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The evolution of modern hydrology* 
(f ram watershed to continent in 30 years) 

Peter S. Eagleson 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 

The purpose of this paper is to describe hydrology to a scientifically-literate 
audience of non-hydrologists and to highlight its evolution over the last 30 years 
from a field focused on engineering problems at the scale of the small watershed 
to one dealing with global-scale issues which demand a geophysical perspective. 
The Ralph M. Parsons Laboratory at MIT has been one of the leaders of this 
evolution, and the illustrations presented of things that (some) hydrologists do are 
drawn primarily from recent work done there. These include: introduction of the 
concept of hydrologic scale along with its definition, significance and estimation; 
the sub-grid scale parametrization of precipitation and vegetation in atmospheric 
GCMs; precipitation recycling; and completion of the land surface-atmosphere 
feedback loop for moisture at climatic time scales. 

NOTATION 

B= 
E= 

Ep = 

Es = 
E, = 
H= 
k, = 
L= 

M= 
P= 

Pa = 
Pm = 

Qin = 

eollt = 
R= 

R, = 
R, = 
R, = 
S= 

T, = 
Td = 

t= 
ll= 

Budyko parameter 
evapotranspiration 
atmospheric evaporative demand (i.e. potential 
evapotranspiration) 
bare soil evaporation 
vegetal transpiration 
sensible heat flux 
transpiration efficiency 
geographic scale 
fractional area1 coverage by vegetation canopy 
precipitation 
advected fraction of local precipitation 
locally evapotranspired fraction of local pre- 
cipitation 
advective influx of atmospheric moisture 
advective efflux of atmospheric moisture 
runoff 
groundwater runoff 
net radiation flux 
surface runoff 
soil moisture storage 
atmospheric temperature 
land surface temperature 
time 
mean wind speed 

‘This paper is an adaptation of the James R. Killian, Jr. 
Faculty Achievement Award Lecture which was presented by 
the author at the Massachusetts Institute of Technology on 
7 April 1993. 

w= 
w= 

P= 
4 I= 

Ic= 

atmospheric moisture storage 
precipitable atmospheric moisture 

bare soil evaporation efficiency 
change in quantity ( ) in time At 
fractional area1 coverage by storm precipitation 

DEFINITION AND HISTORICAL PERSPECTIVE 

Formally, hydrology deals with the occurrence, distribu- 
tion, circulation, and properties of water on Earth.’ The 
field grew up out of concern for water as both a neces- 
sity of life and a possible hazard;” its central application 
is forecasting water availability and hazardousness. 

Drought and flood have driven the search for under- 
standing of water since the first civilizations formed 
along the banks of rivers. One of these rivers is the 
River Nile which is seen from space in Fig. 1. The 
dark ribbon winding through the pale and empty 
desert defines the spatial limit of agriculture and 
human settlement surrounding the river. This stark con- 
trast dramatically illustrates the dependence of life upon 
water. 

At the upstream end of an island in the Nile at Cairo 
is a masonry water well built by the Romans in the first 
century A.D. Marks on the inner wall of this well 
constitute a water-level gauge which was calibrated by 
Pliny-the-Elder in terms which illustrate the social 
importance of the river’s stage (see Fig. 2). Note that 
there is human difficulty associated with either extreme! 
Here then is the engineering motivation for hydrologic 
understanding. 
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Fig. 1. The River Nile from space. (Photo: Earth Satellite Corp., GEOPIC.) 
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Fig. 2. Pliny-the-Elder’s calibration of the River Nile’s stages. 
(After Dooge.‘) 

As we perceive it today, hydrology is a geoscience 
whose scientific basis lies in the physics, chemistry, and 
biology of what we call the ‘hydrologic cycle’. The 
hydrologic cycle, illustrated in Fig. 3, is a global geo- 
physical process that circulates a fairly constant stock 
of water among the various components of the earth 
system. It is an endless sequence of evaporation (from 
both land and ocean) vapor transport in the atmos- 
phere, condensation, precipitation, and liquid flow on 
and within the earth’s crust which serves, because of 
phase changes along the way, to redistribute heat as 
well as water mass on human time scales both locally 
and globally. Figure 4 shows the cycle in the more 
clinical form that is useful in discussing fundamental 
principles. 

Imagine the cartoon of Fig. 4 as a vertical column of 
atmosphere and soil; it is a one-dimensional representa- 
tion of the continental hydrologic system. Water enters 
and leaves the column horizontally, as atmospheric 
moisture flux (with net inflow, Q) and as land surface 
and groundwater runoff, R, and R, respectively (with 
net outflow R). Water is exchanged vertically between 
the atmosphere and land surface by the fluxes: pre- 
cipitation, P, and evapotranspiration, E, the latter 
consisting of evaporation from bare soil or other solid 
and water surfaces, plus transpiration from the stomata 
of vegetation. The moisture contents of the atmosphere 
and of the soil are indicated by the respective state 
variables, W and S. Dividing the column along the 
horizontal dashed lines we can isolate the land surface 
and for it write a statement of conservation of water 
mass that simply requires the difference between 
inflow and outflow in a given time interval, At, to 
produce an equal change in internal moisture storage. 
That is, 

precipitation - evapotranspiration - runoff 

= storage change 

or mathematically, 

P-E-R=AS (1) 
Equation (1) is called the water balance equation. It is 

one of the two fundamental equations of hydrology, the 
other being the similarly-derived energy balance equa- 
tion, and is the only equation (albeit in various guises) 
that we will use in this paper. These two governing 
equations are coupled strongly through the appearance 
in each of the evapotranspiration or its latent heat 
equivalent. 
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Fig. 3. Elements of the hydrologic cycle: A pictorial view. (After Chow et 01.~) 
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Fig. 4, Elements of the hydrologic cycle: A clinical view. 

Until the mid-l 900s hydrology was largely an empiri- 
cal adjunct of hydraulic and agricultural engineering 
and was dominated by the practical need to forecast 
the local response of the land surface (i.e. flood, 
drought, crop productivity) to the local atmospheric 
forcing (i.e. precipitation and net radiation). In these 
activities the land surface was decoupled from the 
atmosphere along the horizontal dashed lines of Fig. 4, 
implying P independent of E. This was done intuitively 
because interest lay in small geographic scales, although 
no other way was known; the terrestrial part of the 
system was seen as a simple cascade with cause (P) 
leading directly to effect (R) as is shown in Fig. 5. 

Mid-century the frontier of hydrology was the ‘iden- 
tification’ of the earth surface system of Fig. 5 from 
observations of its input and output, and linear system 
methodology dominated the field. The hydrologic 
system was assumed to be stationary, lumped, and 
linear even though it presents a discouraging set of con- 
tradictions to these assumptions. Digital computation 
entered the picture about 1960 and was used initially 
to incorporate non-linearity and spatial distribution 
into the same simple cascade model. Two things hap- 
pened in the mid-to-late 1960s which changed this 
simple cause-and-effect model for hydrologists. 

The first was recognition of the need for international 
cooperation for fair and effective use of transnational 
water resources and acquisition of large-scale hydro- 
logic data; the United Nations sponsored the Inter- 

Fig. 5. Classical concept of the hydrologic system. (Repro- 
duced courtesy of National Academy Press, Washington, DC, 
with permission from Scientific Basis of Water Resource 

Management. 0 1982 National Academy of Sciences.‘g) 

national Hydrological Decade (IHD) from 1965 to 
1974. It was a worldwide program of cooperation in 
scientific hydrology proposing a new research agenda 
containing the themes of the hydrologic evolution 
being described here: 

World Water Balance - quantifying the elements 
of the hydrologic cycle at large space and time 
scales; 
Influence of Man on the Hydrologic Cycle - 
understanding the feedback from land surface to 
atmosphere. 

These themes raised our consciousness about regional 
and global scale problems. 

The second thing to happen was the reception of 
dramatic color photographs of Earth in space, and the 
realization that the color variations therein were in large 
measure due to the presence or absence of water. This 
crystallized active interest by all of us in the intercon- 
nectedness of nature and in the changes being wrought 
by humans. 

SOME CHALLENGES AND OPPORTUNITIES 

Scale 

That the ‘head bone’ of this planetary water system is 
hydrologically connected to its ‘ankle bone’ is illustrated 
clearly by our current awareness of the long reach of El 
Nifio. El Nifio is the quasi-periodic appearance of 
anomalously warm surface water in the eastern tropical 
Pacific Ocean. Associated with it through what are 
called ‘teleconnections’ are anomalous moisture and 
temperature conditions at distant locations. This is illus- 
trated in Fig. 6 where the position of the pool of warm 
surface water under El Niiio conditions is indicated by 
the shaded area. Associated anomalously wet, dry, cool, 
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Fig. 6. The long reach of El Nifio. (After Kerr.i6) 

and warm areas are also shown, and the position of the 
jet stream is given by the heavy arrows. Notice in parti- 
cular the dry region in northeastern South America. 
Rising within this region along the southern border of 
Guyana is the Trombetas River which flows south into 
Brazil to join the Amazon River. The practical impor- 
tance of large-scale hydrologic understanding is illus- 
trated by the sensitivity of the Trombetas River to the 
presence or absence of the El Nifio-Southern Oscillation 
(ENSO) phenomenon as is shown in Fig. 7. 

In this illustration, the vertical lines are the normal- 
ized (i.e. mean subtracted and the remainder divided 
by the standard deviation) monthly river discharge 
(m’/m*). The continuous trace is the so-called South- 
em Oscillation Index (SOI), large negative values of 
which indicate the presence of El Niiio. This index is a 
measure of the difference in sea level atmospheric 
pressure between Tahiti and Darwin and is the ‘SO’ 

part of the ENS0 phenomenon. Notice the strong 
correlation between the SO1 (and hence El Nifio) and 
the flow in the Trombetas River with the SO1 leading the 
river flow by about six months. Current models of the 
coupled ocean and atmosphere allow forecasting El 
Nitio with a two-year lead time which means that this 
teleconnection has the potential for greater than two- 
year streamflow forecasts at this location. Similar corre- 
lations are being established elsewhere. Are there things 
to be learned about the coupled behavior of the land 
surface and atmosphere that can also help explain, and 
hence forecast, hydrologic variabilities? 

Human-induced global change 

There are two primary human effects upon the hydro- 
logic cycle (i) introduction of radiatively-active gasses 
into the atmosphere, and (ii) physical alterations of the 
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Fig. 7. Correlation of tropical streamtlow and the Southern Oscillation Index. (After WMO-UNEP.27) 
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Fig. 8. Modem concept of the hydrologic system. (Reproduced 
courtesy of National Academy Press, Washington, DC, with 
permission from Scientific Basis of Water Resource Manage- 

ment. 0 1982 National Academy of Sciences.“) 

landsurface. Both of these, through their effects upon 
evapotranspiration, change both the water balance and 
the energy balance. 

To approach these issues of large lateral scale and of 
global change we have had to modify our view of the 
hydrologic system in order to incorporate the land- 
surface-to-atmosphere feedbacks as is shown in Fig. 
8.19 This system is expanded to show the important 
hydrologic state variables and fluxes in Fig. 9 where 
the state of the atmosphere is defined by its moisture 
and heat state variables W and T,, respectively. 
Together with other factors, these variables drive the 
fluxes of precipitation, P, and net radiation, R,, which 
force the hydrologic behavior of the land surface. The 
hydrologic state of that surface, as indicated by its 
moisture and heat state variables S, and T[, drives the 
flux of evapotranspiration, E, back to the atmosphere, 
and the fluxes of runoff, R, and sensible heat, H, which 
are the principal hydrologic impacts upon society. In 
response to these hydrologic forcings and many other 
influences, society acts to optimize its state variables 
such as health, safety, wealth, etc. These societal actions 
inevitably cause change in the physical parameters of the 
land surface and of the atmosphere, thus feeding back 
into determination of the respective states of those 
bodies. In dealing with this interactive system, hydrol- 
ogists now decouple the physical system from the social 

OTHER 
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system along the vertical dashed lines of Fig. 9. Under- 
standing the scale and sensitivity of these physical 
feedbacks is central to regional- and global-scale hydrol- 
ogy and to forecasting the changes caused by humans. 

A SAMPLING OF RECENT RESEARCH RESULTS 

We will now sample some of the recent research at the 
Parsons Laboratory, in particular that which explores 
the issues of scale and feedback and their interrelation. 

Definitions 

First it is helpful to sketch the flow paths of water in our 
column of atmosphere as we have done in Fig. 10. The 
column has a lateral dimension defined by the geogra- 
phical scale, perhaps a riverbasin, a region or a continent. 
There is an advective influx of atmospheric moisture, 
Qin ,  across the upwind face of the column and an 
efflux, Qout, across the downwind face. Moisture is 
added to the atmosphere by evapotranspiration, E, 
originating from the land surface within the column 
and driven by its moisture state, S. The evapotranspira- 
tion combines with the advected influx to establish the 
atmospheric moisture state, W. This moisture state 
drives precipitation, P, back to the land surface. A por- 
tion P,,, of this precipitation is composed of molecules 
which entered the column’s atmosphere through eva- 
poration, E, from the column’s land surface, and the 
remaining portion, P,, contains only molecules that 
were advected into the column across the upwind face 
as a part of the influx, Qin. Water also exits the column as 
runoff, R. The effective lateral shift of the water mole- 
cules constituting P, as they leave the surface in E and 
return in P, we will call the hydrologic scale. Because 
evapotranspiration is so sensitive to land surface 
change, the hydrologic scale is the effective radius of 
influence of this change and is thus of considerable prac- 
tical interest. The size of Pm with respect to P is one 
measure of the importance of recycling evaporated 
water within the given geographic scale. 
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Fig. 9. State variables and fluxes of the hydrologic system. 
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Fig. 10. The flow paths of atmospheric moisture.4 

Feedback is important locally whenever the hydro- 
logic scale is equal to or less than the geographic scale. 
The hydrologic scale changes with climate, and the 
geographic scale changes with the problem of interest. 
For example, in tropical climates where the predomi- 
nant movement of atmospheric moisture is up and 
down, the hydrologic scale is small and land surface- 
atmosphere feedbacks may be important at much 
smaller geographic scales than they are, say, in the 
mid-latitudes where large-scale horizontal advection of 
atmospheric moisture is commonplace. How can we 
quantify the hydrologic scale at a given location? 

Hydrologic scale 

It is a hard thing to measure in the field; tracer techni- 
ques are the most promising. However, we can investi- 
gate the hydrologic scale analytically by implementing a 
tracer capability in numerical models of the atmospheric 
general circulation (GCMs). These models numerically 
solve the momentum, energy, and mass conservation 
equations plus the equation of state for the atmosphere 
at intervals of time (say 15 min) at each node of a three- 
dimensional rectangular grid having several (say 12) 
layers in the vertical. For the GCM, developed and 

I7a III II Ill I-l-IIIIIIII I Ill I I I I I l l 
-160 -120 -60 0 60 120 I60 

Fig. 11. 8” x 10” grid of the NASA/GE% atmospheric GCM. 
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Region Season 

Table 1. Sources of local precipitation’* 
Percentage contributions from source rel$ons 

North Trop. North Trop. 
Atlantic Atlantic Pacific Pacific 

North 
America 

North-east U.S. Spring 
Summer 
Fall 
Winter 

Mid-west U.S. Spring 
Summer 
Fall 
Winter 

43.3 22.4 
54,l 10.5 
63.5 4.5 
34.0 13.0 

4.7 
4.2 
4.5 
7.4 

4.3 27.8 
0.8 32.7 
3.6 25.1 
8.8 40.5 

3.0 18.1 67.4 
3.9 3.5 82.6 

20.3 20.7 49.0 
18.7 32.8 357 

maintained by the NASA/Goddard Institute for Space 
Studies @JASA/GISS), the grid appears as shown in 
Fig. Il. In each time interval, the model calculates one 
value of each variable ( W, P, E, S, R, etc.) for each grid 
square. We see from Fig. 11 that the regional definition 
of this model is poor; the entire continental United 
States only has about 10 grid squares. However, 
within their limits of accuracy (we will return to this 
issue) we can use them to explore the atmospheric path- 
ways of water. For example, we can ask the GCM such 
questions as: where was the local precipitation last eva- 
porated from the surface? The answer, as summarized in 
Table 1, gives some idea of the hydrologic scale. This 
table gives, for each of two regions in the US, the 
seasonal percentage of regional precipitation that is con- 
tributed by evapotranspiration from each of five source 
regions, four oceanic and one continental. Note, by the 
size of the numbers in the last column, the large per- 
centage of regional precipitation that is recycled con- 
tinental evapotranspiration, particularly in the midwest. 

Another GCM study looks at the sinks of local 
evapotranspiration and gives a different measure of 
hydrologic scale, as is shown in Fig. 12. Here we con- 
sider the spatial distribution of precipitation which was 
last evapotranspired from the six-grid square Eurasian 
source region indicated by the rectangular box. Along 
each of the dotted contours the percentage of local July 
precipitation arising from July source region evapo- 

75N 

45N 

30N 

I 5N 

Fig. 12. Percentage contribution of July source region 
evapotranspiration to local July total precipitation. (After 

Koster et al.“) 

transpiration has the constant value shown. This is an 
hydrologic influencefunction for land surface change (i.e. 
major irrigation, deforestation, swamp drainage, etc.) 
within the source region since the contours show the 
local relative hydrologic importance of that region. 
Taking a spatial average, 47% of the July source 
region precipitation results from July source region 
evapotranspiration. This is the GCM estimate of the 
recycling ratio, P,/P, for this Eurasian source region 
in July. We will come back to this later. 

Sub-grid scale parametrization of GCM hydrology 

The atmospheric general circulation model (GCM) is 
our only hope for forecasting the human effects on 
climate. However, current versions of these models per- 
form poorly at the regional scales for which forecasts 
are useful. The reasons for this lack of accuracy are 
several including crude representation of ocean 
dynamics, and approximations in the modeling of pro- 
cesses, such as clouds and land surface hydrology, 
which are active at scales finer than the GCM resolu- 
tion. These latter approximations are called sub-grid 
scale parametrizations and their improvement is essen- 
tial to improved regional accuracy of GCMs. A single 
grid square in the 8” x 10” GCM has an area as great as 
IO6 km*. In each time step the model calculates a single 
value of each variable (say P) for this large area. We 
must find a way to disaggregate this area1 average to the 
scale appropriate locally for the dynamics of that 
variable, then do the small-scale dynamics at the land 
surface (infiltration, runoff, and evapotranspiration, in 
this example) and finally reaggregate to grid scale. 
Because we have a stake in GCMs for forecasting pur- 
poses, we have been active in this area. There are many 
issues of hydrologic concern here, including sub-grid 
scale variability of soil properties, vegetation cover, 
and atmospheric forcing. 

Precipitation 
We will first discuss precipitation and will approach its 
spatial distribution statistically. Given that it is raining 
somewhere in the grid square in a given time step, what 
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Fig. 13. Scales of precipitation coverage. 

fraction of the grid surface is being wetted on the aver- 
age? You can imagine that this is a primary determinant 
of the water balance components. A given mass of rain- 
fall distributed uniformly over the lo6 km* of a full grid 
square may only dampen the surface and then all be 
evaporated, while the same mass on a small fraction 
of the grid will produce the full range of hydrologic 
fluxes. 

For moist convective precipitation we identify two 
scales as is shown in Fig. 13. The smaller scale (order 
lo2 km*) is that of the convective rain cell and is shaded 
in the figure. Two or more of these cells are commonly 
clustered together in a mesoscale convective system to 
form the larger scale (order lo4 km*), and there may be 

0.04 - 

0.02 

0’ ’ * ’ 
I 
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Month 

Fig. 14. Estimated spatial coverage by rainstorms. (After Gong 
et ~1.‘~) 

Left Bar - CL% GCM with K = 0.6 
CenterRar-GISSGCMwlth~=0.15 
RI@ Rar - Obsienmtion 

(Russell and Miller, 1990) 

Fig. 15. Sensitivity of GCM river flow to fractional coverage 
by rainstorms.‘5 

several of these clusters within the grid at any time. We 
are interested in the aggregate of the shaded areas at 
any moment, expressed as a fraction, K, of the grid 
area. We call this the fractional coverage, and we can 
estimate it from long-term observations of station 
rainfall. It is both geographically and seasonally vari- 
able as shown in Fig. 14. In this figure note that the 
coverage is minimum during the summer months when 
convective precipitation predominates, and is maximum 
(but still surprisingly small) in the winter when other 
mechanisms take over. Note in particular that the 
annual average K is about 10-l whereas most GCMs 
currently use IC = 1 for all seasons and all locations! 

The effect of 6 on the water balance components is 
substantial as we can see in the comparison of annual 
GCM river flow with observations in Fig. 15. In this 
figure we see the annual runoff (m3/m2 drainage area) 
for five of the largest (by this measure) rivers in the 
world. The open bars are observations and the shaded 
bars are from the NASA/GISS GCM using different 
values of IE, 0.6 for the left bar and O-15 for the center 
bar. Note the general improvement in the model using 
the smaller IC. However, the smaller n overpredicts the 
flow of the Congo and the Mississippi so it is apparent 
that something else is going on here as well. 

Vegetation 
We will next discuss vegetation which we approach bio- 
physically; we are interested in it in part because it is a 
more efficient evaporator than bare soil. In a grid square 
we again identify two primary scales of interest as is 
shown in Fig. 16. The larger scale describes the transi- 
tion, or ecotone, between different adjacent vegetation 
communities, A and B (say coniferous and deciduous 
forests) while the smaller scale defines the individual 
trees or stands of trees. The fractional area1 coverage 
within the communities is denoted by MA and MB. 

Small scale. We look first at the scale of the individual 
tree or stand of trees and realize that the spacing of the 
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Fig. 16. Scales of vegetation coverage. 

individuals must be biophysically related to the 
availability of some critical resource, probably water. 
How do we describe the very complex vegetal behavior 
that balances the atmosphere’s evaporative demands for 
water against the atmospheric supply, including the 
water transport mechanisms within the soil and plant, 
all while attending to a particular ‘genetic agenda’. 
Furthermore, how do we do this in a way that is at once 
parsimonious with respect to both computation and 
observation, as well as adequately faithful to biology 
and physics? It is here that science meets art, and we call 
that engineering! 

We choose to describe the water use of the plant 
community in terms of two parameters which measure 
its most physically significant features. We ask (i) how 
much is there? (The fractional coverage or ‘canopy 
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-M 
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VEGETATION 
E,/E,,=k, E,/E,=P(S) 

. 

Fig. 17. Model of vegetation water use. (After Eagleson 
Segarra.“) 

and 

density’, M); and (ii) how hard does it work? (The 
species-dependent transpiration efficiency, k,). 

The role of these two parameters in describing the 
water balance of a vegetated surface is illustrated in 
Fig. 17. Here again is a column of atmosphere and 
soil, this time of unit width. The vegetation has been 
pushed over to one side so that it just covers fraction 
M of the surface while the remaining fraction, 1 - M, is 
assumed in this example to be bare soil. The surface 
receives precipitation, P, from the atmosphere, some 
of which leaves the column at (or near) the surface as 
surface runoff, R,, and some of which infiltrates the soil 
where it establishes the soil moisture state, S. The soil 
moisture drives percolation down to the water table and 
then out of the column as groundwater runoff, R,, as 
well as upward movement through the plants as tran- 
spiration, E,, and through the bare soil as evaporation, 
Es. We normalize these last two fluxes through division 
by the atmospheric evaporative demand, Ep, which is the 
rate at which evaporation would occur from (in this 
case) bare soil if the water supply was unlimited and 
all other conditions were unchanged. The normaliza- 
tion defines, for the vegetated fraction, the species- 
dependent transpiration eficiency (called the crop or 
plant coefficient by agriculturalists), k, = E,/E,, and 
for the bare soil fraction, the soil moisture-dependent 
bare soil evaporation eficiency, /3(S) = Es/E,. With 
these definitions and assumptions, the water balance 
equation for the column (eqn (1)) is written in differen- 
tial equation form: 

P - (1 - M)E,P(S) - ME,k, - R(S) = $ (2) 

We are searching for the natural laws that define k, 
(vegetation type) and M (vegetation state) in terms of 
the local climate and soil. Having such relationships 
would allow us to solve the water balance equation for 
the moisture state, S (and hence the individual fluxes), 
without independent observations of the vegetation. 

ACTUAL EVAPOTRANSPIRATION. mrn!yr 

Fii. 18. Evapotranspiration as a surrogate for productivity. 
(After Whittake? and Rosenzweig.23) 
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Fig. 19. Vegetation selection and adaptation in response to 
environmental stress. (After Ehleringer.“) 

Alternatively, since the vegetation is readily observed 
from the air or from space, such laws would allow 
estimation of the effective hydraulic properties of the 
soil. 

It is well known that the rate at which biomass is 
produced by plants is proportional to their rate of 
transpiration in a given species. This is illustrated for a 
particular vegetation type in Fig. 18 where the measured 
net primary productivity (NPP) above ground is plotted 
against the measured evapotranspiration. This strong 
correlation allows us to use transpiration as a surrogate 
for productivity. With this we have a basis for examin- 
ing the relationship between plant productivity and the 
stress induced by water demand. We assume this rela- 
tionship contains the plant’s ‘genetic agenda’. 

Ecologists recognize three typical productivity vs 
environmental stress strategies for plants as is illus- 
trated in Fig. 19. This illustration is an adaptation 
from Ehleringer12 in which we have: (i) introduced the 
transpiration surrogate for productivity and normalized 
it by the atmospheric evaporative demand to make the 
ordinate become the transpiration efficiency, k,, on a 
scale of zero to one; and (ii) assumed the environmental 
stress to be due to water shortage, making the abscissa 
inversely proportional to the soil moisture state, S. Con- 
sider first the left-most solid curve labeled desert annual 
grasses or humid climate trees. In the latter case, water is 
plentiful and atmospheric demand can be met, thus 
selection has produced plant species that serve as uncon- 
trolled conduits of water from soil to atmosphere having 
little ability to resist stress. Soil moisture remains high 
throughout the year, stress is small, and the relative 
productivity is the maximum possible. Paradoxically, 
the same behavioral relation applies to desert annual 
grasses. When the dry season is broken by a rainfall, 
dormant seeds in the soil germinate and the grass 

grows rapidly, using the available soil moisture as fast 
as the atmosphere can remove it (i.e. k, = 1). In this case 
however, the soil moisture supply is rapidly exhausted 
and the stress grows. The plant produces its seeds and 
then, having no internal mechanism for regulating its 
water consumption, dies under the high stress. The 
seeds remain to start the cycle anew in the next 
season. Anthropomorphizing, these plants can be seen 
as risk-taking ‘type B’ individuals with a reckless, ‘who 
cares about tomorrow? Use it while you have it’, philo- 
sophy of life. 

In contrast consider next the right-most solid curve of 
Fig. 19 labeled perennial desert plants. Here selection 
has provided a second strategy for coping with periodic 
and prolonged water-demand stress, that is species with 
the ability to restrict transpiration to less than atmos- 
pheric demand (i.e. k, < 1) in order to survive the dry 
periods. Continuing the anthropomorphism, these are 
the risk-averse ‘type A, belt and suspenders’ individuals 
who have opted for maximum security and are literally 
saving for the next rainy day. 

Perhaps the most interesting case, because of its nat- 
ural prevalence, is represented by the center-most solid 
curve labeled semi-arid and sub-humid trees and shrubs. 
These are the ‘compromisers’ who have traded off some 
of the security of very low water use rates (i.e. very low 
k,) in favor of higher productivity. Here selection has 
provided species with special mechanisms to withstand 
the periodic high stresses inevitably associated with 
moderately high water use rates in climates of limited 
and intermittent moisture. 

In each of these cases, the species can adapt their 
nominal, selected behavior somewhat in response to 
different temporal and spatial variabilities in soil moist- 
ure availability. This is indicated for each of the solid 
curves in Fig. 19 by the gradual increase in productivity 
with increasing stress. However, in modeling the water 
use of a particular phenotype, we neglect this adaptive 
behavior and replace the solid curves by the dashed step 
functions. 

Assuming the climate to be stationary in the long- 
term, secular change in the soil moisture storage is 
zero and the differential water balance equation (eqn 
(2)) can be time-averaged to obtain the climatic water 
balance equation: 

P - E(Slclimate, soil, M, k,) - R(Slclimate, soil) = 0 

(3) 
In a given climate with a given soil, this equation may be 
solved for the state variable, S, and thus each of the 
water balance components, provided the vegetation 
canopy density, M, and the vegetation transpiration 
efficiency, k, , are known. Such a solution for S is 
sketched as a function of the possible vegetation 
states, M, in the lower curve of Fig. 20 for a semi-arid 
climate in which the climate, soil, and k, are known. 
Note that as the canopy density, M, increases, the 
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20. Solutions of the climatic water balance equation. 
(After Salvucci and Eagleson.“) 

climatic soil moisture, S, rises to a maximum before 
crashing as increasing canopy depletes the soil moist- 
ure. This maximum S at an intermediate M results 
from non-linear interaction of the transpiration and 
bare soil evaporation. It has been noted before,8 as the 
state of maximum security (from water demand stress), 
and is the basis for existing hypotheses concerning the 
configuration of vegetation canopies in semi-arid 
climates.8-10 The upper curve of Fig. 20 is a sketch of 
the compatible variation of the evapotranspiration com- 
ponent of the climatic water balance. Note that E is a 
minimum where S is maximum and then with further 
increase in M, the evapotranspiration rises to its own 
maximum at a larger value of M which represents the 
state of maximum productivity. 

Limited observations support our new hypothesis that 
in semi-arid climates the plant community arranges 
itself, as do the individual plants, in an operating 
state, M, which is somewhere in between the maxima 
of security and productivity. Our research suggests that 
the transpiration efficiency, k,, is selected by optimiza- 
tion of the internal leaf structure of the canopy. We turn 
now to the larger vegetation scale. 

Fig. 21. Ecotones of eastern North America.’ Fig. 23. The boreal-deciduous forest ecotone.2 

Fig. 22. The boreal-mixed forest ecotone.3 

Large scale. Since the water use, albedo, and surface 
resistance of contiguous vegetation communities may 
differ, it is important to the grid square water, energy, 
and momentum balances to know where the ecotone 
occurs and why. The location may change with climate 
change and we need to know how. 

The ecotones of eastern North America are shown 
on Fig. 21. The southern limit of the evergreen boreal 
forest marks the northernmost appearance of deciduous 
trees. It is well-known that freezing of water in the cells of 
deciduous trees occurs at -40°C killing the cells and the 
trees. On the other hand, evergreen trees have the ability 
to move cellular water into the intercellular spaces at low 
temperatures, thereby avoiding the destructive effects of 
freezing. We have collected observations of the northem- 
most appearance of deciduous trees and have compared 
them with observations of the -40°C annual minimum 
temperature isotherm in Fig. 22 to confirm the suspected 
criterion for this ecotone. 

We now move south to the boreal-deciduous eco- 
tone. We expect the more productive of two competing 
species to predominate in a given location. Therefore, in 
the mixed forest zone (see Fig. 21) the relative pro- 
ductivity of the boreal and deciduous canopies must 
reverse. That is, to the north the boreal should be 
more productive, and to the south the deciduous 
should be more productive. Modeling the water use of 
typical boreal and deciduous communities allows us to 
compare their net primary productivities, NPP, as a 
function of latitude as is shown in Fig. 23 and indeed, 
the productivities do reverse within the mixed forest 
zone. 

Observed Location of Vegetation Types 

r$ 2000 Deciduous Forest Tr nsition ns Boreal Foreat I I 3 

NPP 

4u 44 4.3 

Latitude (degrees) 
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Fig. 24. Conservation of water mass in the soil-atmosphere 
column. 

Land surface-atmosphere coupling 

How can we formulate the hydrologic coupling of the 
land surface and the atmosphere in an analytical manner 
that is simple enough to generate insight and yet not so 
simple that its results are physically meaningless? The 
GCM contains the dynamic interaction implicitly but 
is not conducive to developing insight. 

Here we will use only mass conservation as a ‘zeroth 
order’ approximation and return to the water balance of 
the soil-atmosphere column as shown in Fig. 24. We 
can write three water balance equations. One equation 
is for the atmosphere, 

Q+E-P=F 

one is for the soil, 

p_E_&E 
dt 

and one is for the atmosphere and soil together, 

Expanding the horizontal scale of the column, we return 
to Fig. 10 in which we now identify the component 
variables of the atmospheric inflow as the mean velo- 
city, U, and the precipitable water, w, and we let the 
geographical scale be L. In terms of these variables 
Budyko’ used conservation of water mass and some 
simple assumptions to derive the precipitation recycling 
ratio as, 

P A= 1 
P 1 + 2wu/EL 

The magnitude of this ratio is one measure of the poten- 
tial sensitivity of local hydrology to a land surface 
change. We have evaluated the recycling ratio for sev- 
eral areas using eqn (7). In doing so we used raingauge 
observations of P, atmospheric sounder observations2’ 
of w and u, and E was calculated from the long-term 
average of eqn (4). 
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Fig. 25. Precipitation recycling in the Sahe14 

The annual variation of P,/P is shown for the Sahel 
in Fig. 25. Note that the recycling ratio reaches values of 
about 0.5. Note also its strong seasonality, apparently 
due to biannual directional changes of the wind from 
moist surface source to dry surface source. 

In Fig. 26 the seasonal variation of P,,,/P is shown for 
a Eurasian region that overlaps, but is not identical to, 
that used in the GCM tracer study of atmospheric 
moisture pathsi discussed earlier (see Fig. 12). Here, 
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Fig. 26. Precipitation recycling in Eurasia.4 
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Fig. 27. Standardized time series of observed annual rainfall in the Sahel. (After Entekhabi et aLL3) 

the recycling ratio has an annual summer peak with a 
July value of about 26% in comparison to the value 
of 47% found with the GCM.17 There are many 
possible reasons for the large difference in these two 
estimates, including the fact that the source regions 
are somewhat different and that there are inaccuracies 
inherent in the GCM used. However, a likely candidate 
is the Budyko assumption5 used in arriving at the 
lower estimate, that the atmosphere is fully mixed 
in the vertical. This simplification probably under- 
represents surface-evaporated moisture in convective 
precipitation.17 

In closing, I want to bring us to the current frontier of 
hydroclimatology by returning to the question posed at 
the start, that is, ‘are there things to be learned about the 
coupled behavior of the land surface and atmosphere 
that can, in the manner we saw for the El Niiio 
ocean-atmosphere coupling, also help explain, and 
hence forecast, hydrologic variabilities?’ 

Climatic water balance with land surface-atmosphere 
feedback 

We have seen through the Budyko recycling relation5 
eqn (7) that the precipitation, P = Pa + Pm, is a 
function of the soil moisture state, S, through the 
evapotranspiration, E. Using this formulation, the 
annual water balance equation can be written in the 
form, 

P(S) - E(S(soi1, vegetation, climate) - R(Slsoi1) 

dS =---- 
dt 

in which expressing the precipitation as a function of the 
soil moisture is an explicit acknowledgement of the feed- 
back we have been stressing in this paper.22 

Before exploring the behavior of eqn (8), let us look at 
the standardized time series of observed annual rainfall 
in the Sahel as presented in Fig. 27. Once again, with 
standardized hydrologic variables, the mean is removed 
and the remainder is divided by the standard deviation. 

Note the persistence of both positive and (particularly) 
negative excursions of this variable! Understanding the 
cause of this persistence would be of great practical 
value for forecasting purposes just as we saw the El 
Niiio ocean-atmosphere coupling to be of value (Fig. 
7) in forecasting the flow of the Trombetas River. 

Equation (7) has previously been rewritten as 

P 2B _=1+++- 
pill P(S) 

(9) 

in which 

B = Budyko parameter = fi 
P 

(10) 

where B has been assigned a white noise random 
variability, thereby making the annual water balance 
equation (eqn 8) a stochastic differential equation.13 
When the variance of B is large enough, the resulting 
distribution of the annual soil moisture state variable, S, 
is bimodal as can be seen in Fig. 28. Note the preference 

2.4 
n 0B2 = 1.0 

out ” ” ” ” ’ 
0 0.2 0.4 0.6 0.6 1.0 

RELATIVE SOIL SATURATION , S 

Fig. 28. Bimodal soil moisture state as a result of land surface- 
atmosphere feedback. (After Entekhabi et aLL3) 
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Fig. 29. Conceptualization of solution space for stochastic 
differential water balance equation containing land surface 

atmosphere feedback. (After Entekhabi et a1.13) 

of the soil moisture for either a very wet or a very dry 
state! 

The solution of the stochastic differential annual 
water balance equation (eqn 8) defines a two- 
dimensional surface called a ‘probabilistic potential’ 
whose shape is determined by the distribution of the 
random variable, B. This surface is sketched in the 
cartoon of Fig. 29 as a function of the annual state 
variable, S. Imagine this as the surface of a penny 
arcade pinball game in which the position of the 
marble represents a particular annual soil moisture. 
As in an actual pinball machine there are pockets and 
bumpers on the slopes (invisible in this sketch) which 
can cause the marble to be captured at a particular spot 
(i.e. state, S). We start the game with the marble at the 
long-term mean state on the potential divide and then 
generate a time series of subsequent annual states by 
perturbing the previous state according to the solu- 
tion, S, of eqn (8) resulting from a forcing sampled 
from the distribution of B. If the variance of B is 
large, it takes only a few tries before the marble resides 
in one or the other of the two valleys representing the 
preferred (i.e. modal) states. Furthermore, the rugged 
topography (i.e. deep valleys) accompanying high 
variances of B leads to prolonged residence times in 
that modal state followed by abrupt transition to the 
second modal state. The potential of the landsurface- 
atmosphere feedback for causing persistence is therefore 
established, and our question about the forecasting payoff 
from understanding these phenomena is answered in the 
affirmative. 

SUMMARY 

In summary, our work seeks to improve long-range 
hydrologic forecasting by incorporating large-scale 
geophysical interactions. By closing the land surface- 
atmosphere feedback loop we have completed the 

transformation of hydrology from an ad hoc engineer- 
ing speciality to a multi-disciplinary geoscience. In the 
process, we are helping to clarify the role of the 
hydrologic cycle as perhaps the key process linking 
the physics, biology, and chemistry of the Earth 
system. 

REFERENCES 

1. Ad hoc panel on hydrology. Scientific Hydrology. U.S. 
Federal Council for Science and Technology, Washing- 
ton, DC, 1962, 37 pp. 

2. Arris, L. L. & Eagleson, P. S. A physiological explanation 
for vegetation ecotones in eastern North America. R. M. 
Parsons Lab., Massachusetts Institute of Technology 
Dept. of Civil Eng., Cambridge, Massachusetts, USA, 
Report 323 (1989) p. 247. 

3. Arris, L. L. & Eagleson, P. S. Evidence of a physiological 
basis for the boreal-deciduous forest ecotone in North 
America. Vegetatio, 82 (1989) 55-8. 

4. Brubaker, K. L., Entekhabi, D. & Eagleson, P. S. The 
implementation and validation of improved land-surface 
hydrology in an atmospheric general circulation model. 
J. Climate, 6(6) (1993) 1077-89. 

5. Budyko, M. I. Climate and Life. Academic Press, New 
York, 1974, p. 241. 

6. Chow, V. T., Maidment, D. R. & Mays, L. W. Applied 
Hydrology. McGraw-Hill, New York, 1988, p. 572. 

7. Dooge, J. C. I. Hydrology in perspective. Hydrol. Sci. J., 
31(l) (1988) 61-85. 

8. Eagleson, P. S. Climate, soil, and vegetation, 6. Dynamics 
of the annual water balance. Water Resour. Res., 14(5) 
(1978) 749-64. 

9. Eagleson, P. S. Ecological optimality in water-limited 
natural soil-vegetation systems, 1. Theory and hypo- 
thesis. Water Resow. Res., 18(2) (1982) 325-40. 

10. Eagleson, P. S. Ecological optimality in water-limited 
natural soil-vegetation systems, 2. Tests and applica- 
tions. Water Resow. Res., 18(2) (1982) 341-54. 

11. Eagleson, P. S. & Segarra, R. I. Water-limited equilibrium 
of savanna vegetation systems. Water Resow. Res., 21(10) 
(1985) 1483-93. 

12. Ehleringer, J. Annuals and perennials of warm deserts. In 
Physiological Ecology of North American Plant Commu- 
nities, ed. B. F. Chabot & H. A. Mooney. Chapman & 
Hall, London, 1985, p. 171. 

13. Entekhabi, D., Rodriguez-Iturbe, I. & Bras, R. L. 
Variability in large-scale water balance with land- 
surface-atmosphere interaction. J. Climate, 5(8) (1992) 
798-813. 

14. Gong, G., Entekhabi, D. & Salvucci, G. D. Regional 
and seasonal estimates of spatial rainstorm coverage 
based on station precipitation observations. J. Climate 
(in press). 

15. Johnson, K. D., Entekhabi, D. & Eagleson, P. S. The 
implementation and validation of improved land-surface 
hydrology in an atmospheric general circulation model. 
J. Climate, 6(6) (1993) 1009-26. 

16. Kerr, R. A. A successful forecast of an El Nifio winter. 
Science, 255 (1992) 402. 

17. Koster, R. D., Eagleson, P. S. & Broecker, W. S. Tracer 
water transport and subgrid precipitation variation within 
atmospheric general circulation models. R. M. Parsons 
Lab., Massachusetts Institute of Technology Dept. of 



18 Peter S. Eagleson 

Civil Eng., Cambridge, Massachusetts, USA, Report 317 Stochastic analysis. Water Res. Res., 27(8) (1991) 1899- 
(1988) p. 188. 906. 

18. Koster, R. D., Jouzel, J., Suozzo, R., Russell, G. L., 
Broecker, W. S., Read, D. & Eagleson, P. S. Global 
sources of local precipitation as determined by the 
NASA/GISS GCM. Geophys. Res. Lett., 13(l) (1986) 
121-4. 

23. Rosenzweig, M. L. Net primary production of terrestrial 
communities: prediction from climatological data. Am. 
Nat., 102, (1968) 67-74. 

19. National Research Council. Scientific Basis of Water- 
Resource Management. National Academy Press, 
Washington, DC, 1982, pp. 32. 

20. National Research Council. Opportunities in the Hydro- 
logic Sciences. National Academy Press, Washington, 
DC, 1991, pp. ix-xi. 

24. Russell, G. L. & Miller, J. R. Global river runoff calcu- 
lated from a global atmospheric general circulation model. 
J. Hydrology, 117 (1990) 241-54. 

25. Salvucci, G. D. & Eagleson, P. S. A test of ecological 
optimality for semiarid vegetation. R. M. Parsons Lab., 
Massachusetts Institute of Technology Dept. of Civil 
Eng., Cambridge, Massachusetts, USA, Report 335 
(1992) p. 195. 

21. Oort, A. H. Global atmospheric circulation statistics, 
1958-1973, NOAA Prof. Paper 141. U.S. Government 
Printing Office, Washington, DC, 1983, pp. 4-30. 

22. Rodriguez-Iturbe, I., Entekhabi, D. & Bras, R. L. Non- 
linear dynamics of soil moisture at climate scales, 1. 

26. Whittaker, R. H. Communities and Ecosystems. 2nd edn. 
Macmillan, New York, 1975, p. 385. 

27. WMO-UNEP. The Global Climate System: Climate 
System Monitoring, December 1988-May 1991. Geneva, 
1992, p. 41. 


