ture and temperature states and those in the near-
warm air is entrained into the mixed layer as depicted in plot (b). This grotvth surface atmosphere, the coupled evolution of
contributes dry air to the mixed layer partially counteracting the moisteningtbese states at the land surface and within the
fect of surface evaporation. In contrast, the entrainment of air with Hiften  mixed layer may contain important feedback
aloft, similar to surface sensible heat flux, contributes to increase the mixed laj)@nomena.

6. As a result, often times the diurnal range @f the mixed layer is small and

the diurnal range o is large. This is evident in the lower panel where averages
of diurnal coevolution of the two variables are plotted for a set of days with dif-
ferent mean soil moisture (SM) but similar net radiation conditions across the First
International Satellite Land Surface Climatology Project (ISLSCP) Field Experi-
ment site in Kansas (from Betts and Ball 1995). The diurnal rangésadmall

and the curvature is reminiscent of the early-day evaporation input into a shallow
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tem change. The development of distinct soil horizohslp of long-term coupled models of climate, hydrol-
with different topographic contexts is a process thagy, and ecology.
spans centuries. Field experiments need to be conducted to clarify
Vegetation and hydrologic processes are linkdioe many complex interactions among soil, vegetation,
over an even wider range of time- and space scalkasd hydroclimate. Coupled models need to be devel-
A substantial fraction of the hydrologic exchange beped to reveal the effects of feedbacks, nonlinearities,
tween the soil and the atmosphere is mediated by vagd multiple timescales. Field and modeling studies
etation. Conversely, moisture availability is a keghould be directed toward a more integrated under-
factor in the development and distribution of ecotonesanding of the genesis and joint evolution of topog-
The representation of vegetation in hydrologi@phy, soils, vegetation, and hydroclimate.
models and the consideration of its influence on the
hydrologic cycle remain at rudimentary levels. Some Are there critical scales at which spatial
possible areas of improvement include better represen-variations in surface properties should be
tation of the limitations imposed by nutrient deficits. explicitly represented in models of land—
This will require incorporation of nutrient cycles, espe- atmosphere exchange? Can macroscale
cially the nitrogen cycle, in models that account for cou- equations be formulated by upscaling process
pling between hydrologic and ecological processes. descriptions at the microscale and under what
The commonly used resistance-network represen- conditions can effective parameters be used to
tation of plant control on moisture flux should be re- represent upscaled hydrologic processes?
placed with coupled physical and chemical models of Some hydrologic processes such as runoff are sig-
water uptake by roots, moisture transport within xyificant only because there is heterogeneity in the natu-
lem, and reaction processes within leaves. The physit system. Most homogeneous soil textural classes
cal characteristics and structure of vegetation starids/e sorption rates that exceed generally observed rain
need to be explicitly represented in ways that makertensities. They also have sufficient storage to con-
possible to directly observe model parameters within an entire rainstorm. Nonetheless, flood runoff
remote sensing instruments (e.g., lidar and radas¥curs due to the intermittent nature of rainstorms and
Furthermore, radiance measurements in regions of the occurrence of low-permeability soil patches, rock
spectrum where photosynthesis captures solar radiatcrops, low transmissivity profiles, and high topo-
tion should be used to provide strong constraints graphic convergence zones.
land data assimilation algorithms in regions with veg- Temporal, as well as spatial, heterogeneity can be
etation cover. important in many hydrologic applications. In some
In addition to studies of how plant physiology andases, simple aggregation of temporal fluctuations can
transpiration respond on short-term timescales, invesisrepresent important physical processes. For ex-
tigations into the longer-term coevolution of ecotonesnple, multistage evaporation and transitions from
and hydroclimate are needed. The amplitude of tfiex to ponding surface infiltration boundary condi-
components of surface water and energy balance tieas are processes that cannot be aggregated in time
pend on vegetation function. Furthermore, some intevithout introducing errors (see Fig. 3).
annual variability of hydrologic processes and, on In all hydrologic investigations, it should be natu-
paleotimescales, shifts in climate are associated wih to first identify the critical time- and space scales
ecotone successions and variations. The nature of thetserhich heterogeneity should be explicitly repre-
associations needs to be understood, and their geolsgioted. Such scales typically vary for each hydrologic
and geochemical fingerprints need to be uncovergadocess and for each application (see Fig. 5). There is
The coevolution of the hydroclimatic and biospherig critical need to develop a systematic framework for
systems hints at the possibility (requires further studyie identification of critical hydrologic scales and the
that coupled ecological-climate models may in fact bependence of these scales on mean conditions. In
affected by ecotone initialization, that is, different inimany cases, including the runoff generation example
tial specification of vegetation types leads differeigiven above, the relevant scales of natural heteroge-
equilibrium climate—vegetation regimes (Pielke 1998)eity span a wide range of time- and space scales. Itis
We need to better understand the extent that differeften not feasible to characterize variability over such
initial specifications of soils and vegetation can leagdide ranges with available in situ or even remote sens-
to distinct climatic regimes. This can be done with thieg instrumentation. In such cases, models designed
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to predict macroscopic variables such as waterst
runoff (e.g., hydrograph) need to account indirectly fi
the effects of unresolved heterogeneities. This proc
is frequently referred to as “parameterization” ¢
“upscaling.”

Successful field-scale parameterizations need to
based on a good understanding of microscale (of
pore scale) physics as well as realistic characteri:
tions of heterogeneity. They also should account 1
nonlinearities and scale interactions. A number
mathematical upscaling procedures have been app
in various branches of hydrology. In some cases, th
procedures yield macroscale equations that have
same structure as microscale equations but with mc
fied parameters. These “effective parameters” tyy
cally depend on the statistical properties of tt
unresolved heterogeneities as well as other si
specific variables. 15% BT & M EER

For example, pedotransfer functions have be...re. 5. High-resolution in situ observations of the soil mois-
proposed as a means for assigning effective hydrawlie field in the small (0.1 ki Tarrawarra experimental catch-
properties to soils based on taxonomic units that arent, southeastern Australia, demonstrates the role of competing
differentiated by parent geology, minerology, textyrBydrologic processes in defining spatial structures in the soil

. ) m’c_)isture field (Western and Grayson 1998). (top) The volumet-
bulk density, and organic matter content. These furp% moisture content within the top 30 cm of soil during a typical

tions may be viewed as a first step in a sequential PHft season day (27 Sept 1995). In this case soil moisture pattern
cess of upscaling hydrologic processes from pagerganized by terrain elevation. The wetter zones follow eleva-
scales to hillslope scale. Nonetheless, important issti@scontours and drainage depressions. High hydraulic conduc-
need to be resolved with respect to the design and@ﬁ)ty of moist soils allows significant redistribution along a

At ; pographic gradient. During a typical day in the dry season (22
plication of pedotransfer functions. The effects (}j’eb 1996 conditions shown in the bottom panel), there is no dis-

structured soils, soil Chem|5try’ vegetation, C“ma_tgerned correspondence between topography and soil moisture.
and topography all need further study. AlS_O., attent'@?‘y soil moisture has lower hydraulic conductivity and lateral re-
should be devoted to methods for combining multiistribution is less dominant as a factor in organizing soil mois-
temporal and multispectral remote sensing with trie patterns. The random spatial variability of soil texture may
ditional sources of soil taxonomic data. be a more critical factor in explaining any spatial variability in the

. . . oil moisture field. Lateral redistribution in the saturated and un-
A number of theoretical and field studies have su Jturated zones, ground and surface water interaction, evapotrans-

gested that there may be hydrologic processes t %ttion, macropore flow, and soil texture heterogeneity are among
elude upscaling with an effective parameter approa@ts competing factors that influence the spatial organization of
Alternative procedures for upscaling microscale equawface soil moisture fields. Detailed understanding of these pro-
tions for such processes need to be established nfgfEes a_nd the_ deyelopment of par;imonious chara(_:te_rizations of
formally than is done at present. The resulting fieIHlem for mc_lusnon in coarse-resolution models remain important
scale models need to be tested with carefully desigr?ga”enges in land surface hydrology.
experiments.

Although upscaling is required in many hydrologiand variations of runoff with surface cover and topo-
applications, it should be noted that natural heteroggaphic gradients.
neity is often evident at scales that are close to the scal€The identification of critical scales and related
at which it is feasible to explicitly represent them iopscaling issues are problems that are directly relevant
numerical models. Hydrologic processes that vary ant only to the design of models but also to the design of
scales that may be feasible to model explicitly includle situ and remote observing systems, which may pro-
variations of snowpack with topographic aspect, varigede information at scales different than needed for mod-
tions of evapotranspiration with topographic gradientsling or other applications. These topics are also related
variations in vegetation, boundary layer mixing angd the question of how data should be interpreted, ex-
land-breeze circulations with surface cover changésnded, aggregated, or disaggregated for various pur-
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poses. For these reasons, it is crucial that we devebogtion (or adjustment) of empirical parameters to repro-

a systematic framework for describing and detailirduce observations of hydrologic processes over complex

with the scale dependence of hydrologic phenometerrain. Without lateral redistribution through the re-
gional groundwater system, flood runoff from large

d. Does lateral soil water redistribution areas cannot be represented in a realistic manner by such
significantly affect large-scale soil-vegetation— models. The representation of lateral redistribution
atmosphere exchange processes? processes, groundwater, and surface water interactions

The partitioning of incident precipitation into runshould consider the time- and space scales of natural
off is dependent on near-surface processes that aresgations in topography, soils, vegetation, and climate.
nificantly influenced by spatial interactions and lateral Geochemical tracers are effective and sometimes
redistribution of moisture over complex terrainunderutilized tools for mapping lateral moisture
Runoff-producing zones are limited to areas of low s@iiovement in the subsurface. Identification of regional
permeability, low gradient, and high moisture contergroundwater recharge and discharge zones, flow path-
The latter source areas are primarily concentratedy studies, and hydrograph separation techniques
around the drainage network, either in convergent teenefit from simultaneous hydrologic and geochemi-
pographic regions that receive the gradient-driven lagl observations. Such observational capabilities, to-
eral water movement in soils, or where the depressiggther with advances in computational capabilities,
of the topographic surface decreases the storage capay be used to construct distributed hydrologic mod-
ity of the soil above the water table (see Fig. 5). els that properly account for lateral flow. Such mod-

The representation of land surface hydrologic prels can be used to assess the importance of lateral soil
cesses in spatially lumped (e.g., conceptual modeaisisture redistribution and to clarify its role in run-
used in operational hydrology and flood forecastingff generation and the distribution of vegetation.
or one-dimensional soil hydrology models (e.g., soil—
vegetation—atmosphere transfer schemes used in@u-How can the effects of human activity on the
merical climate and weather forecast models) cannot, landscape, its ecology, and hydrology be
by construct, capture these important lateral redistri- distinguished from natural climate variability?
bution processes. Instead, these models rely on cali-Human modifications of the environment, includ-

Distribution of irrigation acreage in the coterminous United States, 1987
Each dot = 5,000 acres

Fic. 6. Human land use practices can lead to significant changes in large-scale hydrological fluxes. The figure on the left shows
mosaicked Landsat images of the Imperial Valley, on the border between California and Mexico (courtesy of U.S. Geological Surve
Eros Data Center, Landsat images). Red indicates the presence of vegetation. The sharp southern edge of the red region correspor
to the California—Mexico border and thus reflects different land use practices in the two countries. Evaporation must be significantly
higher north of the border. The figure on the right shows the extent of irrigation in the United States (Bajwa et al. 1992). The patterns
suggest a large-scale human-induced increase in evaporation from the land surface, particularly in the arid West. Tfhisffects o
increase on large-scale weather patterns are unknown.
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ing land cover change, irrigation, and flow regulatio®. Implications for research and
now occur on scales that significantly affect seasonal development in observing and
and interannual hydrologic variations (see Fig. 6). modeling
However, long-term climate fluctuations and climate
change are also major contributing factors to hydra- In situ observations
logic variability. The partial (individual) contributions  There are numerous sources of in situ data that
of human activity and climate variability need to beould help to address the science questions posed in
separated in the analyses of floods, drought, and otbection 2 of this paper. These include data rescue and
hydrologic phenomena. This raises methodologia&covery operations, augmentation of existing observ-
issues for both hydrologic data collection and modelinigg networks, and development of new networks, of-
In the forthcoming decade, global change and isn in conjunction with focused field experiments.
consequences will probably remain the major largeach of these options is discussed in the following
scale environmental issue. The hazards associgbadagraphs.
with global change are mostly realized through effects Long-term monitoring and experimental hydro-
on the hydrological cycle and water availabilitylogic data are archived in a variety of forms and at di-
However, hydrologists have not yet developed tiverse locations. There is a wealth of data on water and
tools necessary to assess the possible impacts ofsails but fragmentation across agencies and archives
mate change with enough certainty to enable mangs resulted in the underutilization of this information.
ers and policy makers to benefit from current scientifio some cases, recovery of measurements made over
and technical programs. Moreover, the lessons of plastg periods is a cost-effective form of investment that
large-scale shifts in global and regional climates (e.g.government or institution could make for long-term
paleoclimate variability and contemporary soil lossnvironmental monitoring and change detection.
and desertification) and the role of hydrology in these The decay of monitoring networks over the last 30
analogs of global change have not been fully exears due to political and fiscal instabilities has been
ploited. Finally, the feedback role played by the hyubstantial. For some hydrologic and climate variables
drological cycle in a changing climate has not bedgss is known today than a few decades ago in terms
widely considered by the hydrologic science commof measurements. National and international agencies
nity (Chahine 1997). These three shortcomings nust take effective measures to reverse the trend in
dealing with the global change problem need to beonitoring network losses.
faced directly. There is a need for a series of workshops that could
In the short term there is a need for robust statidticus on strategies for carrying out particular data res-
cal tests that can quantitatively identify the effects ofie operations. Participants should include digital
human intervention from inherently noisy hydrologiarchive specialists, institutional representatives, and
data with multiple scales of variation (e.g., interannuahd users. Funding and mission agencies need to pro-
and decadal). Care should be exercised in using kide incentives for individuals or groups to engage in
drologic models to predict the human impacts on resst-saving data recovery activities that will benefit the
gional hydrologic processes. In particular, thesarger hydrologic community. A distributed informa-
models should be shown to be applicable to the regitdion network could serve as the dissemination medium
where environmental conditions have changed. Aldor the recovered data.
investigators need to assess sources of prediction unfor a relatively low cost, existing observing net-
certainty and the relevance of current effective paramerks could be augmented to provide valuable new
eters for impact studies of changing environmentsin situ measurements. Technological advances in in-
In the longer term, climate models and models fetrumentation allow the addition of new variables to
regional hydrologic change need to converge and tive suite of standard measurements available at exist-
particular, account for the feedbacks and interactioing monitoring stations. Examples include addition of
that couple land surface, atmospheric, and oceas@! thermistors to measure soil temperature, devices
processes. Both the developers and users of thiesestimate soil water content, instruments to sense
models will need to exploit all available paleoclimatisnow properties, and robust devices to measure sur-
and remote sensing data in order to clarify the resp&ce moisture and energy fluxes. In many cases, real-
tive roles of human activities and long-term naturéime telemetry of both standard and new types of
fluctuations. measurements may be technologically feasible and
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cost effective. Stream gauging can certainly be mageriments and ground truth studies, preferably under
more efficient and cheaper through telemetry. Watie auspices of international agencies and hydrologic
surface elevations and gradients can be monitorednétiatives (see discussion in the remote sensing sec-
a greater number of points along channels and withion that follows). Validation datasets could fit within
floodplains. This could greatly facilitate the measuréie continental-scale basin experiments of the Global
ment of floodwaves and improve our understandiignergy and Water Cycle Experiment (GEWEX). But
of floods. Sediment and solute sampling can also theey should also include smaller areas that can be
automated well beyond current levels. monitored more intensively (WCRP 1997; NRC 1998).
Data users and providers need to work together in Data provided by data recovery activities, existing
cost—-benefit analysis of new and augmented obseawd expanded observing networks, and other sources
ing systems (e.g., Showstack 1998). This is anothmeyed to be properly archived, well organized, and
instance where focused workshops with broad partiotadily available if they are to be of value to the user
pation could be very helpful. The impact of expandedmmunity. These objectives could greatly benefit
and extended measuring stations within each netwérkm standardization. There is a pressing need for
needs to be assessed in terms of both scientific imparcttocols and standards for systematically linking vari-
and operational benefit. Scientific impact can be meaus hydrologic data archives. These should be devel-
sured relative to a set of critical science questions such
as those posed in t_his paper. Opera@ional benefit Can  pinoff Estimation Error (Mean 9 LSPs) and
be related to the disaster costs avoided through im- the Density of Raingauges in each River Basin

proved predictions and more advanced warning capa-250 @ Y1987 Mean: -80.64{mmJy),| 63.88 (/105km?)
bilities. Documentation of the economic, policy, ang. zes -4 Y1988 Mean: -81.85(mmy),|61.78 (/10%m?) -
scientific value of open-release policies of organizés )
tions may motivate other national and internationgf T SR
agencies to take similar steps. Finally, protocols and 175 - : - o
regulations for effective user access to data archiv?gsm_ N o
need to be established in clear terms. 3 °

It is often advantageous to simultaneously mong 125 - -
tor several processes that are coupled to hydrologg, | . P
systems. For example, data on diurnal variations in 1% ° . ‘

temperature and humidity profiles of the atmospher@ [C
boundary layer and observations of conditions in thg ., .
troposphere can provide important information fols
surface water and energy balance studies (sBe®1 ~ ® %"
Fig. 4). Subsurface flow pathways can be better char- o1 . ‘
acterized if traditional hydrologic measurements are -0 600 -400 200 © 200 400 600 800
supplemented with observations of natural chemical ~ Runoff; (Model - Observation) [mm/year]
tracers. Tracers can also be used to improve estlmatel_sm. 7. The importance of high quality in situ data to hydro-

of long-term sediment loading _and to qu_ant'fy Seqb'gical modeling is indicated. Each of a number of different river
ment fluxes between floodplains and rivers. In absins is represented in the plot by two points: a circle for 1987
these examples, and in other similar cases, augmeta, and a triangle for 1988 data. The abscissa represents “model
tation of traditional sampling programs can be a highgiyror;” i.e., it represents the average runoff generated for the ba-

cost-effective way to obtain the data needed to addr&8dy nine land surface parameterizations (LSPs) minus the ob-
key science questions served runoff there. The LSPs were forced with observed

. o . . . . precipitation, radiation, and other atmospheric variables for 1987—
A final priority for in situ data collection is the88 as part of the Global Soil Wetness Project. The ordinate shows
development of focused validation datasets that canedensity of rain gauges within the basin, a measure of the ac-
used to evaluate new hydrologic theories, models, amhcy of the precipitation forcing used by the LSPs. The salient
remote sensing techniques. These datasets shoulfe@dre of the plot is the significant reduction in model error as
obtained from a variety of basins and regions chard& density of rain gauges increases. This suggests that much of

terized by diff tt h limat tati e overall error in model runoff predictions may not be related
erized by difrerent topograpny, climate, vegetatiogy s in the model parameterizations but to an inadequate cov-

and snow conditions (see Fig. 7). They should also&gge of rain gauges (courtesy of T. Oki and cited in Dirmeyer
closely coordinated with related remote sensing ex997).
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oped with broad participation by the hydrologic comength or 1.4 GHz (also known as the L band) is the
munity, in cooperation with related communities in tHewest useful microwave frequency that can yield in-

earth and atmospheric sciences. formation on soil dielectric constant, which is related
to soil water content (among other factors), down to a
b. Remote sensing few centimeters. Design and deployment of missions

Remotely sensed observations of land surface cemmeasure earth emission or reflection of radiation in
ditions from satellites and suborbital platforms (e.ghis frequency is now among the unique opportunities
aircraft and balloons) provide synoptic high-resolder remote sensing in hydrology. There still remain
tion coverage that is unprecedented in the hydrologieme major questions that have yet to be adequately
sciences. The new information available from remoéeldressed, despite the fact that L-band microwave in-
sensing technology may initiate important shifts in treruments have been developed and deployed for short
conceptual basis for hydrology. Analogous shifts haperiods of time on aircraft and spacecraft (see Fig. 8).
already occurred in the atmospheric and oceanic sElitere are, however, a number of important technical
ences, where space-based observations have legues to be addressed. These include the design of
the reformulation of many fundamental disciplinargpace-borne antennae large enough to collect relatively
ideas. Hydrologists should be ready to embrace thisak microwave signals with sufficient fidelity, the
special opportunity to rethink prevailing theories andesign of retrieval algorithms that are robust under a
approaches. The benefits for their discipline may bariety of soil and vegetation conditions, coordination
considerable. with spectral measurements at other frequencies, and

For land surface hydrologic applications, the exhe consideration of trade-offs between active radar
isting large amounts of multiangle visible and thermahd passive radiometry instruments.
spectral measurements have proven very valuable forOther land surface parameters can also be derived
hydrologic applications. These measurements hdvem remote sensing observations. These include to-
been used to estimate surface incident radiation, supgraphy, vegetation canopy structure, and mapping
face temperature, spectral albedo, land cover typéjnundation through side-looking radar and laser al-
canopy structure features, and a number of other véirmetry. Surface sediment concentrations in flowing
ables relevant to the derivation of energy and moisater can also be recorded and interpreted to yield ver-
ture fluxes at the land surface. Unfortunately, thial concentration profiles or spatial patterns of mix-
atmosphere is a strong absorber and reflector of radigy. Laser and radar altimeters offer the potential for
tion in these frequency ranges, especially under cloméasuring river stages and assessing floods.
conditions. The error associated with atmospheric cor- In the current era, a successful remote sensing mis-
rections under cloudy conditions precludes the usesidn requires an end-to-end system optimization. This
visible and thermal spectral observations to retriepeocess starts with a clear set of scientific objectives
surface fields that have relatively small and subtleat could apparently benefit from particular types of
impacts on the signal. spectral data, as outlined earlier. A convincing case

Fortunately, the atmosphere is relatively more tramsust be made that such data will, in fact, substantially
parent to surface emissions in the lower-frequentyprove scientific understanding and/or operational
(longer wavelength) microwave region. This makesfitrecasting abilities. Once this case has been made,
more feasible to directly observe land surface variabkgsention can turn to mission design. This includes an
of hydrologic interest. Polarized microwave emissianalysis of the maximum ground-level spatial resolu-
ity is sensitive to near-surface soil moisture. An optiion, minimum revisit frequency, maximum tolerable
mum soil moisture remote sensing system would beor in radio brightness of reflectivity, maximum off-
able to measure microwave radio brightness in speadir look angle, signal-to-noise ratio, and other char-
tral bands that are sensitive to soil moisture farthecteristics of the mission under consideration.
below the surface. The system would also provideade-offs between passive and active remote sensing
measurements in spectral bands that are least affeeted synergistic use of multispectral (visible, thermal,
by the atmosphere and moderate vegetation coverand microwave) observations should be considered as

This is possible with low-frequency microwavepart of this process.
radiation that is also used for telecommunications. Another important aspect of end-to-end optimiza-
Fortunately a few spectral bands are protected for ti@n is simulations of space-borne measurements with
dioastronomy. The band centered on 21-cm wavaimerical models and/or with suborbital prototype
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instruments. Important design issues that can be ex-The final stage of end-to-end optimization is the
amined in this way include beamfilling, which occurassessment of mission costs and the scientific and so-
when heterogeneous small-scale surface propertigstal benefits. Benefits to be considered should in-
yield a remotely sensed measurement that is not rejurde improved forecasting for hazard mitigation, and
resentative of regional conditions. It is advisable, aformation that can help solve key agricultural, hu-
part of the design process, to test retrieval algorithmman health, water resources, and industrial policy
as well as instruments and mission design. Thesembblems. It should be apparent from the above dis-
gorithms should be evaluated over a wide range of tassion that end-to-end optimization requires a close
pographic, climate, soils, and vegetation conditionsprking relationship between instrument specialists,
in order to establish their range of applicabilityspacecraft engineers, and applications scientists to
Moreover, retrieval algorithms need to be integratg@adoperly translate scientific requirements into realis-
with compatible hydrologic models in order to pratic systems. Such a dialogue should help to stream-
vide “value added” data products that reveal the fiithe the definition, development, and implementation
implications of new remotely sensed observationsprocess, resulting in cost reductions.

It is important to note that end-

Southern Great Plains Hydrology Experiment (SGP97) to-end optimization is relevant to
Surface Soil Moisture Derived From Remotely Serised Microwave Data ~ analysis of e_X|St|n_9 as well as new
37.0 remote sensing missions. The same

assessment of multispectral synergy,
retrieval algorithm performance,
measurement and retrieval error
budget calculations, value-added
data production, and data quality
control should be carried out with
existing remote sensing measure-
ments. In fact, the same framework
also applies to ground-based tech-
l 30 nologies such aweather-sensing
radar. In all of theseases, there is a

need for careful evaluation of re-
20 trieval algorithms, errors, and po-

tential benefits.

The ready availability of remote

10 sensing information poses a num-

ber of specific challenges, both in-
el . tellectual and organizational, to the
=5 _ , 0 hydrologic community, including
the following.
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Fic. 8. Remote sensing technology can transcend many of the economical and Iogiswith (and calibrate with) sparse

tical problems that limit the effectiveness of in situ measurement systems. An exampl . . .
of the potential use of remote sensing for hydrological research is shown above. Durin%n _SItu observatlo_nS of precipi-

the Southern Great Plains 1997 Hydrology Experiment, the L-band Electronicallytation, stream discharge, and
Scanned Thinned Array Radiometer was deployed on a low-flying aircraft (Jackson et aSurface air micrometeorology
1999). Daily mapping of surface brightness temperature over an area greater thawill need to give way to new
10 000 kmi and a period on the order of a month was conducted. Sample images frongistributed hydrologic models
two consecutive days in June show a large drop in brightness temperature at the top %at are forced with remotely

the mapped region in response to the significant rainfall event that covered the area in .

the interim between samplings. Surface soil moisture fields may be inferred from suci’?en_sed O_bservat'ons' More at-
remote sensing observations with good accuracy. High costs would prohibit the estima€Nntion will need to be given to
tion of spatial fields of soil moisture across large areas using in situ probes. formulating models with pa-
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rameters that can be directly measured, rather thveould be able to extend such measurements farther down
calibrated. the soil column by accounting for time—space relations
2) Basin-scale and regional validation databases conplicit in the vertical movement of soil water.
sisting of coordinated in situ and remote sensing Meteorology and oceanography have extensively
data collection programs will need to be estaleveloped the concept of “adding value” to data, es-
lished in order to properly evaluate instruments apécially remote sensing data, by combining measure-
retrieval algorithms. Such validation data shoultients with the predictions of specially selected
provide the basis for assigning error statistics odels. This process, which is commonly known as
remote sensing observations. The validation sitégta assimilation, is an extension of standard data re-
should be located in regions with different topogdrieval techniques. Data assimilation is distinguished
raphy, climate, vegetation, and snow conditionsby its reliance on spatially distributed hydrologic
3) Hydrologists need to evolve from passive recipirodels that incorporate physical principles such as
ents of limited remote sensing observations to aatass, momentum, and energy conservation. These
ing as a unified scientific community that is enprinciples act as strong constraints on the estimates
gaged in supporting the definition, design, armgtoduced by the assimilation algorithm.
implementation of suborbital and space-borne mis- It is important to note, however, that data assimi-
sions. The key to fulfilling this challenge is a cledation algorithms are data driven rather than model
demonstration of the positive impact of existingriven. This means that data assimilation models are
and emerging observation streams on the major stésigned specifically to aid in data processing rather
entific objectives and questions. than model simulation (and calibration). The variables
in a data assimilation model must include the mea-
Other challenges will undoubtedly arise as nesured spectral data and must be integrated with other
data types begin to have impact on hydrologic theamstrieval algorithms required to translate raw signals

and practice. into useful hydrologic information. They also must be
computationally efficient, since they are typically in-
c. Data assimilation tegrated into a larger set of processing and retrieval

Remote sensing technology provides many typafgorithms (e.g., atmospheric).
of spectral data that are related to land surface vari- One of the primary purposes of data assimilation
ables of interest to hyrologists. However, very little a$ to produce data products that are directly useful for
this information is available in a form that can be uségdrologic analyses. Such products need to be carefully
directly for hydrologic purposes. Various types of datiesigned so they meet the needs of potential users.
retrieval algorithms are needed to convert spectral detsues to be considered include the resolution and spa-
into variables of hydrologic value. In fact, a similatial configuration of the data product, quantitative mea-
situation exists for some types of in situ informatiosures of data product reliability, quality control issues
such as data used to infer soil hydraulic properti€s.g., dealing with “outliers”), and sensitivity of the
Here again, properties of hydrologic interest must data product to “hidden” model properties. All of these
inferred from available measurements, with the aid issues are important but most have been addressed, at
retrieval or data processing algorithms. least to some degree, in similar contexts by oceanogra-

The simplest data retrieval algorithms are based jpimers and meteorologists. The challenge for hydrologists
observed correlations between spectral measuremeste develop data assimilation algorithms that benefit
and hydrologic variables. Such algorithms may not privem previous work in other disciplines while meeting
vide data that are compatible with fundamental physie special needs of hydrologic science and practice.
cal principles such as conservation of mass, momentum,Certain aspects of hydrologic processes and data
and energy. Moreover, they may not be able to extesmlirces are particularly compatible with the methods
available measurements over the regions and tiamad objectives of data assimilation. First, hydrologic
periods of interest in a particular hydrologic applicaystems often function over a wide range of timescales.
tion. An important example is the use of soil moistufeor example, vegetation canopy structure varies on the
retrieval algorithms that process passive microwaseales of seasons, while surface temperature and mois-
radiance measurements. These algorithms providetime vary diurnally. Data assimilation algorithms that
formation on soil moisture only in the top few centimeieed to simultaneously estimate canopy interference
ters of the column. An ideal data processing algorithand surface emission may utilize high-frequency ra-
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diance measurements but keep the canopy parametesses need to be developed following criteria for par-
as temporally invariant over weeks or months. T@mony and observability. Procedures for their rigor-
degrees of freedom needed to carry out the estimatinrs validation need to be defined. It should be
process are thus reduced significantly. recognized that land surface hydrology models for

A second incentive for the use of data assimilati@mulation and for assimilation applications may have
in hydrologic remote sensing applications is that ausignificantly different requirements/characteristics.
iliary data from in situ observations may often provide Finally, the importance of modeling studies that do
important information on factors contributing to theot employ data assimilation must also be stressed.
remotely sensed signal. For example, a data assimBarch free-running models (e.g., coupled land—
tion algorithm may be used to merge soil texture mestmosphere models) have prognostic variables that
surements, surface micrometeorology, and in situ lavaky in response to the modeled physics. This makes
use data with remote sensing measurements. it possible to carry out sensitivity studies that help iso-

Finally, the data assimilation framework may bkte and characterize physical controls over hydrologi-
used to analyze the value of various observing systerasvariability. Realistic model physics and coupling
through the so-called data-denial experiments. In thémhavior is, of course, critical to the credibility of such
experiments the value of a particular data source caEmsitivity analyses. Many of the priority science ques-
be quantified in terms of the effect it has on estimattsns outlined in section 2 relate to increasing the re-
of a particular hydrologic variable. alism of hydrological models, whether they are used

It is worth noting that the NRC (1998) report offior data assimilation, sensitivity analysis, or hydro-
the GEWEX Continental International Projects recotpgic forecasting.
nizes the critical importance of developing and imple-
menting land data assimilation systems. Experiences
with land data assimilation systems have shown t#hkt Recommendations: A second
estimates of land surface states can be quite sensitivinternational hydrological decade
to errors in the estimation of cloud cover and precipi- (2d IHD)
tation. In turn, some of the errors in cloud and precipi-
tation amounts in atmospheric data assimilation The authors believe that the discipline of hydrol-
systems are due to errors in surface flux estimati@yy is intellectually and technologically ready to ad-
Thus improvements in coupling of land and atmeiress the science issues outlined above. In this section,
sphere components of models and the boundary layer propose a scientific initiative—the Second Inter-
are necessary for the implementation of refined landtional Hydrological Decade—that would serve to
and atmosphere data assimilation systems. enable and facilitate the needed research.

A number of important research and operational This infrastructure is best introduced by describ-
issues need to be resolved if data assimilation isitg the relevant precursor, the First International Hy-
achieve its potential for “adding value” to hydrologidrological Decade (1st IHD). During the 1st IHD,
measurements. Statistical techniques for describigich covered the years 1965-74, a series of interna-
multiscale spatial heterogeneity need to be incorpibnal workshops on the current and future problems
rated into algorithms that account explicitly for thgh various subdisciplines of hydrology was organized,
multiresolution nature of different but complementarand reports of these activities were published by the
hydrologic measurements (such as rain gaugésmited Nations Educational, Scientific, and Cultural
ground-based radar, and satellite radiance measudeganization (UNESCO 1972, 1974a—e). The more
ments of precipitation). Computationally efficienenduring legacy of the 1st IHD is the international data
sequential assimilation techniques that are capableoflection activity that for the first time provided
adequately characterizing multiscale temporal dynamerldwide sharing of observations. The 1st IHD had
ics should also be investigated for applications teajor impacts on the emergence and maturation of the
hydrologic remote sensing. hydrologic sciences.

Classic hydrologic models that have been opti- The atmosphere of change and excitement in hy-
mized for use with sparse in situ observations suchdrslogy today is reminiscent of the period leading up
precipitation accumulation and streamflow are ina¢b the 1st IHD. However, almost a quarter of a cen-
equate for extension to work with remote sensing datiary has passed, with an associated shift in the way the
Models and model components for land surface prseience is approached. First, hydrologists now widely
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recognize that land surface hydrologic processes areData collection efforts would be directed toward
closely coupled with the subsurface and the overlyingeeting the agenda’s goals. These efforts would build
atmosphere. This realization is reflected in the sciemme@ ongoing international programs that, similar to the
questions of section 2, and it has important implicast IHD, are directed toward the expansion of observ-
tions for both modeling and observing strategies, g networks and the international exchange of data.
discussed in section 3. A second distinguishing feBhe World Hydrological Cycle Observing System
ture of modern land surface hydrology is that the gl@A/HYCOS) and Global Climate Observing System
bal or large-scale approach is often the starting poifCOS) are well-designed and comprehensive inter-
and the challenge is to characterize regional or smalleational programs for expanding observing networks,
scale features. The river basin is no longer the exctapacity building, technology transfer, and data ex-
sive unit of study. A third distinguishing feature is, ashange (WMO 1995, 1998). The implementation of
discussed in section 1, the emergence of new techrtbése programs is a challenge for the WMO and it rep-
ogy and substantial amounts of data in nontraditiorrakents substantial international cooperation efforts.
forms. Hydrologists must determine how to optimiz&s mentioned earlier, data rescue efforts based on ex-
their use of these potentially highly valuable data. isting but nonarchived measurements are also impor-
The recent changes in approach must be consideiant sources of information. The World Climate
in the context of current critical issues in hydrologyresearch Program (WCRP) reports two examples of
In a recent address, the World Meteorological Orgaitiatives to recover existing observations. The Data
nization (WMO) Secretary-General Dr. G. Obafkescue program in Africa and North and Central
posed two contemporary challenges to the hydrologynerica, and the Archival Climate History Survey in
and water resources community: 1) reverse decliniegrope are designed to rescue and preserve climate
trends in the development of hydrologic observindata and their associated metadata (WCRP 1997). The
systems, and 2) reduce prediction and analysis unca4HD may similarly focus on climate and hydrologi-
tainty so that managers and policy makers can maad data rescue and recovery for hydroclimatology
effectively use the results of scientific and technicatudies dealing with low-frequency variability or non-
activities (Obasi 1999). The first challenge is princstationarity (change). The activity may be expanded
pally dependent upon international cooperation amotainclude valuable experimental basin records, wa-
national and regional agencies. Specific issues to &et-quality, soil and land use surveys, and data from
dress include capacity building, technology transfespecial or nonoperational observation missions.
telecommunications and archiving technologies, alldHYCOS, GCOS, data rescue, and associated pro-
protocols. The second challenge falls on the shouldgrams with regional or specialized emphasis will cer-
of the research community. This community shoutdinly form the backbone of future advances in
develop scientific tools to make effective use of theducing hydrological hazards and increasing fresh-
data provided by new observing networks and sysater availability for growing populations.
tems. Furthermore, they should strive to reduce uncer-This paper outlines a proposed scientific agenda for
tainties that limit the usefulness of their products tbhe 2d IHD, an agenda that could drive land surface
the water resources management and policy makmglrology research during the next 10 years. The pro-
communities. posed agenda is open to debate—our intention is to put
The core purpose of the 2d IHD is to address them& proposals “on the table” and thereby stimulate dis-
two challenges. We now have the sensing and datession in the larger community. A final form of this
processing technologies needed to characterize #genda, modified as necessary to reflect the concerns
global distribution and movement of water and energyf, the hydrological community at large, must still be
across a wide range of scales. Moreover, these tegstablished. This final agenda would give the 2d IHD
nologies provide information at accuracies and redoeus and would provide guidance for the allocation
lutions hitherto unimaginable. The set of new scienoélimited research and observing system resources.
questions stimulated by recent technological develop- The burden of making the agreements and proto-
ments is also global in scope. Answers to these quesls that will launch the 2d IHD falls on national and
tions lie at the interface of hydrology and climate andternational institutions and agencies that deal with
hold the promise of great societal benefits. The toalsientific research and cooperation, water resources,
and science questions are at hand and the 2d IH@nsl natural hazards. The agenda for land surface hy-
the medium for realizing their potential. drology proposed here demonstrates the readiness of
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the research Community to take the initiative for agalvucci, G. D., 1997: Soil and moisture independent estimation
vancing the discipline. Hydrologists can and should of stage-two evaporation from potential evaporation and al-

take the lead in developing the scientific knowledge i’ggo or surface temperatu¥/ater Resour. Res33, 111~

required to address contemporary global enV'ronm%?’fowstack, R., 1998: Real-time monitoring and warning for natu-
tal issues such as food security, human health, andal hazards can provide real-time benefiiss, Trans. Amer.
economic development. A focused research agenda foGeophys. Uniori79, 329-333.

a 2d IHD, whatever its final form, should give hydr0|UNESCO, 1972: Status and Trends of Research in Hydrology: A

ogy the direction it needs to address the critical sci-Slc\’lrl‘Etgg‘g'O” to the International Hydrological Decade.
e”_Ce_ and water res_ource prqblems_ of the next Cen_t%, 1974a: Records of the International Conference on the Re-
This is an opportunity that will provide great benefits, syits of the International Hydrological Decade and on future
both for the discipline and for society as a whole. programmes in hydrology: | Final Report. UNESCO, 99 pp.
——, 1974b: Records of the International Conference on the Re-
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