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ABSTRACT

This lecture evaluates the low-frequency variability of surface air temperature that was obtained from a 1000-yr integration of a coupled ocean-atmosphere-land surface model. The model simulates reasonably well the variability of local
and global mean surface air temperature (SAT) at decadal timescales. The physical mechanisms responsible for this
variability are explored. Based upon an analysis of the time series of the simulated global mean SAT, it is indicated that
the warming trend of ~0.5°C century since the end of the last century was not generated internally through the interaction among the atmosphere, ocean, and land surface. Instead, it appears to have been induced by a sustained change in the
thermal forcing such as that resulting from changes in atmospheric greenhouse gas concentration, solar irradiance, and
aerosol loading.
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1. Introduction

One of the emerging tools for the study of climate
variability is a coupled ocean-atmosphere-land surface model in which a general circulation model of
the atmosphere is coupled to a general circulation
model of the oceans and a land model representing
the heat and water budget of the continental surface. Referring to the climate variability simulated
by a 1000-yr integration of a coupled model, this
lecture attempts to answer the following questions.
1) How well does the coupled model simulate the
decadal variability of local and globally averaged surface air temperature?
2) What are the physical mechanisms responsible
for this decadal variability?
3) Have we distinguished the thermally forced global warming from internally generated natural
variability?
*This lecture was presented at the 77th AMS Annual Meeting in
Long Beach, California, on 5 February 1997.
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Figure 1 illustrates
the time series of globally averaged, annual mean surface
temperature (Jones
and Wigley 1991). In
addition to the general
warming trend, which
began around the turn
of the twentieth century, this time series
exhibits large fluctuations of the global
mean temperature, at
Syukuro Manabe
not only interannual
but also multidecadal
timescales. Here we evaluate this time series based
upon the results from several numerical experiments which were performed at NOAA's Geophysical Fluid Dynamics Laboratory.
For a more detailed description and evaluation
of the simulated variability of surface air temperature, refer to the studies by Manabe and Stouffer
(1996) and Hall and Manabe (1997). The model
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FIG. 1. Time series of globally averaged, annual mean surface
air temperature anomalies (i.e., the departures from the 1880-1920
base-period means) obtained by Jones and Wigley (1991).

assessment of the observed warming trend was
made earlier by Stouffer et al. (1994).
2• Numerical experiment

We conducted a 1000-yr time integration of the
coupled model described above. The initial conditions for the control experiment have realistic seasonal and geographical distributions of sea surface
temperature, surface salinity, and sea ice, with which
both the atmospheric and oceanic model states are
nearly in equilibrium. When the time integration of
the model starts from this initial condition, the
model climate drifts towards its own equilibrium
state, which differs from the realistic initial condition described above (e.g., Manabe and Stouffer
1988). To reduce this drift that results from the imperfection of a model, the fluxes of heat and water
obtained from the atmospheric component of the
coupled model are modified by given amounts
before they are imposed at the oceanic surface.
Because the adjustments are determined before the
time integration of the coupled model, and are not
correlated to the transient surface anomalies of temperature and salinity that can develop during the
integration, they are unlikely to either systematically amplify or damp the anomalies. The adjustments do not eliminate the shortcomings of the
model physics, which could distort the simulated
transients. But the adjustments do prevent the rapid
drift of the model state from the realistic initial condition, which could seriously distort the results of
a numerical experiment.
Owing to the flux adjustment and initialization
technique described above, the climate of the coupled
model remains realistic during the 1000-yr period.
Thus, the coverages of sea ice and snow, which
control the albedo feedback process, remain realistic. A rapid, initial change in the intensity of the
thermohaline circulation is avoided, thereby preventing the artificial drift of water mass structure
that distorts the multidecadal variability of climate

The coupled model used here consists of general circulation models (GCMs) of the atmosphere
and oceans with sea ice and a simple model of land
surface that includes the budgets of heat and water
(Fig. 2). It is a global model with realistic geography. The atmospheric GCM includes the seasonal
variation of insolation and predicted cloud cover.
It has nine vertical finite-difference levels. The
horizontal distributions of predicted variables are
represented by spherical harmonics (15 associated
Legendre functions for each of 15 Fourier components) and by corresponding grid points. The oceanic GCM uses a finite-difference technique with a
regular grid system that has horizontal spacing of 4.5° latitude x 3.75° longitude and 12 vertical levels.
For economy of computer time, the
coupled model described above has relatively low computational resolution and
contains relatively simple parameterizations of various physical processes.
Despite its simplicity, the coupled
model successfully reproduces the
standard deviation of surface air temperature variability as described in this
following section, encouraging us to use FIG. 2. Box diagram that illustrates the structure of the coupled ocean-atmosphereit for the study of climate variability. land surface model.
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in the coupled system. We believe that the technique of flux adjustment described above is an attractive alternative, pending the completion of the
more realistic models of the coupled system in the
future.
To identify the role of the oceans in the low-frequency fluctuation of climate, long-term integrations of two different models (Fig. 3) are compared
with each other. The first model, the "coupled
model" described above, is constructed by combining a general circulation model of the atmosphere with that of the oceans. The second model,
the "mixed layer model" is made by combining the
general circulation model of the atmosphere with
a very simple mixed layer ocean model that is vertically well-mixed layer of water with uniform
thickness of 50 m. To mimic the convergence of
horizontal heat transport by ocean currents, heat
flux is prescribed at the bottom of the mixed layer
ocean depending on season and geography. The FIG. 3. Two models used: (a) coupled model, (b) mixed layer
annual cycle of heat flux, however, repeats itself model.
exactly and does not change from one year to the
next. By comparing long-term integration of these poral variations of the transport and storage of heat
two models, we hope to investigate how the tem- in the oceans affect the variability of climate.
3. Local variability

To examine the local variability of
surface air temperature on interannual
and decadal timescales, the geographical distributions of the standard deviation of annual and 5-yr mean surface
air temperature (SAT) of the coupled
model are illustrated in Figs. 4 and 5
and are compared with the observed
distributions. These figures indicate
that, with the exception of the eastern
tropical Pacific where the magnitude
of sea surface temperature (SST) variability associated with the Southern
Oscillation is large, the coupled model
simulates reasonably well the observed variability of local SAT at
interannual and decadal timescales.
The simulated variability is usually
larger over continents than oceans in
agreement with observations. This
FIG. 4. Geographical distributions of the standard deviation of annual mean SAT land-sea
contrast in variability holds
anomaly (°C): (a) coupled model, (b) observed (Jones and Wigley 1991). To
not
only
for
the annual but also for the
determine SAT distribution, Jones and Wigley complemented SAT by SST data.
decadal and multidecadal timescales.
Thus, observed variability of annual mean SAT (b) may be underestimated.
Bulletin of the American Meteorological Society
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tent with the linear stochastic theory of
Hasselmann (1976), which regards the
observed variation of SST anomaly as
the red noise response to the white
noise forcing by synoptic-scale disturbances in the atmosphere. At the
timescales that are much longer than
the duration of a synoptic-scale disturbance, the thermal forcing of the
atmosphere upon oceanic surface may
be characterized as white noise.
Hasselmann (1976) noted that, at relatively high frequencies, the mixed
layer ocean with large thermal inertia
serves as the integrator of the white
noise forcing of the atmosphere, yielding a power spectrum for SST that is
inversely proportional to the square of
frequency. On the other hand, at low
frequency, the mixed layer is in near
thermal equilibrium with the white
noise atmospheric forcing, yielding
the SST spectrum, which is also white.
FIG. 5. Geographical distributions of the standard deviation of 5-yr mean SAT Thus, the power spectrum of SST time
anomaly (°C): (a) coupled model, (b) observed (Jones and Wigley 1991).
series over the whole frequency range
could be characterized as red noise.
As Fig. 6 indicates, the year-to-century part of The red noise SST anomalies, in turn, affect SAT
the simulated spectrum of monthly mean SAT over
continents in middle latitudes is almost white with
a slight downward bend at the frequencies higher
than 1 cycle yr . The power of the SAT spectrum
over most of the oceans, however, increases very
gradually with decreasing frequency as influenced
by the thermal inertia of underlying oceans and
approaches the power of the continental spectrum
at decadal and longer timescales. In other words,
local SAT variability over continents is larger than
those over oceans, at not only interannual but also
decadal and longer timescales. We believe that this
difference results mainly from the slower evaporative damping of surface temperature anomalies
over continents as compared with oceans. At the
oceanic surface of low and midlatitudes where saturation vapor pressure is relatively high, evaporative ventilation is very effective in reducing surface FIG. 6. Power spectra of monthly mean SAT anomaly of the
coupled model. Continental and oceanic spectra, respectively, are
temperature anomalies.
obtained
averaging the spectra of all grid points, which are located
In the midoceanic regions of the midlatitudes, inside theby30°-60°
latitude belt in the Northern Hemisphere. The
the spectrum of SST anomalies of both coupled and spectra are the smoothed
Fourier transform of the autocovariance
mixed layer models may be characterized as a red function using a Tukey window
with a maximum of 2400 (200 yr)
noise spectrum indicative of the first order Markov lags. They are smoothed by the equally weighted averaging over
process (Fig. 7). This result appears to be consis- the logarithmic (base 10) interval of 0.04 in frequency.
-1
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FIG. 7. Power spectra of monthly mean SST anomaly of the
coupled and the mixed layer models. Both spectra are obtained by
averaging the spectra of all grid points, which are located in the
midoceanic boxes of the North Pacific (42.2°-28.9°N, 155.6°E140.1°W) and North Atlantic (42.2°-28.9°N, 61.9°E-28.1°W). The
specific details for computing these power spectra are contained in
the caption of Fig. 6. The thin line is the least square fit of the red
noise spectrum to the spectrum of SST from the coupled model
(thick solid line).

the surface temperature is in equilibrium with the
almost-white noise thermal forcing from the atmosphere, yielding an almost white noise power spectrum over a wide range of frequencies. The white
noise fluctuation of surface temperature, in turn,
closely interacts with the atmosphere mainly
through boundary layer heat exchange, maintaining the almost-white noise SAT spectrum as described above (Fig. 6).
The applicability of the linear stochastic theory
is reduced in certain subpolar regions of the model
oceans where thermohaline circulation and associated convection often penetrate very deeply.
These regions include the Nordic Seas, the Okhotsk
Sea, and the circumpolar ocean of the Southern
Hemisphere. In these regions of the coupled model,
both SST and SAT are very persistent (Fig. 8), and
their spectral densities at decadal and longer
timescales are much larger than those of the mixed
layer models (Fig. 9), due to the advection of SST
by ocean currents in the coupled model. The difference in spectral densities underscores the important role that ocean circulation plays in enhancing
the variabilities of both SAT and SST at these
timescales. For example, the pronounced multidecadal oscillations of SST and SSS in the
Greenland Sea of the coupled model are associated
with fluctuations in the intensity of the East
Greenland Current and convective activity in the
Greenland Sea (Delworth et al. 1997). The
Greenland Sea temperature and salinity variations
are preceded by near-surface salinity variations in
the Arctic through the East Greenland Current.
These modeled salinity anomalies then propagate
around the subpolar gyre into the Labrador Sea and
the central North Atlantic in a manner similar to

anomalies directly above such that their spectral
power increases gradually with decreasing frequency (Fig. 6).
Recently, Hall and Manabe (1997) analyzed the
observed time series of SST and SSS (sea surface
salinity) at the weather station "Papa" located
in the northwestern North Pacific (51.8°N,
148.1°W). Both of these time series exhibit the red
noise characteristic. The SSS spectrum is significantly redder than the SST spectrum, underscoring
the weaker damping of SSS as compared with SST anomaly. It is expected
that SST anomaly is reduced much
faster than SSS anomaly because of the
heat exchange of ocean-atmosphere
interface through radiative, sensible,
and latent heat fluxes. These results appear to be consistent with the linear
stochastic theory of Hasselmann
(1976).
Hasselmann's theory could also be
applied to evaluate the temporal variation of continental surface temperature. Since the effective thermal iner- FIG. 8. Geographical distribution of autocorrelation coefficient (lag: 5 yr) for the
tia of the continental surface is small, time series of 5-yr mean SAT anomalies from the coupled model.
Bulletin of the American Meteorological Society
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FIG. 9. Power spectra of monthly mean SST anomaly at 69.75°N,
22.5°W of the coupled (solid line) and mixed layer (dashed line)
models. The specific details for computing these power spectra are
contained in the caption of Fig. 6.

served time series of SST and SSS are significantly
coherent with each other at decadal timescales (Hall
and Manabe 1997). This is because the decadal
variabilities of both SST and SSS result mainly from
the advection of these variables by anomalous
ocean currents that could be induced by atmospheric forcing. Thus, the normalized spectra of
SST and SSS are very similar to each other, in contradiction to what is expected from the linear stochastic theory. In short, the analysis of both observed and simulated time series indicates that the
linear stochastic theory as originally defined by
Hasselmann is not applicable in certain high-latitude oceanic regions where the interaction between
ocean and atmosphere appears to be responsible
for the large decadal variabilities of both SST and
SSS.
4 . Global variability

As discussed in the introduction, the detection
of global warming has been an important goal of
climate research. In view of the successful simulation of the local variability of SAT by the coupled
model, we felt it worthwhile to evaluate the observed warming referring to the results from the
coupled model. For this purpose, the time series of
global mean SAT anomalies from the 1000-yr integration of the coupled model is compared (in
Fig. 10) to the observed time series obtained during the last 110 yr. Before performing the trend
analysis described below, a small linear trend of
-0.023°C century is removed from the 1000-yr
time series of the coupled model.
To assess the probability of finding a centuryscale warming trend such as that
observed between 1881 and 1990
in the 1000-yr time series of global mean SAT from the coupled
model, Stouffer et al. (1994) calculated the probability for linear
trends exceeding 0.5°C century
[i.e., the observed linear trend
between 1881 and 1990 AD;
Jones and Wigley (1991)]. They
found that, for intervals longer
FIG. 10. Time series of globally averaged, annual mean surface air temperature anomaly than -60 yr, there are no trends
from a long-term mean: (a) 1000-yr time series from the coupled ocean-atmosphere model,
(b) 110-yr (1881-1990 AD) time series of observed, globally averaged temperature. The as large as 0.5°C century . In
straight lines through both time series are such that the sum of squared distance between other words, the observed warmthe time series and the straight line is minimized.
ing trend of 0.52°C century is
the "Great Salinity Anomaly." The cold SST
anomalies in the Greenland Sea, in turn, induce the
slight eastward shift of the Icelandic low, resulting in the weakening of southerly wind over the
Nordic Seas. Thus, the East Greenland Current
intensifies, further reducing SST in the Greenland
Sea. The Greenland Sea Oscillation described here
appears to interact and is coherent with the previously identified multidecadal fluctuation in the
intensity of the North Atlantic thermohaline circulation of the coupled model (Delworth et al.
1993).
At the weather station "India" located in the
northern North Atlantic (60.8°N, 20.6°W), the ob-
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not found in the coupled model time series for any
intervals longer than -60 yr. Essentially similar results are obtained for the time series from the mixed
layer model. In short, it is not likely that the oceanatmosphere-land interaction in either the coupled
or mixed layer model could randomly generate a
substantial long-term warming trend, such as that
observed since the end of the last century.
To examine spectrally the time series of global
mean SAT anomaly shown in Fig. 10, the power
spectra of detrended and globally averaged
monthly mean SAT anomalies from the 1000-yr
integrations of both coupled and mixed layer models are compared in Fig. 11 with the spectrum of
detrended, observed SAT compiled by Jones and
Wigley (1991). (The detrending of the observed
time series reduces the contributions from fluctuations on timescales longer than 50 yr.) At multidecadal or shorter timescales, the spectra from both
models are very similar to the observed spectrum,
although the estimates of both models are lower
than observed over the period from 1 to 10 yr [i.e.,
around the timescales of the Southern Oscillation,
which is underestimated by the coupled model
(Knutson and Manabe 1994; Knutson et al. 1997)].
At decadal to multidecadal timescales, the mixed
layer model simulates the observed variability particularly well. Assuming that the model behavior
is realistic, the failure of both models to reproduce
the sustained, large warming trend observed during this century implies that the trend is not generated internally in the coupled system. Instead, it
more likely was induced by a sustained trend in
thermal forcing such as solar irradiance, atmospheric greenhouse gases, and aerosol loading.
It is notable that the global mean SAT spectra
from the coupled and mixed layer models are similar to each other: the powers of both spectra increase almost monotonically with decreasing frequency. However, in both models, the spectral
density of local SAT is almost white over continents
and decreases very gradually with increasing frequency over oceans (Fig. 6), and it is quite different from global mean SAT spectrum described
above. The difference between the spectra of local
and global mean SAT suggests that, at high frequencies, SAT anomalies tend to have relatively
small scales and hardly contribute to the variability of global mean SAT. On the other hand, SAT
anomalies with very low frequency tend to have
almost global scales, which include both oceans
Bulletin of the American Meteorological Society

FIG. 11. Power spectra of detrended globally averaged, monthly
mean SAT anomaly. The solid line represents the coupled model:
the dashed line represents the mixed layer model (to detrend the
time series, the least square method is used); the thin solid line
represents observed [obtained by use of the data compiled by Jones
and Wigley (1991)]. The spectra are the smoothed Fourier transform
of autocovariance function using a Tukey window with a maximum
of 2400 (200 yr) lags for the models and 480 (40 yr) lags for the
observed. They are smoothed by the equally weighted averaging
over the logarithmic (base 10) interval of 0.04 in frequency.

and continents, and contribute more effectively to
the variability of global mean SAT. Thus, the spectral densities of global mean SAT of both coupled
and mixed layer models decreases substantially
with increasing frequency at interdecadal and
shorter timescales despite almost white noise-like
behavior of local SAT anomalies. The characteristic of the global mean SAT spectrum described
above implies that the globally averaged forcing
by synoptic-scale atmospheric disturbances is also
substantially different from the white noise, with
smaller amplitude at higher frequencies.
Although there are large and persistent anomalies of both SST and SAT near the Denmark Strait
and the circumpolar ocean of the Southern Hemisphere of the coupled model, their contributions are
not large enough to make the power spectrum of global mean SAT of the coupled model significantly
different from that of the mixed layer model. The
above discussion suggests that the thermal forcing
of continental and oceanic surface by random atmospheric synoptic-scale disturbances and associated weather is essential for sustaining the decadal
variability of global mean surface air temperature.
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5. Transient model response

To investigate the past and future change of climate in response to a combined effect of increasing greenhouse gases and sulfate aerosols, a numerical experiment has been conducted by
Haywood et al. (1997) using this coupled model.
Since the results from their experiment are very
useful for assessing the capability of the coupled
model in simulating the sensitivity and variability
of climate, we shall briefly describe their results
here.
The temporal variations of sulfate aerosols and
the C0 equivalent of all greenhouse gases used
for this experiment are practically identical to those
used by Mitchell et al. (1995). (The temporal variation of the C0 equivalent radiative forcing from
1765 to 1990 AD was based upon the 1990 Intergovernmental Panel on Climate Change report.
After 1990, it was assumed to increase by 1% yr .
The direct effect of sulfate aerosols was added by
increasing surface albedo at each grid box, yielding the 1990 global mean thermal forcing of
~-0.6 W m~ .) Starting from the initial condition
of the 1000-yr control integration described in the
preceding section, Haywood et al. performed the
time integration of the coupled model over the
period from 1765 to 2065 AD with thermal forcing of combined greenhouse gases and aerosols as
described above.
Figure 12 illustrates the temporal variation of the
globally averaged, annual mean anomalies of
coupled model from 1850 to 2000 AD. For comparison, the time series of global mean surface air
temperature anomaly compiled by Jones and
Wigley (1991) is added to the same figure. This
figure indicates that the simulated warming trend
during the past 100 yr is remarkably similar to
the observed trend. The model also reproduces the
magnitude of the observed decadal variability
reasonably well, as discussed in the preceding
section.
In view of the large uncertainty in the estimation of the atmospheric loading of various aerosols
and their radiative effect, the close agreement of
the simulated and observed warming trends during this century could be fortuitous. The estimates
of the past radiative forcing due to aerosols are also
highly uncertain. In addition, many radiative
forcings are neglected in this experiment; they include those due to ozone changes, other anthropo2
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FIG. 12. Time series of globally averaged, annual mean surface
air temperature anomalies (i.e., deviations from 1880-1920 mean).
Thick solid line: observed (Jones et al. 1991). Thin solid line:
simulated.

genie aerosols, indirect aerosol effects on cloud
brightness, and changes in the solar irradiance.
Furthermore, the climate response to these forcings
is also uncertain. For example, the equilibrium response of the mixed layer model to the doubling
of atmospheric C0 is 3.7°C, which lies in the upper half of the range of 1.5°-4.5°C estimated by
the Intergovernmental Panel on Climate Change
(1996). It appears significant, however, that we are
unable to simulate the observed warming of the
centennial timescale unless the combined effect of
increasing greenhouse gases and sulfate aerosols
is incorporated. This suggests that the sustained,
warming trend of this century is thermally forced
rather than internally generated.
2

6 . Concluding remarks

Despite its simplicity and low computational
resolution, the coupled model simulates reasonably well the decadal variability of local and global
mean SAT. The coupled ocean-atmosphere-land
surface model has shown to be a very promising
tool for the study of not only global warming
but also internally generated, natural variability of
climate.
Based upon the comparison between the observed and simulated variability of global mean
SAT, we suggest that the sustained warming trend
of this century was not generated internally through
the interaction among the atmosphere, oceans and
Vol. 78,, No. 6, June 1997
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land surface. Instead, it appears to have been forced
by natural and anthropogenic thermal forcing such
as that resulting from the increase of solar irradiance (Lean 1991) and greenhouse gases in the atmosphere. Similar inference could also be drawn
from analysis of a global mean SAT time series
obtained from the coupled model developed at the
Hadley Centre of the U.K. Meteorological Office
(Mitchell et al. 1995).
In addition to analyzing the time series of global mean SAT, other approaches have been employed for the detection of global warming. By
comparing the pattern of the observed SAT change
during the last 15-30 yr with the patterns of SAT
variability generated by coupled models, Hegerl
et al. (1996) concluded that statistically significant,
externally induced warming has been observed.
Santer et al. (1996) noted that the observed patterns
of temperature change in free atmosphere from
1963 to 1997 are similar to those obtained by climate models that incorporate various combinations
of changes in carbon dioxide, anthropogenic sulfate aerosols, and stratospheric ozone concentrations. The conclusions of the studies mentioned
above are clearly in support of the recent statement
of the Intergovernmental Panel on Climate Change
(1996): "The balance of evidence suggests a discernible human influence on global climate."
Acknowledgments. We thank A.J. Broccoli, T.R. Knutson, and
J.D. Mahlman for reviewing the manuscript and providing us with
many valuable comments.
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Robert E. Horton Memorial Lecture*
Eugene M. Rasmusson
Department of Meteorology, University of Maryland at College Park, College Park, Maryland

ABSTRACT

In an insightful paper published in 1931, Robert E. Horton characterized the
discipline of scientific hydrology as dealing with "the natural occurrence, distribution, and circulation of water on, in and over the surface of the earth." Scientific
hydrology therefore spanned the disciplines of meteorology, oceanography, and
the newly recognized discipline of "hydrology," that is, land surface hydrology.
However, there was limited interest in the interdisciplinary aspects of the hydrologic cycle at that time. This contributed to a lack of consensus on the nature of
land-atmosphere coupling in continental hydrology and its role in the initiation
and perpetuation of the catastrophic droughts of the 1930s.
The development of modern interdisciplinary hydrology is intimately intertwined with the simultaneous evolution of climatology from a descriptive branch
of geography to a highly sophisticated interdisciplinary science, in which the hydrologic cycle plays a central role. Four specific aspects of this development are
Eugene M. Rasmusson
identified: 1) the establishment of a global rawinsonde network that provided the
data required for diagnostic studies of the atmospheric branch of the hydrologic cycle and its links with land surface
hydrology; 2) the development of new satellite and in situ observation systems and the conducting of limited timespace field campaigns, which together provided data needed for quantitative descriptions and parameterizations of atmospheric and land surface hydrologic processes; 3) the advent of numerical weather prediction (NWP) and the
subsequent development of relatively low resolution but increasingly realistic coupled climate models, followed by
4) the steadily increasing resolution and more realistic land surface parameterization of current coupled land-atmosphere
numerical weather prediction models.
The mismatch of between the scales of surface hydrologic processes and the resolution of the early climate models
was an initial roadblock to the exploitation of these developments for regional hydrologic prediction. However, there
has been increased interest during the past decade in continental-scale hydrology by both the land surface and atmospheric scientific communities, along with a continued increase in the resolution of both climate models and operational NWP models. Operational modeling now seems to be moving toward more fully integrated, end-to-end
hydrologic prediction systems, with forecasts of stream discharge a product of fully coupled models. Significant
observational deficiencies remain, but new observational systems and indirect methods for estimating variables now
offer hope for overcoming at some of these deficiencies.

*This speech was presented at the Special Symposium on the
Land-Atmosphere System: An Interdisciplinary Approach, which
was part of the 77th Annual Meeting of the American Meteorological Society, in Long Beach, California, on 4 February 1997.
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1 • Development of scientific hydrology

Hydrology in the United States had its early development in an applied, civil engineering setting. The
general recognition of hydrology as a scientific dis1187
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cipline did not occur until the 1920s (Littlejohn 1931).
In an insightful paper written as background for the
establishment of the American Geophysical Union
(AGU) Section on Hydrology, Robert E. Horton
(1931) characterized scientific hydrology as dealing
with "the natural occurrence, distribution, and circulation of water on, in, and over the surface of the
earth." Horton excluded no spatial scales from the
sphere of scientific hydrology; that is, "Any natural
exposed surface may be considered as a unit area on
which the hydrologic cycle operates. This includes,
for example, an isolated tree,... a growing plant,...
the drainage-basin of a river system or any of its
tributaries, . . . a lake, an ocean or the earth as a
whole" (Horton 1931).
Nowadays Horton's definition of hydrology would
be considered too restrictive, since it excludes human
effects and does not directly address the biological and
chemical aspects of hydrology. On the other hand, his
inclusion of both atmospheric and terrestrial branches
of the cycle in his definition reflects the multidisciplinary perspective that he derived from his remarkable career.
Robert E. Horton (Fig. 1, 1875-1945) always referred to himself as a consulting hydrologic engineer,
but this fails to do justice to the broad scope of the
activities and contributions of this great scientist and
engineer. As Merrill Bernard, the hydrology director

for the U.S. Weather Bureau wrote shortly after
Horton's death, "his contributions to the sciences of
meteorology and hydrology embrace all phases of the
hydrologic cycle" (Bernard 1945). Horton is often
referred to as the "father of American hydrology"
(Hall 1987). In addition to his activities in the AGU,
he was an influential member of the American Meteorological Society, having served as a member of
the council, as vice president, and as president in
1938-39. His more than 150 publications spanned the
fields of hydrologic engineering, land surface hydrology, geology, and meteorology (Bernard 1945). "To
encourage and foster an interaction of ideas between
meteorologists and hydrologists" is therefore a highly
appropriate theme for the AMS Horton Lecture.
The processes associated with the movement of
moisture in the atmosphere are fundamentally different from those associated with the movement of water on and beneath the land surface. The scientific
roots of land surface hydrology are to be found in civil
engineering applications and the solid earth disciplines, whose culture, perspective, historical development, and objectives were very different from those
of meteorology and oceanography, which at least
shared a common fluid dynamics foundation.
One thing the disciplines had in common in 1930
was their primitive state of development. Since much
needed to be learned from discipline-oriented studies,
it seemed reasonable at the time to address the hydrologic cycle in a purely discipline context. Consequently,
Horton and his colleagues on the AGU Section Founding Committee considered the science of hydrology
to be primarily multidisciplinary rather than interdisciplinary in nature, that is, "each field of activity begins, therefore, where another ends" (Grover 1933).
In this context, that portion of the hydrologic cycle
that "belonged" to each discipline would be studied
primarily as an open system. For the terrestrial branch
of the cycle, precipitation was input to the system and
evaporation and stream discharge were output.
Linsley (1951) expressed this "discipline-centric perspective" when he noted that "many writers have attempted to evaluate the quantities of water involved
in the meteorological phases of the cycle. From the
viewpoint of the hydrologist, such evaluations are
largely academic, for he is interested in the disposition of the water which reaches a specific area, and
its ultimate source is of little concern." Conversely,
FIG. 1. Reproduction of a picture of R. Horton that appeared for a meteorologist of the time, land surface hydrolin the June 1945 issue of the Bulletin of the American Meteoro- ogy would more than likely be considered irrelevant
to the circulation of the atmosphere and more specifilogical Society.
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cally to the precipitation process
(Kincer 1935).
The strong discipline perspective has produced and will
continue to produce many significant advances, but it does
not adequately address the interactive processes of the land and
atmosphere. In the words of
Chahine (1992), "We must treat
the hydrological cycle as a
whole, not in parts, to grasp its
full behavior and its intricate
nonlinear feedback loops."
2. LeSSOnS from the
"dirty thirties"

^

F - 2. Time series showing the percent of the Missouri River Basin experiencing severe
°
drought categories of the Palmer Drought Severity Index (PDSI) (Palmer 1965).
Figure courtesy of R. Quayle (NOAA NCDC).
ig

r e x t r e m e

Although the drought of
1931 on the Great Plains was
relatively short lived (Fig. 2), it was simply the opening installment of a decade of drought and dust storms
that together comprised the worst climate-related crisis in the history of our nation. The lack of consensus as to the climatic aspects of this catastrophe
clearly exposed the primitive state of the developing
sciences of hydrology, meteorology, and climate.
The early explorers and traders who crossed the
region gave the Great Plains "bad press" (Bark 1977),
leading some mapmakers of the time to identify the
region as "The Great American Desert." By the middle
of the century an intuitive notion had developed that
the climate of the Great Plains would improve with
settlement and the establishment of agriculture. This
viewpoint was neatly captured by the cliche that "rain
follows the plow" (Smith 1950).
With the end of the Civil War, the settlement of
the Great Plains west of the 96th meridian began in
earnest. During this period, optimism that the climate
of the Great Plains was changing for the better overruled observations, and, to help things along, Congress
passed the Timber Culture Act in 1873 in the belief
that trees would increase rainfall sufficiently to eliminate climate hazards on the Great Plains (Bark 1977).
Coincidentally, more or less abundant rainfall on the
Great Plains from 1875 to 1886 provided a convincing argument that the goal had been accomplished.
However, the normal pattern of climate variability ultimately prevailed, as disastrous droughts again occurred during the period 1886-1895 (Bark 1977). By
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1900, the notion that rain follows the plow had become far less convincing. This changing perception
was reinforced by Smith (1919), who concluded that
rainfall records from the Great Plains showed no evidence of a trend related to agriculture. Since this paper was published in the Monthly Weather Review,

which at the time was an official publication of the
U.S. Weather Bureau, it was interpreted as the
bureau's position on the matter. However, the question of human influence on the climate of the Great
Plains was by no means settled and was to reemerge
again during the 1930s.
A spirited debate as to the future course of the
Great Plains climate arose following the disastrous
drought of 1934. Was this simply a recurrent, albeit
unexplained, feature of natural climate variability on
the Great Plains, and, if so, how long could the drought
epoch be expected to last? Alternatively, had the massive conversion of the Great Plains from grassland to
agriculture in little more than a half-century been, in
effect, a large-scale unplanned climate experiment
with dire results? In reality, had drought rather than
rain followed the plow?
A perception that the hydrologic cycle of the continental interior is primarily local or regional in nature now provided what appeared to be scientific
underpinning in support of the hypothesis of a humaninduced change in climate. This local/regional view
of continental hydrology was cogently expressed in a
report of the U.S. Natural Resources Board (1934):
1189
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"A considerable portion of the precipitation over any
region is derived from local evaporation from that
region. Only that part of the precipitation reflected as
runoff from streams of the region draining into the
ocean is derived from ocean sources."
Followed to its logical conclusion, this implies that
increased precipitation will naturally follow increased
evaporation, and the processes of precipitation,
evaporation, and reprecipitation will then become a
chain reaction, which will continue until surface runoff depletes the available supply of water (Benton
et al. 1950). In contrast to nineteenth-century thinking, it was now argued that settlement of the Great
Plains had reduced the surface waters of the area
through drainage of ponds and marshes, lowering of
the water table, etc., and there was wide discussion,
extending to congressional levels, of a plan to increase
rainfall by the construction of a farm or stock pond
on every quarter-section of land (Jensen 1935;
McDonald 1962). Even though this local/regional
view of continental hydrology was persuasively attacked in the late 1930s (Holzman 1937), the idea
persisted into the 1950s in some engineering textbooks (e.g., Mead 1950).
A different view, which invoked the earlier study
of Smith (1919), held that atmospheric hydrology was
primarily a by-product of atmospheric dynamics, and
therefore the atmospheric hydrologic cycle is largely
an irrelevant concept when dealing with the question
of precipitation variability. Joseph B. Kincer, a longtime editor of the U.S. Weather Bureau Weekly
Weather and Crop Bulletin, and later president of the
AMS (1936-37), expressed this position (Kincer
1935): "Many seem to think that all that is necessary
to produce rain is to supply the air with sufficient
moisture. . . . There is nearly always enough moisture
present in the atmosphere to produce rain in substantial amounts.... The primary agency in producing rainfall is not local water surfaces but rather the physical
operations (air mass movements), through which the
moisture is condensed and made available as rainfall."
Since the rawinsonde network as we know it today
was not established until the late 1940s, there were, in
fact, few observations to which Kincer could appeal
in support of his assertions regarding the behavior of
the atmospheric branch of the hydrologic cycle. The
same was true for the proponents of local recycling,
who failed to appreciate the consequences of the great
mobility of the atmosphere. Although the net inflow
of atmospheric moisture into a continental region over
an extended period of time does indeed closely cor1190

respond to the river outflow, the net atmospheric inflow for even a continental-scale area is generally a
small difference between large inflows and outflows.
In the spring of 1936 President Franklin Roosevelt
appointed a Great Plains Committee to evaluate the
situation. The committee's report to Congress (Great
Plains Committee 1936) was primarily an analysis of
the human dimensions of the disaster. The sections
dealing with climate were essentially descriptive in
nature and clearly reflected the inadequate understanding of climate variability. The possibility that the
drought was the result of a permanent climate change
due to either natural or anthropogenic causes was
deemed unlikely. However, there was a perception
that an extended drought had occurred between 1825
and 1865, and, while recognizing the futility of climate predictions at that time, this led the authors to
note the possibility that drought conditions could persist for 20 years or more.
With the advantage of hindsight and six decades
of scientific progress, one might be tempted to take a
condescending view regarding the confusion and lack
of understanding that existed in the 1930s, until it
is realized that there is still no explanation for that
drought epoch. The debate regarding the cause of
the more recent 1988 drought provides little encouragement that things would be significantly different
if the climate of the 1930s were to reappear in the near
future.
3. Post-World W a r II developments

Modern interdisciplinary hydrology has its roots
in developments during the 1950s and 1960s. Shortly
after World War II, the leadership of the AMS correctly perceived that meteorology was on the threshold of an era of rapid development. With this in mind,
the compilation of a massive Compendium of Meteorology was undertaken to survey the status of the science at midcentury. This publication serves as a good
benchmark from which to measure progress during the
last half of the twentieth century.
The theme of the compendium was the state of
knowledge of atmospheric processes, with little attention paid to the links with the ocean or land surface.
There were chapters on selected aspects of atmospheric hydrology (cloud physics, thunderstorms,
cumulus convection) but no unifying theme of an atmospheric hydrologic cycle. The large-scale atmospheric circulation was viewed primarily in terms of
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dynamics and adiabatic processes, that is, as a "dry"
atmosphere, and the links with land surface hydrology were limited to a two-chapter section. One chapter was on "hydrometeorology," which at that time
was narrowly defined as "that branch of meteorology
which deals with the rainfall statistics of storms in
order to determine theoretically or empirically, relationships between meteorological factors and the precipitated moisture which reaches the ground"
(Fletcher 1950). The other was on river forecasting
(Linsley 1951).
Climatology and the atmospheric general circulation were viewed as separate aspects of meteorology
and treated quite differently. The general circulation
was addressed as a physical-dynamical problem,
while climatology was largely descriptive in nature
and focused on the statistics of surface weather elements. In a critical comment in his climatology chapter, Durst (1951) noted that "there has been a woeful
tendency to the use of the bones of statistics and mean
values without the flesh of physical understanding....
The essential needs of climatology are in the first place
a reorientation of the expression of climate and of the
teaching of climate and secondly, the explanation of
climate as a physical and dynamical phenomenon."
Durst's analysis of the primitive state of climatology is a fitting prelude to a discussion of developments during the last half of the century, a time during
which climatology evolved from a minor descriptive
branch of meteorology (geography) to an interdisciplinary science in which diagnostic studies and climate system modeling play a central role (Kutzbach
1995). In the climate system context, land surface
anomalies become an integral part of the interacting
climate system rather than simply "impacts" of atmospheric processes.
The evolution of climatology served as a powerful stimulus for the development of interdisciplinary
research on the hydrologic cycle, since the hydrologic
cycle is clearly a centerpiece of the climate system.
Four specific aspects of this development can be cited:
1) the establishment of a global rawinsonde network
that provided the data required for empirical studies
of the atmospheric branch of the hydrologic cycle and
its links with land surface hydrology; 2) the development of new satellite and in situ observation systems,
and limited time-space field campaigns, which provided data needed to develop quantitative descriptions
and parameterizations of atmospheric and land surface hydrologic processes and for monitoring both
atmospheric and land surface variables; 3) the advent
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of numerical weather prediction (NWP) and the subsequent development of relatively low-resolution but
increasingly realistic coupled climate models, followed by 4) the steadily increasing resolution and
more realistic land surface parameterizations of
coupled land-atmosphere numerical weather prediction models.
Fundamental to all these developments was the
enormous increase in computing power made available by the development of the electronic computer.
Without the computer, there would have been no numerical modeling, no assemble and quality control of
the massive datasets now used in climate research,
and no ability to apply the sophisticated analysis techniques to both data and model output, which is the
hallmark of modern climate diagnostics.
4. Continental-scale hydrology

After decades of debate on the nature of the atmospheric general circulation, the extension of the
rawinsonde network over much of the Northern
Hemisphere during the 1940s and 1950s provided the
information needed to describe the basic features of
the atmospheric general circulation. This included the
first direct evaluation of the zonally averaged meridional vapor flux by the atmosphere (Starr and White
1955). The rawinsonde network over North America
provided the time-space sampling of tropospheric
winds and humidity needed to describe the broadscale features of the continental vapor flux field.
However, it was necessary to average over continentalscale areas in order to obtain reasonably accurate
values of the relatively small divergent component of
the flux needed for water balance computations. Thus
there was a large mismatch between the scales resolved by the atmospheric balance computations and
the smaller basin scales of primary interest for
surface hydrologic applications. Nevertheless, the
analyses were useful in defining continental-scale
processes and providing "bulk validation" of empirical methods for estimating evaporation.
In the first of these studies Benton et al. (1950),
documented some general characteristics of atmospheric moisture transport over the continent as it
related to the controversy over precipitation recycling. Subsequently, Benton and Estoque (1954)
analyzed the continental vapor flux field in terms
of its transient and mean components. In addition,
they computed the annual cycle of area-averaged
1191
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evaporation over North America by adding the atmospheric vapor flux divergence, equivalent to
evaporation minus precipitation, to estimates of
area-averaged precipitation. The results strongly
suggested a systematic bias in the empirical technique developed by Thornthwaite to derive climatological values of evaporation (Benton et al.
1950). Similar results were obtained by Rasmusson
(1967, 1968), who in addition used observed river
outflow, together with computed values of atmospheric vapor flux divergence, to obtain the annual
cycle of surface and subsurface moisture storage
over continental-scale areas of the United States
and southern Canada. Taken together, these studies demonstrated the value of using atmospheric
and surface hydrologic data together to evaluate
two unmeasured variables, namely, area-averaged
evaporation and surface and subsurface storage
change.
The quality of rawinsonde observations has improved over the years, and more than two decades of
consistent observations are now available. These data
are being used in Global Energy and Water Cycle
Experiment (GEWEX) Continental International
Project (GCIP) studies to evaluate the mean annual
cycle and year-to-year variations in the water balance
over the Mississippi Basin (Ropelewski and Yarosh
1997, manuscript submitted to Climate) (Figs. 3 and

4). With the recent availability of 3-hourly analyses from the forecast-analysis cycle of the operational Eta Regional Mesoscale Model of the U.S.
National Prediction Center (NPC), it is now possible to better evaluate the errors in the budget terms
due to inadequate time-space sampling by the rawinsonde observations (Berbery et al. 1997).
5. Local hydrology in a nonlocal
context

A physically based conceptual framework for
viewing multiweek to multiyear climate variability
had not yet developed at the time that the Compendium of Meteorology was published. Rather, these
timescales of variability were generally thought of as
simply the statistics of random weather fluctuations
for periods too short to exhibit a stable mean
(Rasmusson 1990). Bjerknes's (1969) discovery of the
relationship between the Southern Oscillation and
equatorial Pacific sea surface temperature represented
a more physical approach to the diagnostics of climate
variability, and this study marked a revival of interest in systematic global linkages between regional
climate variations.
A new era of observations had begun with the
launch of the first polar-orbiting meteorological satellite in April 1960, and the early satellite observations of cloudiness over the tropical Pacific were
a crucial factor in the Bjerknes diagnosis of the
coupled ocean-atmosphere ENSO phenomenon.
By providing global coverage at relatively high
time-space resolution, satellite data have been a
fundamental element in the host of later studies,
which together have resulted in a vastly improved
description and understanding of various aspects
of climate variability and the atmospheric hydrologic cycle, most notably in the Tropics.
Among the major contributions of satellite observations has been the steady improvement in the
ability to infer global precipitation fields from a synthesis of in situ and satellite observations (Xie and
Arkin 1996) (Fig. 5). The global hydrologic linkages associated with the ENSO cycle, which include precipitation variability over large areas of
North America, is a prime example. An example
of a North American continental feature revealed
FIG. 3. Location of 15 radiosonde stations whose data were by
satellite observations is the evolution of the sumused to compute the components of the atmospheric water budget
mertime
Mexican monsoon (Douglas et al. 1993),
shown in Fig. 4. Figure courtesy of C. Ropelewski and E. Yarosh
which
is
associated with the development of the
(NOAA NPC).
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warm season circulation and precipitation regimes over the United States
and Mexico (Higgins 1997). Recent
studies (R. Higgins 1997, personal
communication) reveal an interannual
mode of continental-scale variability
that mimics this seasonal monsoon pattern.
These and other documented "teleconnections" allow local rainfall and
river discharge time series from several
regions of North America to be analyzed
and interpreted in a nonlocal, more
physical context, as opposed to the
purely statistical time series analysis
common in hydrology. For example,
there are now many examples of river
discharge time series that have been related to the remote ENSO forcing (e.g.,
Eagleson (1994) and Piechota and
Dracup (1996). This nonlocal perspective can be useful for inferring the character of low-frequency hydrologic
variability from a correlated remote time
series of greater length than the series of FIG. 4. Mean annual cycle and standard deviation (1973-92) of the major
interest, for example, the Southern Os- atmospheric and terrestrial water budget components averaged over the area
shown in Fig. 2. (a) Evaporation minus precipitation, which is computed as the
cillation index.
6. Coupled climate modeling

area-averaged atmospheric vapor flux divergence, corrected for change in
atmospheric vapor storage change; (b) area-averaged precipitation derived from
surface observations; (c) river discharge from the enclosed area; (d) evaporation,
derived as (b) minus (a); and (e) surface-subsurface storage change, derived from
(a) minus (c). Figure courtesy of C. Ropelewski and E. Yarosh.

The development of coupled climate system numerical modeling represented a totally new approach to understanding
and prediction. In the mid-1950s, following the
breakthrough in NWP, an effort was undertaken
to model the general circulation of the atmosphere
(Smagorinsky 1983). The next step was to couple
the atmospheric general circulation model with the
ocean and land surface. The results of the first experiment were described in a seminal paper by
Manabe (1969). Manabe utilized a very simple
model for the surface moisture reservoir: a gridbox "bucket" with a 15-cm field capacity plus
snow on the ground. As noted by Manabe, more
complex parameterizations had been developed,
but they required more computing power and, more
importantly, more global information than was
available at that time. This simple bucket parameterization provided basic insight into the coupling
process and initiated the era of coupled landBulletin of the American Meteorological Society

atmosphere modeling. While brutally simple, with
many obvious shortcomings, it is still widely used
after almost three decades.
The initial reaction by the surface hydrologic
community to both the continental-scale observational studies and the "first generation" coupled
climate model experiments was less than enthusiastic. Considering the different cultures, perspectives, and objectives of the two disciplines at that
time, this is understandable. The first-generation
climate models developed out of an atmospheric
general circulation framework. Just as most meteorologists and climate modelers were unfamiliar with
many fundamental concepts of surface hydrology,
so the language and concepts of modern general
circulation studies and atmospheric dynamics were
unfamiliar to most surface hydrologists. These factors contributed to a major problem of communi1193
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main" (Becker and Nemec
1987). There was no distinction between storm runoff and
base flow in the early climate
models, for in effect all the
bucket overflow was storm
runoff. There was no streamflow routing, for model runoff
was either treated as an immediate input of freshwater to an
appropriate ocean grid point
or as simply water leaving the
model domain. These characteristics of the climate model
represented a fundamental gap
in the modeling of land surface
hydrology, which, among
other deficiencies, gave no
consideration of the time lags
in the system, which are the
heart and soul of land surface
hydrologic forecasting.
The early models were designed to resolve the dominant
atmospheric scales of motion of
order 500 km, while far higher
resolution was required if the
FIG. 5. Differences (mm day~l) in precipitation between warm and cold ENSO episodes
were to be applied to
for the December-February and June-August seasons from 1979 to 1995. Positive values models
study
the
hydrology of individual
are wetter during warm episodes. Warm cold episodes are defined as those seasons during
drainage
basins. The mismatch
which the sea surface temperature anomaly in the Nino3 region (5°N-5°S; 9°-150°W)
between
the
model grid and the
was above below +0.5° to 0.5°C. These composites are derived from a time series of
monthly global precipitation analyses constructed from a combination of gauge scale of surface hydrologic proobservations and estimates derived from satellite data by Xie and Arkin (1996). Figure cesses seemed insurmountable,
courtesy of P. Xie and P. Arkin (NOAA NPC).
and the scale mismatch exacerbated problems associated
cation. As late as 1992, Dooge (1992) commented with different coordinate systems, that is, the reguthat "present methods of communication between lar grid of the models and the irregular drainage
hydrologists and climate modelers will have to be basin "natural coordinates" of surface hydrology.
A number of developments ultimately forged a
improved if there is to be a fruitful dialogue and a
synergistic relationship between the two groups." tighter link between climate-weather models and
While the climate modeler generally began surface hydrology. These include 1) enhanced infrom a global perspective, the surface hydrologist terest in continental-scale variability by the land
was primarily concerned with small drainage ba- surface hydrologic community (Eagleson 1994),
sins. The main purpose of the land surface cou- 2) the development of more realistic parameterizapling in climate models was the modeling of tions of surface processes (Dickinson 1984; Sellers
land-atmosphere fluxes of heat and moisture, re- 1986; Beljaars et al. 1996), 3) the development of
ferred to by Becker and Nemec (1987) as the "ver- coupled operational weather forecast models with
tical flux domain." In contrast, the ultimate concern steadily increasing resolution and more realistic
of the surface hydrologist was generally the stor- land surface subcomponents, 4) improved specifiage and movement of water on and below the cation of land surface conditions (Sellers et al.
earth's surface, that is, the "horizontal flux do- 1997), and 5) the recent incorporation of at least a
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crude representations of streamflow routing in some when an improved land surface parameterization
was used. Diagnosis of the model output, which
climate models.
showed a complex nonlocal relationship between
anomalous evaporation and anomalous precipita7. Looking to the future
tion, demonstrates that the relationship between
land surface conditions and precipitation cannot be
This is an exciting time of rapid development in understood by simply studying the recycling of
hydrology, as illustrated by the more than 200 papers moisture as an isolated process.
and diverse joint sessions of this year's 13th AMS
In the past, operational end-to-end hydrologic
Conference on Hydrology. The vast canvas of forecasting on short to medium timescales (hours
hydrology-related topics addressed during the confer- to a day to a week or two) has been stymied by the
ence marks a major milestone in the maturing of the inability of atmospheric models to predict precipiinterdisciplinary approach to hydrological studies. A tation with an accuracy useful for quantitative river
variety of national and international programs that ad- forecasting. Improved precipitation from highdress various aspects of the global hydrologic cycle resolution regional mesoscale models now suggests
have been important in this development. In particu- that the required accuracy may soon be realized.
lar, the various subprograms and regional studies of Furthermore, the continually increasing resolution
GEWEX have entrained meteorologists, hydrologists, of operational mesoscale forecast models will soon
and biospheric scientists in a variety of interdiscipli- exceed the resolution provided by the typical
nary studies. Two of these regional programs are now subbasins used in river forecasting. This will make
in progress over North America; GCIP being con- streamflow routing on the regular grid forecast grid
ducted over the Mississippi Basin, and the MacKenzie feasible. Coupling the increase in resolution with
GEWEX Study (MAGS) being conducted over the the development of methods for parameterizing the
MacKenzie Basin in Canada.
effects of subgrid-scale variability (Koster and
Progress in diagnostics and modeling hinges in no Suarez 1994), and model representation of both
small measure on the development of new observa- storm runoff and base flow (Liang et al. 1994),
tional systems and the improvement of old systems. suggests to me that operational end-to-end hydrologic
In this regard, the well-known but inadequately evalu- forecasting may well become a reality in the not-tooated systematic biases in the conventional in situ mea- distant future. The systematic incorporation of both
surements of precipitation, particularly snow, are now land surface and atmospheric data in an end-to-end
being seriously addressed. Improvements in Doppler forecast-analysis cycle can be useful in providing
radar and satellite monitoring of precipitation are be- better initial conditions for the forecast and can be used
ing pursued in order to better resolve the time-space to identify weaknesses and inconsistencies in the
variations in precipitation soil moisture is a crucial model components.
land-atmosphere coupling variable, analogous to sea
In closing, I am reminded of the paper published
surface temperature for ocean-atmosphere coupling. more than three decades ago (Nace 1964) in which
Past observations of soil moisture from various sites hydrology was characterized as a laggard science. At
are being assembled (e.g, Hollinger and Isard 1994), the time, I was working on my dissertation at MIT and
as are observations of surface soil wetness inferred remember my advisor Prof. Victor Starr commenting to
from satellite data. Instruments for continuous moni- the effect that, regardless of its current status, hydroltoring of soil moisture are now being installed ogy would someday become what he called "an aristo(Schneider and Fisher 1997), and these will provide crat among the geophysical sciences." Considering the
valuable information for the development of improved rapid progress that has been and is being made, I think
surface parameterizations.
that this prophecy is in the process of being fulfilled.
Improvement in modeling land-atmosphere interAcknowledgments. I am deeply indebted to the following
actions will contribute to an improved diagnosis and
colleagues
for providing information and figures used in this
understanding of continental hydrology as well as paper: P. Arkin,
J. Janowiak, C. Ropelewski,
improved hydrologic forecasting. For example, E. S. Yarosh, andW.P. Higgins,
Xie (NOAA NPC); J. Burba (AMS);
Beljaars et al. (1996) documented a major improve- R. Lawford (NOAA OGP); D. Lettenmeier (University of Washment in the prediction of the heavy precipitation over ington); R. Quayle (NOAA NCDC); J. Schneider (NOAA NSSL);
the upper Mississippi Basin during July of 1993 and P. Viterbo (ECMWF).
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