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Abstract. During an experimental study of runoff producing mechanisms in a small drainage 
basin, the major portion of storm runoff was produced as overland flow on a small proportion 
of the watershed. Where the water table intersected the ground surface before and during g 
storm, water escaped from the soil surface and ran quickly to the stream at velocities 100 to 
500 times those of the subsurface system. Direct precipitation onto the saturated area was 
another major contributor of storm flow. Storage of water within these source areas was small 
and travel times out of them were short. Runoff from them was largely controlled by rainfall 
intensity• These partial areas contributing quick runoff could expand or contract seasonally or 
during a storm. Their position and expansion can be related to geology, topography, soils, 
and rainfall characteristics. In the study basin, water that remained below the ground surface 
on its way to the main stream channel was a relatively minor contributor to the storm hydro- 
graph. The response of subsurface flow to rainfall was heavily damped by storage and trans- 
mission within the soil. Measurements of water table elevation and runoff from experimental 
plots in another small watershed with different geologic conditions confirmed the results 
outlined above. Runoff records from a large number of small basins of the Sleepers River 
experimental watershed indicate the more general applicability of these findings. 

The applicability of traditional concepts of 
runoff production in humid areas [Hortoa, 1933, 
1945] has been questioned in recent years. The 
absence of empirical evidence of sheet flow on 
hillsides, and the measurement of high rates of 
infiltration into the permeable, vegetated soils 
of such regions have cast doubt on the useful- 
ness of the Hortonian infiltration theory in 
analyzing runoff during the vast majority of 
storms. Some hydrologists have postulated the 
mechanism of subsurface storm flow as the main 

source of storm runoff. Whipkey [1965, p. 74] 
defined subsurface storm flow as underground, 
storm period flow that reaches the stream chan- 
nel without entering the general groundwater 
zone. Hewlett and Hibbert [1965] described 
their concept of 'translatory flow' in the follow- 
ing way: 'Above the zone of saturation, we 
may regard such movement as due to thickening 
of the water films surrounding soil particles and 
a resulting pulse in water flux as the saturated 
zone is approached.' Kirkby and Chorley [1967, 

• Now gt Department of Geography, McGill 
University, Montreal, Canada. 

•-Now at Department of Agricultural Engineer- 
ing, Cornell University, Ithaca, New York. 

p. 7] used the term 'throughflow' to denote 'flow 
which takes place physically within the soil 
profile.' Studying data from Whipkey [1965] 
and a paper on soil drainage by Hewlett and 
Hibbert [1963], Kirkby and Chorley [1967, 
p. 8] claimed that '... throughflow is capable 
of producing runoff peaks in river hydrographs.' 

Recent experimental work by Dunne and 
Black [1970] has thrown doubt on the role of 
subsurface storm flow from hillsides as a major 
contributor to storm hydrographs in upland 
watersheds of northern Vermont. They found 
that the importance of a hillslope as a producer 
of storm runoff seems to depend largely on its 
ability to generate overland flow. These findings 
were in general agreement with those of various 
recent investigations of the partial area con- 
cept of runoff production, which states that 
storm runoff is generated on only a small portion 
of a watershed. Betson [1964, p. 1541], using a 
mathematical model based on I-Iortonian infiltra- 

tion theory, concluded that 'runoff usually 
originates from a small, but relatively consistent, 
part of the watershed.' Development of this 
idea by the Tennessee Valley Authority [1965] 
using another mathematical model suggested 
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that the contributing area was a dynamic one 
and could vary in size during the course of a 
storm. Amerman [1965, p. 504] analyzing run- 
off data from small watersheds in Ohio found 

that 'Runoff-producing areas were located in 
seemingly random fashion on ridge-tops, valley- 
slopes, and valley bottoms.' The runoff produc- 
ing areas were not necessarily connected to the 
perennial stream by continuous surface flow. 
Surface runoff was often absorbed before reach- 

ing a main channel. Hewlett and Hibbert [1965] 
proposed a conceptual model of runoff produc- 
tion in a forested watershed, whose major fea- 
ture was the contribution of storm flow by de- 
velopment and expansion of saturated zones 
along valley floors and the lower portions of 
hillsides. Experimental studies by Ragan [1967] 
also showed that only a small but variable pro- 
portion of the watershed ever contributed flow 
to the storm hydrograph. 

The study reported here was conducted at 
the Sleepers River experimental watershed, near 
Danville, Vermont, in the headwaters of the 
Connecticut River system. The watershed was 
chosen by the U.S. Department of Agriculture 
as being representative of the glaciated upland 
of New England. Infiltration capacities of the 
soils of the experimental watershed exceed rain- 
fall intensity in the vast majority of measured 
storm events. Overland flow generated as Hor- 
tonJan precipitation excess on large areas of 
hillside is not observed. Total yields of storm 
runoff are small. The maximum recorded rate 

of runoff on the Sleepers River watershed is 
0.10 inch per hour from a rainfall of 3.37 inches 
in 38 hours in a 16-square-mile catchment. 
Runoff hydrographs, however, have the same 
general features as those from areas where 
overland flow is observed. They have the same 

general shape as hydrographs from these areas 
and respond quickly to rainfall. They show 
many of the same kinds of relationships between 
rainfall, runoff, and watershed condition as are 
recognized in areas known to experience over- 
land flow. 

OBJECTIVES 

In spite of the assumptions made to facilitate 
hydrograph separation, the mechanisms of storm 
runoff production and their relative importance 
in humid areas are generally unknown. The 
primary aim of this study was to define the 
mechanisms of storm runoff production operat- 
ing in a small watershed, and to measure directly 
the amounts of flow contributed by each of the 
forms of runoff encountered. The timing of these 
contributions and their relationship to the chan- 
nel hydrograph were also studied. Measurements 
of the status of water in the soil were made to 

determine the physical controls of the various 
processes. Studies of runoff production were 
made during natural and artificial rainstorms. 

EXPERIMENTAL AREA 

The watershed in which the study was con- 
ducted has an area of approximately 60 acres, 
but a railroad divides the lower 10 acres from 
the rest of the basin. Attention will be confined 

to this lower part of the basin, which is carved 
into a glaciolacustrine terrace lying against a 
steep till covered bedrock hillside of calcareous 
schist. Figure 1 is a north-south geologic cross 
section of the northern part of the basin, where 
detailed studies were carried out. Sand 22 feet 

deep overlies 38 feet of varved silt and sand 
that rest on dense silty clay till. Dissection of 
the terrace has led to the exposure of till and 
varved lake deposits in the valley floor and on 
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Fig. 1. Geologic cross section through the northern part of the watershed. 
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the lower portions of some hillsides. On slopes 
where a cover of sand has survived, mass move- 
ment has resulted in the deposition of a 1- to 
3-foot-thick layer of highly permeable sand over 
the denser varved deposits. 

The topography is typical of a dissected ter- 
race (Figure 2). A small proportion of the upper 
terrace remains within the watershed, and is 
separated from the valley bottom by slopes that 
range in gradient from 10% to 100%. The valley 
floor varies from 7 to 70 feet in width and is 

marshy all year except for its upper portion 
above WC-1 (Figure 2) where flow is ephemeral. 
The stream flows sluggishly in a marshy de- 
pression. It is fed by several seeps that emerge 
from bedrock joints. Some of these seeps origi- 
nate close to the stream but seep B emerges 
from the ground approximately 100 feet up- 

slope from the point at which it is gaged. The 
channel draining the study basin is not typical 
of the major channels of the Sleepers River 
basin, but is representative of the channels 
draining small tributary valleys that occur at 
the head of and along the main streams. 

The distribution of soils reflects the pattern 
of dissection and exposure of the various parent 
materials. The steep slopes are covered with well 
drained Brown Podzolic and Brown Forest sandy 
loams. The major difference between these soils 
is the presence of an impeding layer at a depth 
of 12 to 30 inches in the Brown Podzolic soil 

[Dunne, 1969]. Both have highly permeable A- 
horizons with abundant root holes and worm 

holes. Silt loams cover the valley floor and the 
lower side slopes, wherever till or varved de- 
posits are exposed. The silt loams vary from 
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Fig. 2. Map of the lower 10 acres of the watershed studied. 
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Fig. 3. Map of the trenched hillside. 

poorly drained on the valley floor to moderately 
well drained on slopes of up to 15%. They are 
characterized by a shallow (3- to 12-inch) fria- 
ble A-horizon containing abundant grass roots, 
root holes, worm holes, and structural channels. 
Below this is a sharp change to a dense grey 
mottled silt loam of the undisturbed till and 

silty varved deposits. Although the watershed 
is now in pasture-pine woodland covered the 
area until it was destroyed by fire approximately 
30 years ago. 

Within the watershed, three small areas were 
instrumented for intensive study. Their loca- 
tions are shown in Figures I and 2. The first 
of these was a 0.6-acre hillside, chosen to rep- 
resent the steep permeable well drained slopes 
of the basin (Figure 3). This area will be re- 
ferred to as the trenched hillside. The second 

site chosen for study was a 0.6-acre area of low 
slope and moderate to poorly drained soils in 
the catchment of seep B (Figure 4). The upper 
600 feet of the poorly drained valley floor above 
weir WC-3 (Figure 2) was the third study area. 

INSTRUMENTATION 

Details of the instrumentation and the data 

collected have been given by Dunne [1969]. 
Runoff from the various soil horizons of the 

trenched slope was measured by means of an 
interceptor trench in which drains were installed 
[Dunne and Black, 1970]. Runoff was measured 
separately at the ground surface, the base of the 
root zone, and in the zone of perennial ground- 
water seepage (at a depth of 5 to S feet). Three 
sections of hillside, with planforms that are 
respectively convex, concave, and straight were 
gaged separately (Figure 3). The discharge from 
seep B was measured continuously at a 45 ø 
sharp-crested V-notch weir. Other seeps in the 
watershed were gaged volumetrically through- 
out the study. In the main channel, flow was 
measured continuously at four H-flumes, whose 
positions are indicated in Figure 2 as WC-1, 
WC-2, WC-3, and WC-4. 

Precipitation was measured with a 6-inch 
24-hour weighing rain gage. During artificial 
storms, a random network of thirty 4-inch- 
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Fig. 4. Map of the seep B catchment. 

diameter cans was used to measure rainfall. 

Soil moisture was measured to a depth of seven 
feet at nine locations on the trenched hillside 

(Figure 3). Measurements of water table eleva- 
tion and piezometric head were made in a/i-inch- 
diameter pipes at locations shown in Figures 3 
and 4. 

EVENTS STUDIED 

Data were collected in the following types of 
events: 

1. Natural rainstorms. 

2. Artificial storms of high return period on 
the steep, permeable trenched hillside (includ- 
ing the natural rainstorms that occurred so 
soon after the simulated storms that they could 
be considered as part of the same event). 

3. Artificial storms on the channel area. 
4. Artificial storms on the shallow soils of 

the seep B catchment. 

RESULTS 

Natural storms. Storms ranging in amount 
up to 1.83 inches were recorded during the 
course of the study. The maximum 20-minute 
intensity of these storms was 3.15 inches per 

hour. No significant amount of storm flow was 
produced on the deep permeable hillsides rep- 
resented by the trenched slope during natural 
storms, even when the water table over the 
lower part of the slope was within 1.3 feet of 
the surface before a storm. The only exceptions 
to this statement were two storms that occurred 

soon after artificial ones [Dunne and Black, 
1970]. Throughout the summer months, rain- 
fall was stored in the upper three feet of soil 
during storms, and drained slowly to the water 
table during the next few days. In the spring 
and autumn when some rainfall did cause a 

reaction of the water table, the resultant sub- 
surface discharge was too small, too slow, and 
too insensitive to the fluctuations of rainfall 

intensity to supply storm flow to the channel 
hydrograph (see Dunne and Black [19'70] for 
details). 

Areas of poorly drained soils on low gradients, 
represented by the seep B eatehment, supplied 
small amounts of baseflow to the stream through- 
out most of the year, but were usually dry be- 
tween late July and mid-October. Storm dis- 
charge from the seep was extremely sensitive 
to the fluctuations of rainfall intensity (Figure 
5). 
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(It is a central thesis of this paper that run- 
off production in humid areas is spatially non- 
uniform. Therefore, expressing runoff volumes 
and rates in inches and inches per hour is mis- 
leading for small watersheds. In this paper run- 
off volumes are expressed in cubic feet and 
runoff rates in cubic feet per minute (cfm).) 
Hydrographs often had recession limbs that 
were steeper than their rising limbs and peaked 
within a minute or so of the end of a burst of 

rainfall. Storm flow volumes and peak dis- 
charges were small compared with the total 
amount and rate of rainfall onto the catchment 

of the seep. This area varied from 100 to 1000 
square feet according to antecedent conditions, 
and to rainfall intensity and duration. In this 
part of the seep, which remained wet through- 
out most of the year, the storage capacity of 
the shallow topsoil was quickly exhausted. The 
water table intersected the land surface and a 

small partial area reacted to rainfall essentially 
as an impervious area. The contribution to peak 
runoff rate and total volume of storm flow 

from this area did not usually exceed 25% of 
the storm flow at gaging station WC-2. 

Channel runoff at each of the gaging stations 
on the main stream of the basin was extremely 
sensitive to rainfall intensity fluctuations. Dis- 
charge began to increase within a minute of the 
onset of rainfall. Hydrograph peaks were sharp 
and occurred within several minutes of the end 

of a burst of rainfall. Any decrease of rainfall 
intensity produced a sharp decline of discharge. 
Many hydrographs had recession limbs that 
were steeper than their rising limbs. Dry weather 
flow was remarkably constant over periods of 
several days. In the following discussion, data 
from stations WC-1 and WC-2 will be used 
as an illustration. Analysis of data from stations 
WC-3 and WC-4 yielded similar results. 

The major portion of the storm flow measured 
at WC-1 and WC-2 in many natural storms 

was found to be precipitation falling directly 
on the stream channel. The proportion of storm " 
flow supplied by this channel precipitation 
varied with the intensity and the duration of 
rainfall. The area of the stream surface between ' 

these two weirs was 1000 square feet when the 

stream was flowing above WC-1, and 760 square o ø 
feet when the source of the stream was at its 

late summer position, immediately below WC-1. 
The saturated floor of the stream depression in 
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this reach had an area of 1310 square feet (in- 
cluding the area of the stream surface itself). 
Contributions from the floor and the steep wet 
banks of the stream depression, from the im- 
pervious roof over the trench (Figure 3), and 
from subsurface inflow along the stream banks 
could not be measured separately. Evidence 
from the channel gaging stations and from the 
subsurface collectors on the trenched hillside 

showed that these contributions were small in 

most short summer storms. If the saturated floor 

of the stream depression was considered to have 
yielded to the channel all the rain falling onto 
it, the computed runoff was greater than the 
observed runoff for many storms during the 
summer months. 

Many storms were analyzed, but data on 
only two are presented here as an illustration. 
Data from others are included in the report 
by Dunne [1969]. The storms studied repre- 
sented a range of types from short to long 
duration, high to low intensity, on wet to dry 
antecedent conditions, and producing both sim- 
ple and multipeaked hydrographs. 

A 0.75-inch storm on July 12, 1967, included 
three separate bursts of rain, each of which 
produced a separate and virtually simultaneous 
hydrograph peak at each of the four weirs in 
the watershed. Data from WC-1 and WC-2 are 

presented in Figure 6. Each rise of the hydro- 
graph began within one to four minutes of the 
beginning of an intense burst of rain. Each 
recession limb was less steep than the one 

Rainfall intensity 
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Fig. 5. Response of flow from seep B to a 0.49- 
inch rainfall. 
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Fig. 6. Rainfall and runoff data from WC-! and 
WC-2 during the O.75-inch storm of $u]y !2, !967. 
Tn the lowest graph; solid lines represent• cumula- 
tive volumes of storm flow at the two weirs. 

Dashed lines represent the contribution of rainfall 
onto the previously saturated areas along and at 
the head of the channel. 

preceding it, suggesting that in the later peaks 
some runoff was being supplied by mechanisms 
involving more storage than those supplying 
the first peak. This conjecture was confirmed 
by plotting cumulative amounts of storm flow 
(base flow-subtracted) and channel precipitation 
for each reach. Travel time through the reach 
(measured to be apprOXimately four minutes) 
was ignored in plotting this graph. Figure 6 
shows that the major source of storm runoff 
between the two weirs was channel precipitation. 
By the time the second rise of the hydrograph 
began, storm flow out of the reach amounted 
to only 88% of channel precipitation. By the 
time the third rise began, channel precipitation 
accounted for 93% of storm flow. This figure 
declined to 73% by the end of rainfall. The 

volume of rain falling onto the saturated floor 
of the channel depression during the rainstorm 
was 81.5 cubic feet, but only 65.5 cubic feet of 
storm flow were generated in this reach during 
the time interval covered by Figure 6. Above 
WC-1, 140 cubic feet of precipitation fell onto 
the previously measured saturated area. This 
figure represents 65% of the total storm runoff 
measured at WC-1. The remainder was pre- 
sumably supplied by subsurface storm flow in 
the vicinity of the stream and by precipitation 
onto the wet banks of the marshy depression 
occupied by the stream. Field observations and 
the records of runoff collectors on the trenched 

slope showed that no runoff was supplied by 
the hillslopes flanking the stream. Soil moisture 
measurements before and after rainfall showed 

that all the precipitation was stored within the 
upper three feet of soil on the trenched hillside. 

On the night of October 10-11, 1967, several 
bursts of rainfall (with intensities up to 0.63 
inches per hour) occurred during a 1.27-inch 
storm of generally low intensity. Each of these 
bursts produced a small peak on a general rise 
of the stream hydrograph (Figure 7). Antece- 
dent conditions were dry, and the stream did 
not extend above WC-1 at the beginning of the 
storm. Small amounts of runoff were produced 
on the trenched slope, where soil moisture had 
been increased by previous artificial storms 
(runoff from channel 2-1 in Figure 7 consisted 
of overland flow, and runoff from tile 2-2 was 
flow from the root zone in the central hollow of 

the trenched slope). Rainfall intensity was low 
and the storm was of relatively long duration. 
Time was therefore available for larger contribu- 
tions from channel banks, the saturated floor 
of the stream depression, and subsurface lateral 
inflow. Observations made during the storm in- 
dicated that the saturated channel banks and 

stream depression were the most important of 
these sources. Hydrographs of subsurface storm 
flow from the trenched slope when the water 
table was within a few inches of the ground 
surface indicate that subsurface lateral inflow 
was a late and minor contributor to the channel 

hydrograph in this kind of watershed. At the 
end of rainfall, true channel precipitation (as 
defined previously) accounted for only 56% of 
the storm flow generated in this reach. Precipita- 
tion that fell between the high wet banks of the 
stream depression, however, exceeded the amount 
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of storm flow emerging from the reach until 
one hour after the end of rainfall. Only 19% 
of the precipitation falling into the channel de- 
pression above WC-1 flowed out before the 
rain stopped. 

Da.ta from these and other storms in this 

and other small watersheds reinforce the con- 

clusion that under antecedent conditions, which 
prevail throughout most of the year, the magni- 
tude and general shapes of hydrographs from 
first order drainage areas are controlled by pre- 
cipitation that falls onto the stream and onto 
wet areas along and at the head of the stream. 
As these areas allow virtually no infiltration 
and little storage, the response of runoff from 
them has two important characteristics. First, 
the ratio of runoff to rainfall is close to one; 
second, the runoff from these small areas is 
extremely sensitive to fluctuations of rainfall 
intensity. Subsurface flow from both the per- 
meable A-horizon of the soil and from deep seep- 
age proved to be too small, too late, and too 
insensitive to fluctuations of rainfall intensity 
to account for the rapid rise and fall of stream 
discharge. 

Artificial storms o/high return period on the 
trenched hillside. Data collected during natural 
and artificial rainstorms with return periods of 
two to several hundred years are presented in 
a separate report [Dunne and Black, 1970]. 
Only a brief outline of the conclusions of the 
study is given here. Subsurface storm flow from 
the trenched hillside was measured during these 
storms. Most of it originated on the central con- 
cave plot (plot 2 in Figure 3) in the permeable 
topsoil over the dense varved silt. Where there 
was no impeding layer, as in the eastern plot 
(plot 3), storm runoff was negligible, even in 
storms with a return period of several hundred 
years. Even the subsurface storm flow from 
the concave plot, however, was of minor im- 
portance compared with rates of channel runoff 
during smaller, natural rains. 

In some of the storms, large amounts of 
storm runoff were produced on the concave 
plot. They were generated on small areas of 
the central hollow where topography and soil 
profile characteristics favored a rise of the water 
table to the ground surface. Intersection of the 
ground surface by the water table allowed the 
return of water to the soil surface where its 

velocity increased by a factor of from 100 to 

500. Without the impedance of many feet of 
subsurface flow, water from larger areas of 
hillside could contribute runoff to the stream 

channel. In addition to this return flow, direct 
precipitation onto the saturated area of the hill- 
side contributed significant amounts of runoff, 
varying from 24% to 58% of the peak rate of 
surface runoff from the plot. Although the soil 
profile became completely saturated in most 
artificial storms and the hillside was steep (30%- 
100%), subsurface storm flow was a minor con- 
tributor to the storm hydrograph. Only over- 
land flow on saturated soils could contribute 

large amounts of runoff to the stream channel 
during the period of a storm. Furthermore, only 
runoff from this source showed the sensitivity 
to fluctuations of rainfall intensity that is char- 
acteristic of streamflow from small watersheds 

in the area studied. 

Artificial storms on the channel area. Data 
from natural storms showed that the major part 

(a) Rainfall intensity 
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Fig. 7. Rainfall intensity, runoff, and cumula- 
tive graphs of storm flow and channel precipita- 
tion between weirs WC-1 and WC-2 for the 1.27- 
inch storm of October 10-11, 1967. 
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of storm runoff from the basin under study was 
generated in the area of the stream channel. 
Four artificial storms were therefore produced 
on a strip of land along the channel. The storms 
varied in duration from one half to six hours, 
and in intensity from 0.46 to 0.67 inch per 
hour. The specific aim of this study was to 
measure storm flow from this area, when the 
remainder of the wa.tershed was not producing 
any storm runoff. 

The irrigated reach of channel extended from 
the head of the stream to station WC23 (Figure 
2), a distance of 600 feet. Sprinkler heads were 
placed at 30-foot intervals along a pipe laid 
down the center of the channel. Because of the 

varying width of the stream, the strip of ir- 
rigated land on either side of the channel ranged 
from 15 to 40 feet. The total irrigated area was 
approximately 35,000 square feet. Rainfall was 
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Fig. 8. Channel runoff data from stations WCr!, 
WC-2, and WC-3 during and after a 2-hour, 0.95- 
inch artificial storm on the channel area. 

measured in 44 cans scattered over the valley 
floor and its amount was estimated from iso- 

hyetal maps. Distribution of rainfall over the 
stream depression was quite uniform, but to- 
ward the edges of the irrigated area there was 
a steep rainfall gradient. The intensities cal- 
culated for each storm were measured in the 

stream depression only. The other data col- 
lected during these storms were the gage records 
at stations WC-1, WC-2, and WC-3. The whole 
floor of the stream depression was covered with 
water and its area was measured. 

,The hydrographs produced by irrigations of 
the channel area had many features similar to 
those from natural storms. As shown in Figure 
8, the stream began to rise immediately after 
the onset of rainfall and reached a peak within 
a few minutes of the end of the storm. Reces- 

sion limbs immediately after the peak were 
steeper than the rising limbs. This generalization 
was also true of hydrographs from natural 
storms that ended abruptly. On graphs of peak 
storm flow rate versus maximum 30-minute rain- 

fall intensity, constructed from the few suitable 
natural storms available, points representing the 
two shorter artificial storms fell within the en- 

velope for natural storms. The same was true 
for graphs of total rainfall versus total storm 
runoff. Points from the two longer storms fell 
outside the envelopes on these graphs because 
they had relatively high yields for a given 
rainstorm. 

Some other features of the artificial storms 

differed from those of natural storms, mainly 
because of the duration of some of the former. 

Most of the hydrographs recorded in natural 
storms were produced by intense bursts of rain 
for periods of 30 minutes or less. The artificial 
storms on the channel area were less intense 

than many of these bursts, but most of them 
were longer. The increased duration of rainfall 
of uniform intensity allowed the runoff to ap- 
proach a steady state in which the rate of run- 
off equaled the rate of rainfall over the whole 
area being irrigated. The rate of rainfall over 
the area above each weir and the peak rate of 
storm flow are presented in Table 1. They show 
the tendency for the ratio of rates of storm 
flow to rainfall to approach unity as the dura- 
tion of the storm increases. In the longer storms, 
the rainfall rates below WC-1 seem to have 

been underestimated by a few percent. 
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TABLE 1. Peak Rates of Storm Flow* at Weirs WC-1, WC-2, and WC-3 and Rainfall 
Rates over the Irrigated Areas above Each Weir in the Artificial 

Storms on the Channel Area 

Above WC-1 Above WC-2 Above WC-3 

Duration Rainfall 

of Storm, Rate, 
hrs cfm 

Peak Peak Peak Approximate 
Storm Storm Storm Return 
Flow Rainfall Flow Rainfall Flow Period 
Rate, Rate, Rate, Rate, Rate, of the 
cfm cfm cfm cfm cfm Storm 

0.5 7.87 1.84 13.07 5.00 21.71 12.89 less than I year 
1.0 9.47 2.89 15.60 6.91 27.87 16.28 less than 2 years 
2.0 5.20 3.40 9.07 9.26 19.47 20.67 2 years 
6.0 6.93 5.56 12.40 13.04 23.87 24.80 greater than 100 years 

* Peak storm flow rate is peak runoff rate minus b•e flow rate. 

Flow from the weirs WC-2 and WC-3 would 

be expected to approach a steady state earlier 
than that from WC-1 because the proportion 
of the irrigated area covered by the. wet channel 
depression increased from 10% above WC-1 to 
19% above WC-3. Also, much of the water 
falling onto the wet banks of the stream de- 
pression between WC-1 and WC-3 was observed 
running directly into the channel. In the reach 
above WC-1, a larger proportion of the rain 
fell onto shallow permeable soils that were not 
saturated, and displaced subsurface water which 
then entered the channel as slower seepage. To- 
ward the end of the longer storms, however, 
even these became fully saturated and much of 
the rainfall was reaching the channel as over- 
land flow. Comparison of the shapes of the 
hydrographs, and particularly of the recession 
curves from various gaging stations, reflects the 
differences in the character of the valley floor. 

The role of channel precipitation in the for- 
mation of storm hydrographs was dominant in 
the shorter irrigations and became less important 
(though still significant) in the longer events. 
This was in agreement with observations in 
natural storms. Field measurements showed that 

channel velocities (of the order of 1000 to 2500 
feet per hour) were greater than those of over- 
land flow from the bank areas (of the order of 
20 to 200 feet per hour) and of subsurface flow 
(of the order of 1 foot or less per hour). Runoff 
from rain falling onto the saturated floor of 
the stream depression, therefore, increased rap- 
idly and came to a steady'state more quickly 
than contribution from the banks. As the storm 

duration increased, a greater proportion of the 
runoff originated from overland and subsurface 
flow from the banks [Dunne, 1969]. Although 
it was not possible to separate these two con- 
tributions, field observation, data from the 
trenched hillside, and rough calculations of sub- 
surface contributions showed that the subsur- 
face contribution was small. 

A simple routing technique was used to com- 
pare the temporal relationships of the various 
inflows to each gage during the artificial storms. 
Cumulative volumes of storm flow at each gage 
were plotted on a relative time scale (Figure 
9). The position of the curves for WC-1 and 
W.C-2 on this time scale were adjusted to show 
the approximate time at which flow from these 
upper gages contributed to the hydrograph at 
WC-3. Tracing of salt solutions (Calkins and 
Dunne, unpublished data, 1969) had established 
the fact that the velocity of flow through the 
steep, marshy depression was approximately 
constant over the range of discharges studied. 
The travel time through each reach was used 
to lag the cumulative volumes of flow from 
WC-1 and WC-2 behind the curve for WC-3. 

The cumulative curve of channel precipitation 
in each stretch of channel was then lagged by 
half the travel time for that reach (to represent 
an average time for the water to flow out of 
the reach during each time increment used in 
the computation) and added to the inflow from 
the upper gage. 

In the early part of each storm, drainage of 
channel precipitation accounted for almost all of 
the storm flow produced. In the half-hour-long 
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Fig. 9. Cumulative volumes of storm flow and 
channel precipitation (CP) during and after a 
1-hour, 0.66-inch storm on the channel area. The 
graphs are plotted on a relative time scale, indi- 
cating the approximate time at which the up- 
stream weirs and channel precipitation contributed 
flow to WC-3. P•, P•, and P• indicate the times 
of peak flow at weirs WC-1, WC-2, and WC-3, re- 
spectively. 

storm, it dominated the hydrograph through- 
out. As the duration of the storms increased, 
lateral inflows (mainly overland flow from the 
banks) contributed larger amounts of storm 
runoff (see Dunne [1969] for other examples). 

Artificial storms on the shallow. soils o[ the 
seep B catchmerit. Evidence from natural rain- 
storms suggested that the hydrologic charac- 
teristics of the shallow silt loams covering the 
seep B catchment were intermediate between 
those of the trenched hillside and the vallw 
floor. Storm runoff from the seep was produced 

by virtually all rains, but in spite of the rapid 
response of this runoff, its total yield was gen- 
erally low. Three artificial rainstorms were pro- 
duced on the lower half acre of the catchment 

draining to the seep. Their intensities (from 
0.58 to 0.60 inch per hour) were less than many 
of the natural bursts of rainfall that produce 
hydrographs and their durations were greater 
(1, 2, and 3.5 hours). The storms had return 
periods varying from less than 2 to 50 years. 
Field observations and measurement indicated 

that the processes operating in these artificial 
storms were the same as those occurring in 
natural events. 

At each of 16 stations (A to P in Figure 4), 
two piezometers were driven to depths of 2 
and 4 feet. Two wells, one perforated to within 
a foot of the surface and one to within 0.25 

foot of the surface, were also installed at each 
location. Piezometric and water table elevations 

were measured every few minutes throughout 
and after each storm. These measurements 

showed that significant subsurface flow was con- 
fined to the upper foot of soil. Only at the head 
of the channel (locations G and H) did sharp 
changes of piezometric head occur at depths 
of 2 feet. Here, weathering of the thin varved 
deposit and the underlying till was associated 
with the point of emergence of ground water. 
At these locations strong vertical potential gra- 
dients developed in each storm, and water issued 
from the soil surface. Elsewhere, the till and 
the varved silt below a depth of i foot were 
effectively impermeable during the course of a 
storm. 

In each storm, a perched water table devel- 
oped in the A-horizon of the soil. It rose quickly 
to the ground surface in the central, gently 
sloping part of the irrigated area. On the mod- 
erate slopes around this saturated area, such 
• water table either developed late in the storm, 
or did not occur at all where the A-horizon 

of the soil was deep and antecedent conditions 
were dry. The positions of the various wells 
were reflected in the order, magnitude, and 
rate of rise and recession of the water table. 

The water table reached the surface over an 

area of approximately 4360 square feet in the 
2- and 3.5-hour-long storms, but over an area 
of only 1760 square feet in the one-hour-long 
storm (Figure 4). 'These areas were mapped a 
few minutes before the end of each storm. 
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Runoff in each storm (Figure 10) began 
within minutes of the onset of rainfall. Dis- 

charge increased rapidly, but generally at a 
declining rate. The peak discharge occurred 3 
to 5 minutes after the end of rainfall and was 

followed by a sharp decline lasting 15 minutes. 
The first contribution of storm flow came from 

the channel area, which was receiving rainfall 
at a rate of 0.27 cfm. A perched water table 
developed in the A-horizon of the soil and 
reached the soil surface at the head of the chan- 

nel within the first few minutes of rainfall. Re- 

turn flow could be seen issuing from the soil 
surface and direct precipitation onto this satur- 
ated area also contributed to runoff. The area 

over which the water table reached the ground 
surface expanded rapidly through the gently 
sloping central depression during the first two 
hours of rainfall, but did not expand appreci- 
ably up the steeper sideslopes. As this saturated 
area increased, the contributions from both 
return flow and direct precipitation increased. 

Estimates of the relative contributions from 

these two sources were made by calculating the 
rate of precipitation onto the saturated area 
and assuming that there was an approximate 
equilibrium between rainfall and runoff. Aver- 
age rainfall intensities, antecedent conditions, 
and the behavior of the water table were al- 

most identical in the three artificial storms. It 

was therefore assumed that the only major 
difference between runoff production in the 
three storms was the effect of rainfall duration. 

The contribution of direct precipitation to 
storm flow at the end of the two shorter storms 

could then be transferred to the longer storm, 
one and two hours after the beginning of rain- 
fall (Figure 10). After the end of each storm 
the drainage of this direct precipitation by 
overland flow was assumed to have ended when 

the recession limb of the hydrograph abruptly 
changed its slope. The rough calculations gave 
consistent results in the various storms. The 

remainder of the runoff after subtraction of this 

direct precipitation was produced by a com- 
bination of flow that moved to the channel 

through the A-horizon of the soil and water 
that returned to the soil surface and reached 

the channel as overland flow. The recession 

limb of the separated hydrograph of subsurface 
and return flow was almost as steep as that of 
direct precipitation, suggesting that the former 

was also dominated by the drainage of over- 
land flow, i.e., was mainly return flow. 
Rough estimates of the contribution of sub- 
surface flow based on water table slope, and 
thickness and hydraulic conductivity of the top- 
soil placed the maximum flow rate into the 
channel at approximately 0.13 cfm. Peak rates 
of combined subsurface and return flow in the 

various storms varied from 3.81 cfm to 5.4 cfm, 
while peak rates of direct precipitation onto the 
saturated area varied from 2.45 cfm to 6.53 
cfm. This evidence was taken to confirm the 

conclusion that subsurface flow could only con- 
tribute significantly to the stream hydrograph 
when it emerged from the soil surface as return 
flow and traveled to the stream at velocities 
characteristic of overland flow. 

DISCUSSION OF RESULTS 

Subsurface storm flow was not as important a 
contributor to the storm hydrograph as would be 
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Fig. 10. Runoff from seep B during three arti- 
ficial rainstorms. The dashed curves represent the 
contributions from direct precipitation onto the 
saturated area. 



1308 D!JNNE AND BLACK 

expected from much of the recent literature on 
runoff production in humid areas [Roessel, 1950; 
Kirkby and Chorley, 1967]. Large-.•artificial 
storms on the watershed studied produced sub- 
surface contributions that were measurable but 
small. Volumes of storm runoff from the trenched 

hillside, seep B, and the channel area were so 
large and responsive compared with subsurface 
flow that the latter did not even control the 

form of the recession limb of the hydrograph 
until discharge was almost back to its prestorm 
level (see Figure 10 in this paper and Figures 
4, 6, 8, 9, and 10 in Dunne and Black [1970]). 
Storage and transmission beneath the soil heav- 
ily dampened the response of subsurface flow 
to rainfall. In storms of the kind that generally 
occur in northern Vermont, little subsurface 
storm flow was produced in this watershed. 
Under some rather specialized geologic condi- 
tions, or in watersheds of a markedly different 
size, subsurface storm flow, as defined by Kirkby 
and Chorley, might contribute significantly to 
storm flow. The conclusions outlined in this 

paper are based on a study in an area of well 
drained slopes and poorly drained valley bot- 
toms and seeps, such as characterize much of 
Vermont. These conclusions were confirmed by 
a similar study in another basin of the Sleepers 
River experimental watershed. In a nearby area 
of Vermont, Ragan [1967] calculated larger 
subsurface contributions from a poorly drained 
floodplain on a highly permeable Pleistocene 
delta. But as a description of the major 
source of storm flow in humid regions, and as 
an important alternative to the Horton model 
in such regions, the subsurface storm flow 
model seems to be less useful than has been 
claimed. 

The results of this study are in general agree- 
ment with the partial area concept of runoff pro- 
duction which can include the important factor 
of overland flow where soil and topographic 
conditions are favorable [Betson, 1964; Ragan, 
1967]. Small areas in which the water table 
was at the surface of the ground contributed a 
high proportion of the rainfall applied to them. 
Runoff from these areas occurred mainly as 
overland flow. Storage within them was small 
and travel times out of them were short. Runoff 

from these sources was,.. therefore, largely con- 
troled by rainfall intensity; rates of rise and 
recession were extreme. To this extent runoff 

from these areas resembled that from urban 

watersheds. 

At the beginning of a storm, the area over 
which the water table was at the surface of 

the ground was confined to the stream channel 
itself. Consequently, this area was the first to 
contribute runoff, and in short, intense storms 
such runoff virtually alone controlled the hy- 
drograph from this small watershed. In longer 
storms, the seepy valley floor and the channel 
area of seep B also contributed most of the 
water supplied to them. In practically all sum- 
mer storms these small areas were the only 
important source of the overland flow responsi- 
ble for storm runoff. 

Areas in which the water table was close to 

but not at the ground surface at the beginning 
of a storm also contributed large amounts of 
flow to the stream channel, particularly in heavy 
storms of long duration. The greater portion 
of the seep B eatchment and the concave area 
of the trenched slope fall into this category. 
From these areas, subsurface flow was meas- 
ured, but proved to be too small, too late, and 
too insensitive to changes of rainfall intensity 
to be an important contributor to the channel 
hydrograph. The inability of the soil to trans- 
mit most of the water supplied to it during 
large rainstorms was an important factor pro- 
dueing high rates of runoff from these areas. As 
the soilstored the water apphed to it, the water 
table rose to the surface of the ground over 
small areas. When this occurred, water emerged 
from the soil surface and ran quickly to the 
channel as overland flow. Although this return 
flow had the same origin as flow that remained 
within the soil, its reaction to rainfall and im- 
portance to storm runoff were very different 
[Dunne and Black, 1970]. Its velocity was meas- 
ured to be 100 to 500 times greater than the 
velocity of subsurface flow, allowing a much 
greater area to supply runoff to the channel 
during the storm. When rainfall ceased, the 
water table fell quickly below the soil surface 
and runoff rates were drastically reduced. The 
amount of rainfall required to bring the water 
table to the surface in a particular area of the 
watershed depended on topographic position, 
soil profile characteristics, depth to water table, 
antecedent condition of the topsoil, and the 
intensity and duration of rainfall. These were 
also the most important controls of runoff 
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production, for the importance of an area as a 
contributor to the storm hydrograph depended 
on its ability to produce overland flow. 

The small areas of hillside from which return 

flow occurred were in effect an expanded chan- 
nel system. Direct precipitation onto them 
moved quickly to the stream as overland flow. 
Expansion of the channel area in this water- 
shed by up to 170% during storms caused a 
large addition of runoff to the channel from 
this source. Figure 11 is a map of the areas 
contributing overland flow to the storm hy- 
drograph as return flow and direct precipitation. 
It shows the differing partial areas in short in- 
tense summer storms and in heavy storms of 
longer duration, such as the artificial storms 
described above. The results are an experimental 
verification of a conceptual model used by hy- 

drologists of the Tennessee Valley Authority 
[1965] as a basis for their mathematical model. 
They assume that in a humid region, the por- 
tion of a watershed contributing storm runoff 
can expand or contract during a rainstorm. This 
model is essentially the same as the 'variable 
source-area concept' originally proposed for the 
Coweeta watersheds by Hewlett and Hibbert 
[1965], although these writers do not emphasize 
the importance of the threshold between the sur- 
face and subsurface flow systems. Differences 
between their conceptual model and the present 
experimental findings may be the result of 
pedalogic, meteorologic, or other differences be- 
tween Georgia and New England. 

Results of the present study show that the 
partial area or source area varies seasonally be- 
tween rainstorms and during rainstorms. The 
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dynamic nature of this partial area may explain 
the value of an antecedent precipitation index 
in predicting storm runoff from humid areas, 
where the more familiar relationship between 
antecedent moisture and infiltration rate [Lins- 
ley et al., 1949] seems irrelevant. The distribu- 
tion and extent of the saturated areas in the 

present watershed and in other basins of the 
Sleepers River experimental watershed are 
closely related to the pattern of stream chan- 
nels. This is probably why various workers have 
had some success in relating drainage density to 
flood discharges and water yields in humid areas 
[Carlston, 1963; Burford and Lillard, 1966]. 
Detailed examination and mapping of the pat- 
tern of small partial areas in Vermont, Mary- 
land, England, and Kenya, however, indicates 
that small scale effects of geologic structure 
can play an important part in their localization. 
This agrees with Amerman's [1965] description 
of the location of runoff producing areas in 
Ohio. 

Within the glaciated upland region represented 
by the Sleepers River experimental watershed, 
the juxtaposition of deep permeable well-drained 
soils and shallow poorly drained soils is a com- 
mon feature and a major control of runoff 
production. Within this watershed, runoff is 
measured from 17 basins ranging in size from 
0.18 to 43 square miles. Within these basins, 
streams draining areas of a few acres on dif- 
ferent soils have been gaged at various times. 
No detailed analysis of runoff from these areas 
has been made, but a preliminary survey of the 
data confirms the conclusions drawn from the 

present study. Runoff from the basins seems to 
have been generated on small areas of poorly 
drained soil, seeps, and ill-defined marshy chan- 
nels close to the stream channel, which resemble 
the valley bottom and lower side slopes of the 
small watershed described in this report. Runoff 
rates from these areas are strongly controlled 
by rainfall intensity and reach the channel 
quickly. As this runoff proceeds downstream, 
channel storage in the main streams reduces 
the sensitivity of measured runoff to rainfall 
fluctuations. This change is demonstrated by a 
series of hydrographs from different points on 
the same channel of the Sleepers River (Eng- 
man, unpublished data, 1965). As storm flow 
from small partial areas moves downstream, 
individual peaks lose their identity and the re- 

sultant hydrograph is controlled by storage and 
translation in the channel. The hydrographs 
from the larger watershed have simpler shapes 
and long recession limbs reflecting the drainage 
from the channel system of water delivered to 
it by the small runoff producing areas that are 
remote from the gaging station. As the duration 
of this recession is so long in the larger water- 
sheds, time is available for the contribution of 
some subsurface storm flow, but the results of 
the present and other experimental studies (for 
example, Whipkey [1965]) indicate that this 
contribution is relatively unimportant, espe- 
cially near the peak of the hydrograph, in small 
watersheds. 

CONCLUSION 

In the upland watersheds of Vermont the 
major portion of storm runoff seems to be pro- 
duced as overland flow on small saturated areas 

close to streams. The remainder of the water- 

shed acts mainly as a reservoir during storms, 
and between storms it supplies base flow and 
maintains the wet areas that produce storm flow. 
Runoff from these wet areas is supplied by 
water escaping from the ground surface to 
reach the channel as overland flow and by direct 
precipitation onto the saturated area, which is 
essentially an expanded stream system. The 
runoff process depends on the operation of 
several continuous, interdependent flow systems, 
which though difficult to separate in the field 
except by detailed experiment, have very dif- 
ferent reactions to rainfall. The most important 
transition between flow systems seems to be 
at the soil surface, when water is released from 
the extreme damping effect of subsurface flow. 
The importance of an area as a source of storm 
runoff, therefore, depends on its ability to 
produce overland flow. 

The area contributing overland flow is dy- 
namic in the sense that it may vary seasonally 
or throughout • storm. The fluctuations of this 
partial area can be rationally related to topogra- 
phy, soils, antecedent moisture, and rainfall 
characteristics. Different soils of a watershed 

contribute most of their storm runoff by the 
same process, but with differing frequencies. 
Thus, the channel areas below WC-1, the upper 
end of the channel area above WC-1, much of 
the seep B catchment, the central concave area 
of the trenched hillside, and the straight trenched 
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slope can be viewed as potential contributing 
areas arranged along a scale of rainfall return 
period at intervals of approximately 10 -2, 10 -•, 
10 ø, 10 • to 10 •', and 1tY to 10 3 years, respectively. 
Hydrographs of overland flow from these small 
areas reflect the hyetograph in a manner 
analogous to those from urban source areas. 
Storage and translation within the main chan- 
nel system of a basin converts the effects of 
these hydrographs into a more familiar at- 
tenuated form. 

The partial area concept provides an attrac- 
tive alternative to the Horton and subsurface 

storm flow models as the basis for a study of 
storm runoff production in an area such as Ver- 
mont. It also provides a point of departure for 
models of catchment behavior not based on 

infiltration theory; for a new look at such hy- 
drologic concepts as the unit hydrograph, time 
of concentration, and time-area diagrams; and 
for studies of nutrient losses from watersheds 

as well as sources of agricultural water pollution. 
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