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[1] We investigated the high variability of suspended sediment transport in 16 watersheds
of Walnut Gulch, southeastern Arizona, USA that were distinguished at three spatial scales:
the plot (ca. 0.001–0.01 km2), unit-source (ca. 0.01–0.1 km2), and large (ca. 1–150 km2)
scales. Event-based data of water discharge and suspended sediment concentration were
compiled in variable periods between the 1960s and 2010s. By subjectively distinguishing
five different intraevent transport patterns that may be ascribed to a combination of various
hydrological and sediment-transport processes, we showed that no single sediment rating
curve could be developed for these data. However, at the event temporal scale, event
specific sediment yield (SSYe, t/km2) was significantly correlated to event runoff depth (h,
mm) for all transport patterns of the watersheds, suggesting that the complexity of
suspended sediment transport at the intraevent scale is effectively reduced at the event scale
regardless of watershed sizes. Further regression analysis indicated that the SSYe-h
relationship can be generally characterized by a proportional model, SSYe¼ nh where n, is
conceptually equivalent to the volume-weighted event mean sediment concentration and is
mainly determined by large events. For watersheds dominated by shrub cover, the change of
the n value with watershed area was limited and thus may be reasonably regarded as a
constant, implying that despite the highly variable suspended sediment concentrations
during individual storm events in variable-sized watersheds, the synoptic effect of
suspended sediment transport was similar and may be determined by a single value.
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1. Introduction

[2] Rates of soil erosion and sediment transport in arid
and semiarid regions are highly variable both in space and
over time [Achite and Ouillon, 2007; Alexandrov et al.,
2009; Mulligan, 1998; Nearing et al., 2007; Nichols, 2006;
Zheng et al., 2012]. This high variability is mainly due to the
small-scale, temporally erratic nature of the rainfall events
[Coppus and Imeson, 2002; L�opez-Taraz�on et al., 2010;
Martinez-Mena et al., 2001]. Therefore, long-term observa-
tion is imperative to fully understand the dynamic controls
of soil erosion and sediment transport [Moran et al., 2008;
Reid et al., 1994].

[3] Using suspended sediment data collected over 10
years (1991–2001) in Nahal Eshtemoa, Israel, Alexandrov
et al. [2007] demonstrated a relationship between sus-
pended sediment concentration (SSC) and water discharge
(Q) with a high degree of scatter. They argued that this

poor SSC-Q relationship was primarily attributed to two
different types of rainfall-runoff processes: convective
storms prevailing in autumn that generally led to suspended
sediment transport following clockwise loops; and frontal
storms dominant in winter that tended to generate sus-
pended sediment transport with anticlockwise loops. By
separating the data in terms of these two different proc-
esses, better SSC-Q relationships were achieved, suggesting
that processes of suspended sediment transport are different
under the two different types of storms. Achite and Ouillon
[2007] examined both instantaneous and daily-mean SSC-
Q and sediment discharge, Qs-Q power relationships using
event-based data over 22 years in Wadi Abd watershed,
Algeria. Although the instantaneous sediment rating curve
varied greatly with the magnitudes of floods, the daily-
mean SSC-Q relationship predicted sediment discharges
reasonably well. They then demonstrated using this rela-
tionship that sediment load varied significantly among
different seasons and years, which justifies continuous
long-term sediment monitoring.

[4] Zheng et al. [2012] investigated the SSC-Q relation-
ships over multiple temporal (instantaneous, event, and an-
nual) and spatial (plot, subwatershed, and watershed) scales
based on recorded data with the periods varying from 10 to
25 years in loess areas of northwestern China. Their analy-
sis showed that there were no consistent instantaneous
SSC-Q relationships persistent through all spatial scales.
At the event scale, event mean sediment concentration
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calculated using data from large events changed greatly at
the plot spatial scale and the degree of change reduced sig-
nificantly as the spatial scale increased. At the annual scale,
sediment yield was linearly correlated to runoff depth,
while at the event scale it was proportional to runoff depth.

[5] Polyakov et al. [2010] calculated average annual pre-
cipitation, runoff and sediment yield over 34 years for eight
small watersheds in southeastern Arizona. Their calcula-
tions showed that more than 50% of the total sediment
yield of the study period was attributed to sediment yields
generated by 10% of rainfall events, suggesting that the
sediment yield was mainly produced by highly intensive
storms. Yet, they found that the contribution of small
events must be accounted for because of their high fre-
quency of occurrence. Furthermore, they demonstrated that
the long-term pattern of annual sediment yield cannot be
solely explained by annual rainfall or large events, but is
affected in a complex means involving many factors such
as plant surface cover and rainfall timing.

[6] These studies, as well as the well-known hysteresis
effect during storm events [Bisantino et al., 2011; Fang
et al., 2008; Gentile et al., 2010; Polyakov et al., 2010] illus-
trated the ubiquitous complexity of interaction between sedi-
ment transport and storm patterns, topography, vegetation
cover, and soil properties as spatial and temporal scales vary,
and call for further continuous monitoring in order to under-
stand environmental change such as global warming on dry-
land sediment transport. However, with currently available
approaches and tools, future new data may provide limited
information on suspended sediment transport. New insights
into the complex sediment-transport processes are needed for
developing new approaches to better understanding and man-
aging sediment transport in arid and semiarid regions.

[7] This study aims to reveal the fundamental controls
on sediment flux in semiarid watersheds by investigating
patterns of suspended sediment transport at both instantane-
ous and event temporal scales and by developing a new
event-based suspended sediment model that can quantify
the general characteristics of long-term sediment dynamics
and their spatial variations in a semiarid region of south-
eastern Arizona, USA. We first selected currently available
long-term data from watersheds that belong to three physi-
cally based spatial scales in the study area. By examining
the correlation between SSC (mg/l) and Q (m3/s), and event
specific sediment yield (SSYe, t/km2) and runoff depth (h,
mm: total runoff volume normalized to watershed area),
we showed that suspended sediment transport was complex
at the intraevent temporal scale, but may well be character-
ized at the event temporal scale by statistically significant
functions in terms of normalized runoff volume. Further-
more, we exhibited that these statistical functions can be
reasonably replaced by a proportional model between SSYe

and h. We then explored the physical meaning of the model
and provided an example for its application. The study was
closed by showing the spatial variations of suspended sedi-
ment transport using the proportional model.

2. Methods

2.1. Classification of Spatial Scales

[8] Walnut Gulch Experimental Watershed (WGEW) is
one of the two field sites operated by the Southwest Watershed

Research Center (SWRC) of U.S. Department of Agriculture,
Agricultural Research Service (USDA-ARS). It is located near
Tombstone, Arizona, USA with the mean annual precipitation
of 324 mm and the mean annual temperature of 17.6�C.
Detailed description of geologic and geomorphological proc-
esses in, and physiographic conditions of WGEW may be
found in Osterkamp [2008]. Within WGEW, 125 instru-
mented sites in a series of watersheds with different sizes have
been monitored for hydrological and sediment data [Nichols
and Anson, 2008; Nichols et al., 2008]. According to their
geomorphological and hydrological characteristics, these
watersheds can be generally divided into three different groups
[Kincaid et al., 1966]. In watersheds of group one, specific
processes of runoff movement and sediment transport may be
isolated and identified. Watersheds in this group have small
sizes, such that overland flow dominates hydrological and
sediment-transport processes. Sediment yield is determined by
rainfall (both amount and intensity), vegetation cover, surface
ground cover, and microtopography [Lane et al., 1997]. The
associated spatial scale is termed herein as the plot scale.
Watersheds of group two have relatively homogeneous soil
and vegetation cover with essentially uniform precipitation. In
addition to hillslope processes, gully erosion and channel proc-
esses are also active. Hence, watershed sediment yields are
not only influenced by hillslope processes, but also related to
gully and alluvial channel densities and properties. These
watersheds have been termed as unit-source watersheds
[Kincaid et al., 1966; Nearing et al., 2007] and the associated
spatial scale is herein referred to as the unit-source scale. In
watersheds of group three, runoff movement and sediment
transport are more controlled by complex in-channel hydraul-
ics, while hillslope processes are still important [Lane et al.,
1997]. The associated spatial scale is herein called as the large
scale.

[9] Spatially, watersheds at the first two scales typically
have areas less than 0.01 and between 0.01 and 0.1 km2,
respectively, whereas those at the third scale have areas
between 1 and 150 km2. Hydrologically, watersheds at the
first two spatial scales have linear runoff (both volume and
peak value) response to storms, while those at the large
scale have nonlinear runoff response. The linear runoff
response is ascribed to (1) uniform distribution and full
cover of storms over watersheds because of their small
areas and (2) less transmission loss through stream chan-
nels due to their relatively smaller areal sizes and depths.
The nonlinear runoff response in those at the large scale is
mainly caused by increased channel transmission loss and
partial area storm coverage as watersheds increase in sizes
[Goodrich et al., 1997]. Therefore, in watersheds at three
different spatial scales, processes of suspended sediment
transport have distinct characteristics.

2.2 Sampling Methods and Data Compilation

[10] Sampling instrumentation in the WGEW has
improved since the initiation of sediment monitoring in
1960s and different sampling systems have been used in
watersheds of different sizes because of equipment limita-
tions and accounting for the variation of sediment sizes
[Nichols et al., 2008]. At the plot scale, two watersheds,
Flumes 105 and 106 have been monitored and event-based
instantaneous suspended samples have been obtained using
automatic pump samplers associated with H flumes
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[Nearing et al., 2007]. These two tiny watersheds do not
have incised channels. Watershed 106 is nested within
watershed 104 and watershed 105 drains into the channel
immediately below Flume 103 (Figure 1). The available
event-based instantaneous water discharge (Q) and sus-
pended sediment concentration (SSC) data included 45
events spanning from 1996 to 2010 in Flume 105 and 59
events spanning from 1996 to 2011 in Flume 106, respec-
tively (Table 1).

[11] At the unit-source scale, traversing slot sediment
samplers have been used at the outlets of Flumes 102, 103,
104, 121, and 125, whereas an automatic pump sampler
with a V-notch weir has been installed at the outlet of
Flume 112. The first five watersheds are located in the
Lucky Hills area (Figure 1), whose vegetation cover is
dominated by a shrub plant community. These watersheds
have well-developed channel systems and surface soils of
sand-dominated mixture. Flume 112 is situated in a higher-
elevated Kendall area (Figure 1) with vegetation cover
dominated by grass and forbs. Its geomorphology is charac-
terized by a swale (i.e., a flat valley bottom) that is seated
above the outlet and serves as a sediment sink [Nearing
et al., 2007]. The Q and SSC data available in these water-
sheds included 36–60 events spanning from 1995 to 2011
(Table 1). In watersheds at these two scales, data between
2005 and 2011 that were not used in Nearing et al. [2007]
were included here along with the data before 2005. Thus,
data listed in Table 1 represent the longest series of Q-SSC
pairs available for these watersheds.

[12] At the large scale, Q and SSC data were obtained
using V-notch weirs and automatic pump samplers with a
depth-integrating sampling tube, respectively [Simanton
et al., 1993]. Because of safety concerns and resources
required in sampling these main channels, the sediment
sampling program ended in the early 1980s [Nichols et al.,
2008]. Thus, the Q and SSC data were only available
between 1964 and 1975 in eight watersheds (Table 1).
Although in Flumes 4, 7, 8, and 11, the data only contained
seven or eight events, these events represent storms with a
wide range of amount and intensity that produced diverse
event runoff depths. Data in Flume 3 were mainly recorded

during relatively small storm events. Despite this bias, we
included these data to reflect the diversity of sediment-
transport processes at this spatial scale. These watersheds
have a wide range of areas (from 2.27 to 149.33 km2) and
form two nested watershed sequences in the descending
order: Flumes 1, 2, 6, 3, and 4; Flumes 1, 2, 6, 8, and 11
(Figure 1).

2.3. Data Analysis

[13] Instantaneous values of Q and SSC for a given event
have been commonly described using hysteresis analysis
[Gao, 2008; Oeurng et al., 2010; Smith and Dragovich,
2009]. Although different patterns of hysteresis loops may
be related to different transport processes, these links are
essentially qualitative and hence have limited ability of
characterizing dynamic sediment-transport processes. For
example, a clockwise loop may reflect the dominance of in-
stream sediment transport [Gao and Josefson, 2012; Jans-
son, 2002], but may also be the result of sediment transport
on hillslope in small watersheds [Lefrancois et al., 2007;
Sadeghi et al., 2008]. To better understand the dynamic pat-
terns of instantaneous suspended sediment transport, we
combined hysteresis analysis with the examination of
coupled patterns between hydrograph and sedigraph for all
individual events. First, we subjectively identified five differ-
ent patterns in terms of Q and SSC variations during the ris-
ing and falling limbs, and their relative values toward the
beginning and end of an event. The differences among these
five patterns were not determined statistically, but physically.
As a result, in some watersheds, a given pattern may have
only one or no event. Because the purpose of distinguishing
these patterns is to show the complexity of suspended sedi-
ment transport at the intraevent time scale, the subjectivity in
determination of the classes does not undermine their
capacity of achieving the purpose. Second, we link these pat-
terns to typical hysteresis loops to identify the possible phys-
ical processes controlling suspended sediment transport.

[14] To examine sediment-transport behavior at the
event temporal scale, we calculated event sediment yield
(SSYe, t/km2) and runoff depth (h, mm) based on instanta-
neous Q and SSC data of each event and performed

Figure 1. Sampling locations in Walnut Gulch Experimental Site, southeastern Arizona, USA.
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regression analysis to obtain the best-fit SSYe-h relationship
for each watershed. By comparing the predictions of the
best-fit SSYe-h relationship with those of three other differ-
ent mathematical functions, we demonstrated that the pro-
portional function may replace the best-fit SSYe-h
relationship for all watersheds and is indeed a general
model for characterizing the SSYe-h relationship. We subse-
quently provided mathematical and geomorphological
explanations of the general model and then used it to reveal
the general nature of the processes controlling suspended
sediment transport through multiple spatial scales.

3. Results and Analysis

3.1. Watersheds at the Plot Spatial Scale

3.1.1. Variable Transport Patterns at the Intraevent
Temporal Scale

[15] The 45 events of Flume 105 were divided into five
patterns in terms of their hydrological and sediment-
transport characteristics. In the first pattern, which contains
29 events (Table 1), SSC was (relatively) high at the begin-
ning of the event and gradually decreased as Q increased
during the rising limb of the event. The SSC value consis-
tently decreased as Q decreased during the falling limb
(Figure 2a). The decrease of SSC values was not controlled
by Q variation, but by the availability of sediment within
the watershed, demonstrating an apparent ‘‘depletion’’
effect. In pattern two, which included three events, the vari-
ation of SSC was in phase with that of Q (Figure 2b), sug-
gesting that sediment transport in these events was
primarily controlled by Q. Pattern three only contained one
event, in which SSC increased continuously from the begin-
ning to the end of the event, indicating ample sediment sup-
ply particularly toward the end of the event (Figure 2c).
The seven events in pattern four showed different degrees
of the depletion effect. For example, during the 12 July

1996 event, the SSC value of the first point was higher than
that of the last two points, though the Q value of the first
point was lower than those of the last two points (Figure
2d). This seems to suggest that less sediment was available
during the falling limb than the rising limb. Data in each of
the five events in pattern five only represented partial event
duration (Figure 2e). Thus, these events cannot be classified
into any one of the previous four patterns, though they still
may be used to calculate SSYe and h.

[16] Although events in patterns one and four showed
different degrees of the depletion effect, the former were
dominated by clockwise loops, while the latter were con-
trolled by anticlockwise figure-8 loops [Williams, 1989].
The pattern-three event was dominated by an anticlockwise
loop, whereas the pattern-two events tended to be con-
trolled by weak loops, such that the data points of each
event may be reasonably well characterized by a sediment
rating curve. The diverse hysteresis types of sediment
transport distinguish the small, semiarid watersheds from
their humid counterparts in which intraevent sediment
transport is generally controlled by clockwise loops [Lan-
glois et al., 2005; Lefrancois et al., 2007; Sadeghi et al.,
2008; Seeger et al., 2004; Smith and Dragovich, 2009]
because sediment eroded from hillslope can be quickly
transported to the watershed outlets and hillslope sediment
supply is limited. These hysteresis types reflect the com-
plex interaction of four main factors at this spatial scale:
rainfall (both intensity and amount), vegetation cover, sur-
face ground cover (including soil and rock fragment sizes),
and topography (and its spatial variation) [Lane et al.,
1997].

[17] Nonetheless, the depletion effect exhibited at this
spatial scale should not be explained as the result of pro-
gressive seasonal exhaustion of sediment [Thomas et al.,
2004] because many events were recorded in summer when
sufficient erodible colluvium was available. Our in situ

Table 1. Information of the Selected Data and Event Distributions in Five Subjective Patterns for All Selected Watersheds

Watersheds
A

(km2)
Range of

Data
No. of
Events

Pattern
One

Pattern
Two

Pattern
Three

Pattern
Four

Pattern
Five

The plot scale
Flume 105 0.0018 1996–2010 45 29 3 1 7 5
Flume 106 0.0034 1996–2011 59 41 6 1 4 7

The unit-source scale
Flume 102 0.0146 1998–2011 36 10 3a 11 7 5
Flume 103 0.0368 1995–2011 60 25 1 16 17 1
Flume 104 0.0453 1996–2011 51 17 3b 17 10 5
Flume 121 0.0542 1995–2011 57 20 9c 12 13 5
Flume 125 0.0591 1996–2011 40 13 8 4 11 1
Flume 112 0.0186 1995–2010 39 10 3 2 6 4

The large scale
Flume 1 149.33 1964–1975 75 24 18 2 7 24
Flume 2 113.72 1964–1974 22 6 11 0 0 5
Flume 3 8.98 1964–1974 7 0 2 1 0 4
Flume 4 2.27 1964–1974 8 3 0 1 1 3
Flume 6 95.1 1964–1975 102 32 22 6 10 32
Flume 7 13.52 1968–1974 7 1 1 1 1 3
Flume 8 15.5 1964–1973 8 3 0 0 0 5
Flume 11 8.24 1968–1974 8 0 0 0 2 6

aAll the three events had constant SSC values.
bOne had constant SSC values.
cTwo of them had constant SSC values.
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observation indicated that this effect was most possibly
caused by the relatively more sediment supply at the begin-
ning of an event due to the availability of deposited sedi-
ment from the previous event. The sediment exhaustion
was further enhanced by the following two processes com-
monly active in the study area. First, watersheds are domi-
nated by heterogeneous gravelly sand (52%) [Nearing
et al., 2007]. Hence, selective sediment detachment by
raindrop and selective sediment transport by runoff lead to
limited sediment transport [Issa et al., 2006; Parsons et al.,
1991]. Second, surface crust due to the compression of soil
surface or the depression of fine particles in pore spaces
limits soil erosion [Romkens et al., 1990], causing
decreased sediment-transport rates toward the end of an
event [Turnbull et al., 2010].

[18] The existence of patterns two and three suggests that
processes other than selective and limited sediment transport
also influenced transport processes, making dynamics of
sediment movement complex. However, these events only
took 10% of the total recorded full events, which indicates
that the impact of these other processes on suspended sedi-
ment transport was limited. Because all 45 events were col-
lected between June and October when precipitation is
predominately generated by convective storms [Goodrich
et al., 2008], the prevalence of events with clockwise loops
(>70%) seems to be related to this type of storms, which is
consistent with the discovery reported in a semiarid water-
shed of Israel [Alexandrov et al., 2007]. Unfortunately, no
single sediment rating curve was able to be established to
characterize intraevent sediment transport (Figure 3a).

[19] The 59 events of Flume 106 can also be divided into
these five patterns with 41 in pattern one, 6 in pattern two,
1 in pattern three, 4 in pattern four, and 7 in pattern five
(Table 1). Although events in patterns one and four gener-
ally showed the depletion effect, processes other than the
previously described could still contribute to this effect.
For example, two events in pattern one (Figures 4a and 4b)
had similar runoff depths (9.40 mm for the 14 July 1999
event and 9.45 mm for the 25 July 2010 event), but signifi-
cantly different event specific sediment yield (SSYe¼ 58.43
and 26.45 t/km2, respectively). Examining the data indi-
cated that the first event had greater peak rainfall intensity
than that of the second, giving rising to the peak discharge
Qp¼ 0.075 m3/s and peak concentration Cp¼ 11.7 mg/l for
the first event and 0.024 m3/s and 7.7 mg/l for the second.
Furthermore, rainfall duration of the first one was much
longer than that of the second. Thus, though the two differ-
ent rainfall patterns produced similar runoff depth, their
intraevent surface runoff patterns and changes were quite
different, causing different event sediment yields. It follows
that even within the same pattern, sediment-transport proc-
esses could be quite different because of variable storm in-
tensity and duration. In all recorded full events, 87% had
clockwise loops, which again indicated the dominant
impact of convective storms on suspended sediment trans-
port. The scatter plot of SSC against Q for Flume 106 is
similar to that for Flume 105 (i.e., Figure 3a), again signify-
ing that no single sediment rating curve was available for
characterizing the instantaneous SSC-Q relationship in this
watershed.

Figure 2. Examples of five intraevent transport patterns identified for Flume 105. (a) Pattern one; (b)
pattern two; (c) pattern three; (d) pattern four; (e) pattern five.
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3.1.2. Sediment-Transport Processes at the Event
Temporal Scale

[20] The complex sediment-transport processes described
for the plot-scale watersheds indicate that developing gen-
eral sediment rating curves even for a single watershed was
impossible. Alternatively, we focused on the synoptic effect
of sediment transport at the event temporal scale by examin-
ing the relationship between SSYe and h. In Flume 105, data
representing events in all five patterns collapsed well into a
single trend with some events in pattern two showing rela-
tively higher discrepancy (Figure 5a). The well-mixed trend
among different patterns suggests that the synoptic effects of
suspended sediment transport among all groups are similar.
This trend was best characterized by a second-order polyno-
mial equation:

SSYe ¼ 0:175h2 þ 2:074hþ 0:003 r2 ¼ 0:78 ð1Þ

[21] The general good fit of equation (1) to the data (rela-
tively high coefficient of determination, r2) suggests that
though sediment transport in the events of different patterns
was dominated by different processes, the difference had a
statistically insignificant impact on the SSYe-h relationship.
Therefore, from the instantaneous to event temporal scale,

complex sediment dynamics during individual events are
simplified, such that values of SSYe of all events may be
simply estimated by their runoff depths, h using a single
empirical equation (i.e., equation (1)).

[22] In Flume 106, some events in patterns one, two,
three, and five were apparently separated from others (Fig-
ure 5b). However, regression analysis showed that all
events may be fitted well by a statistically significant
second-order polynomial equation:

SSYe ¼ 0:028h2 þ 3:1h� 0:47 r2 ¼ 0:80 ð2Þ

[23] The sum of SSYe for all events predicted using equa-
tion (2) was only 3% less than that of measured SSYe. This
again suggests that at the event temporal scale, event sedi-
ment yield (SSYe) may be reasonably well characterized
using equation (2).

3.2. Watersheds at the Unit-Source Spatial Scale

3.2.1. Variable Transport Patterns at the Intraevent
Temporal Scale

[24] The storm events recorded in these watersheds also
fell into the five patterns described in the plot-scale

Figure 3. Scatter plots of suspended sediment concentration (SSC) versus water discharge (Q) at three
spatial scales. (a) The plot scale; (b) the unit-source scale; (c) the large scale.

Figure 4. Two events of pattern one in Flume 106 that have similar runoff depths but different event
specific sediment yields.
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watersheds with some variations. The exact styles of indi-
vidual events in patterns one, three, and four may be differ-
ent from, but shared the common transport nature with
those in the plot-scale watersheds. Certain events of pattern
two in some watersheds (i.e., Flumes 102, 112, and 121)
bore a different pattern from that of the events in the
plot-scale watersheds. Instead of having approximately
synchronized Qp and Cp, these events were characterized
by roughly constant SSC values over the entire storm dura-
tion (Figure 6), suggesting that the rate of transported sedi-
ment changed proportionally with Q. If soils available for
transport by surface runoff were sufficient, SSC values dur-
ing the events would be higher for large Q values than
those for small ones, leading to discernible variation of
SSC values over an event. Apparently, surface soils during
these constant-SSC events were constrained as described
previously, but the degree of the constraint was lower than
that for events in patterns one and four where SSC values
toward the end of the events were lower than those close to
the beginning of the events. The detailed distributions of
the events in the five patterns for these watersheds were
displayed in Table 1.

[25] Among all events in the five patterns, those in pat-
terns one and four showed various degrees of the depletion

effect, while those in pattern three demonstrated the trans-
port processes with sufficient sediment supply. Events with
constant SSC in pattern two belonged to the former, while
others in the same pattern were associated with the latter. It
follows that the percentage of events that had the depletion
effect in these six watersheds was (in the order shown in
Table 1) 65%, 71%, 60%, 63%, 74%, and 94%, respec-
tively. Again, events with the depletion effect prevailed in
all watersheds at this spatial scale, though in-channel hy-
draulic processes added additional influence on suspended
sediment transport due to the existence of ephemeral
streams in these watersheds. The processes controlling in-
stantaneous suspended sediment transport were still com-
plex at the unit-source spatial scale, such that no single
sediment rating curve was available for describing the SSC-
Q relationship (Figure 3b).
3.2.2. Sediment-Transport Processes at the Event
Temporal Scale

[26] In all watersheds, points representing events of all
five patterns were well mixed and followed a single trend
in the plot of SSYe against h (Figure 7), suggesting that they
also may be described by a single relationship. Regression
analysis showed that this relationship was best fitted by
second-order polynomial equations:

Figure 5. The relationships between event specific sediment yield (SSYe) and runoff depth (h) for (a)
Flume 105 and (b) Flume 106.

Figure 6. Examples of constant sediment concentrations in pattern-two watersheds at the unit-source
scale.
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Flume 102 SSYe ¼ 0:100h2 þ 9:48hþ 11:42 r2 ¼ 0:92

ð3aÞ

Flume 103 SSYe ¼ 0:273h2 þ 20:78hþ 17:86 r2 ¼ 0:93

ð3bÞ

Flume 104 SSYe ¼ 0:216h2 þ 8:41hþ 6:29 r2 ¼ 0:86 ð3cÞ

Flume 121 SSYe ¼ 0:575h2 þ 7:11hþ 3:24 r2 ¼ 0:88 ð3dÞ

Flume 125 SSYe ¼ 1:176h2 þ 21:76h–2:50 r2 ¼ 0:77

ð3eÞ

Flume 112 SSYe ¼ 0:013h2 � 0:252hþ 0:447 r2 ¼ 0:97

ð3fÞ

[27] All equations were statistically significant. Thus, in
each watershed, the differences of sediment transport
among individual events demonstrated by their different
transport patterns were overweighed by the consistent cu-
mulative effect of sediment transport at the event temporal
scale. The SSYe in each watershed can be generally deter-
mined by h using the established statistical equations. It
should be noted that each watershed had some events
(ranging from 2 to 6) that did not fit the developed statisti-
cal equations. The number of such events was much less
than those forming the trends and thus may be reasonably
regarded as outliers. These outliers could be caused by pos-
sible sampling failure or some random abnormal transport
processes and did not have significant impact on the long-
term trend of event-based sediment transport.

3.3. Watersheds at the Large Spatial Scale

[28] The recorded events can also be classified into the
same five patterns as those in the previous two spatial scales.
Perhaps because the number of events recorded in Flumes 3,
4, 7, and 8 were less than 10 in each case, these events fell
into only some of the five patterns (Table 1). Yet, in each
watershed at this spatial scale, no single statistically signifi-
cant sediment rating curve was available for all instantane-
ous pairs of SSC and Q (Figure 3c). This suggests that with
the dominance of in-channel hydraulic transport processes,
suspended sediment transport was still complex at the intrae-
vent scale. In other words, the increase of spatial scale did
not reduce the degree of complexity for suspended sediment
transport at the intraevent temporal scale.

[29] Again, at the event temporal scale, points from dif-
ferent patterns collapsed to single trends in terms of the
SSYe-h relationship, which may be characterized by a statis-
tically significant power function in each watershed:

Flume 1 SSYe ¼ 26:05h1:05 r2 ¼ 0:957 ð4aÞ

Flume 2 SSYe ¼ 18:60h1:07 r2 ¼ 0:897 ð4bÞ

Flume 3 SSYe ¼ 14:63h1:13 r2 ¼ 0:987 ð4cÞ

Flume 4 SSYe ¼ 9:50h1:21 r2 ¼ 0:995 ð4dÞ

Flume 6 SSYe ¼ 16:81h1:08 r2 ¼ 0:995 ð4eÞ

Flume 7 SSYe ¼ 16:02h1:31 r2 ¼ 0:998 ð4fÞ

Figure 7. The relationships between event specific sediment yield (SSYe) and runoff depth (h) for the
six watersheds at the unit-source scale.
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Flume 8 SSYe ¼ 28:05h0:98 r2 ¼ 0:966 ð4gÞ

Flume 11 SSYe ¼ 20:31h0:86 r2 ¼ 0:932 ð4hÞ

[30] In Flume 1, one event from both patterns one and
three had discernibly higher SSYe values than predicted by
equation (4a) (Figure 8a). In Flume 2, two events from
both patterns two and three had discernibly higher SSYe

values than predicted by equation (4b) (Figure 8b). In
Flume 6, several events had relatively higher SSYe values
than predicted by equation (4e) (Figure 8e). However, these
inconsistent events bear limited influence on the overall
trends of the events, highlighting their role as relatively
random events rather than a part of the general trend. The
very high r2 values in other flumes with no obvious incon-
sistent events (Figures 8c–8h) indicated that their event-
based data had strong trends that can be quantified by the
associated statistical equations.

4. Discussion

4.1. Intraevent Variations of Suspended Sediment
Transport

[31] The fact that no single sediment rating curve is ca-
pable of characterizing the relationship between SSC and Q
for watersheds at any of the three spatial scales indicates
that suspended sediment transport over multiple spatial
scales is not solely controlled by Q. Hydraulically, this is
because suspended sediment is transported below capacity
[Walling, 1977], which is caused by variable sediment sup-
ply and heterogeneous sediment sizes. Types of hysteresis
loops may imply possible sources of sediment supply such
as we have described in section 3.1.1. However, hysteresis
analysis fails to reveal the specific mechanisms causing a
given type of hysteresis loop even for events of the same
pattern. For example, the anticlockwise loops associated

with the pattern-three events at all three spatial scales sug-
gest that these events had either ample sediment supply or
additional sediment input during the falling limb of the
events, but one cannot determine which factor was active
and what geomorphological processes led to the true cause.
As the spatial scale increases from the plot to the unit-
source and further to the large scales, not only in-channel
incision and bank erosion, but also watershed mean slope
and mean length may serve as additional sediment sources
[Harrison, 2000]. Consequently, though events of the same
pattern have the same hysteresis loop, the loop of each
event may have resulted from different combinations of
possible sediment sources. Therefore, hysteresis analysis
remains a qualitative tool providing insufficient informa-
tion of possible sediment sources. Quantitative determina-
tion of variable sediment sources during a given storm
event calls for new process-based approaches. One of these
is characterizing various hydrological and sediment con-
nectivity between all possible sediment sources and down-
stream sediment transport of a watershed [Wainwright
et al., 2011]. Specific sediment-transport processes and the
associated paths may be elucidated using detailed data
obtained from field monitoring and watershed models iden-
tifying diverse soil erosion processes [Mueller et al., 2008;
Turnbull et al., 2010]. Another approach is directly identi-
fying a variety of potential sediment sources using benthic
diatom, geochemical or radionuclide tracers coupled with
event-based Q and SSC measurements [Collins et al.,
1997; Pfister et al., 2009; Wilson et al., 2012].

4.1. A General Model

[32] At the event temporal scale, regression analysis
gave rise to two different types of best-fit SSYe-h relation-
ships at different spatial scales: the second-order polyno-
mial equation at the plot and unit-source watersheds, and
the power equation at the large scale. To understand the

Figure 8. The relationships between event specific sediment yield (SSYe) and runoff depth (h) for the
eight watersheds at the large scale.
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difference, we compared the outcomes of regression analy-
sis using four different functions, second-order polynomial,
power, linear with an intercept, and proportional functions.
These outcomes indicated that for all watersheds, the SSYe-
h relationship may be generally characterized by a simple
proportional equation,

SSYe ¼ nh ð5Þ

where n is a constant, which has the same unit as the sus-
pended sediment concentration (kg/m3) and may be different
in different watersheds (Table 2). In the plot-scale water-
sheds, r2 value of equation (5) for Flume 105 was very close
to that of equation (1) and for Flume 106 was the same as
that of equation (2). Comparing the sum of SSYe for all
measured events in Flume 105 with that predicted by equa-
tion (1) and by equation (5) gave percent of predictive error
of 0.01% (i.e., %Eb in Table 2) and 12.0% (i.e., %Ep in Ta-
ble 2), respectively. Given that sediment load in Walnut
Gulch is highly variable, the predictive error of 12.0% by
equation (5) was considered acceptable, though it is higher
than that produced by equation (1). For Flume 106, %Ep was
�2.99%, which is very similar to %Eb (i.e., 1.64%) (Table
2). Thus, equation (5) can reasonably well replace equations
(1) and (2) in characterizing the event-based processes of
suspended sediment transport in watersheds at the plot scale.

[33] In the unit-source watersheds, r2 values varied from
0.711 to 0.905 when the data of SSYe and h from each
watershed were fitted by equation (5) (Table 2). These r2

values were statistically significant and comparable with
those for the polynomial equations (i.e., equations (3a)–
(3f). Although values of %Eb were generally less than %Ep

for all watersheds at this spatial scale, values of %Ep were
generally limited to less than 9% (Table 2). These results
suggest that equation (5) is a statistically significant and

physically reasonable mathematical model for characteriz-
ing in general the cumulative effect of event suspended
sediment transport for all unit-source watersheds. At the
large scale, fitting the SSYe-h relationship by equation (5)
led to similarly high r2 values for all watersheds to those
associated with the power equations (i.e., equations (4a)–
(4h)) except in Flume 11 where %Ep (�10.15%) was much
higher than %Eb (0.80%). However, about 10% of underes-
timation of SSYe using equation (5) is a limited error for
sediment-load determination. Thus, equation (5) also serves
as an equivalent function to equations (4a)–(4h) in predict-
ing SSYe values of watersheds at this spatial scale.

[34] Overall, equation (5) can replace the polynomial
equations at the plot and unit-source scales and the power
equations at the large scale to reasonably well predict event
sediment yields in all watersheds of the study area. Thus, it
is indeed a general model for characterizing event-based
suspended sediment transport in all watersheds. This find-
ing is consistent with the result from the dry, loess area of
northwestern China in which event-based suspended sedi-
ment can be characterized by the proportional model
[Zheng et al., 2008, 2011]. The existence of this general
model suggests that though the complex transport processes
during a given storm event are very difficult to quantify,
their synoptic effect over the event can be simply captured
by a proportional relationship between SSYe and h.

4.3. Implication of the General Model

[35] Mathematically, the general model, which is
expressed in the form of equation (5), indicates that SSYe is
proportional to h by a constant n. The physical meaning of
n may be revealed by reviewing the mathematical expres-
sions of SSYe and h as follows.

[36] Suspended sediment load, Qs is defined as

Qs ¼ a
Xn

i¼1

QiCiti ð6Þ

where Qi and Ci are the water discharge and sediment con-
centration measured at time i and a is the unit conversion
factor. Event specific suspended sediment yield, SSYe is
defined as

SSYe ¼
Qs

A
¼ Qs=A ¼ a

Xn

i¼1

QiCiti=A ð7Þ

where A is the area of a watershed. In addition, the total
volume of water during a given rainfall event by definition
may be written

V ¼
Xn

i¼1

Qiti ð8Þ

[37] Thus, runoff depth, h can be generally displayed as

h ¼ V

A
¼

Xn

i¼1
Qiti

A
ð9Þ

[38] It follows that the ratio of SSYe to h, which is
denoted as m, may be expressed as

Table 2. The Proportional Model, Its Statistical Significance, and
Comparison Between the Proportional Model and Best Empirical
Equations for All Selected Watersheds

Watersheds A (km2) n (kg/m3) r2 %Eb
a %Ep

b

The plot scale
Flume 105 0.0018 3.64 0.720 �0.01 12.0
Flume 106 0.0034 3.43 0.800 1.64 �2.99

The unit-source scale
Flume 102 0.0146 11.88 0.905 0.47 �4.90
Flume 103 0.0368 27.00 0.923 0.01 �4.48
Flume 104 0.0453 11.16 0.853 0.02 �5.71
Flume 121 0.0542 12.59 0.859 �0.02 6.88
Flume 125 0.0591 16.27 0.711 �9.6 �13
Flume 112 0.0186 0.632 0.926 �0.62 8.62

The large scale
Flume 1 149.33 29.08 0.919 �6.23 3.15
Flume 2 113.72 21.87 0.787 8.79 �22.5
Flume 3 8.98 13.64 0.976 1.59 4.47
Flume 4 2.27 18.95 0.927 �14.52 18.54
Flume 6 95.1 19.37 0.862 �5.61 3.59
Flume 7 13.52 34.39 0.978 �6.33 12.14
Flume 8 15.5 25.24 0.898 2.21 �7.47
Flume 11 8.24 16.65 0.874 0.80 �10.15

aThe percent error between the sums of measured and predicted SSYe

using the best-fit equations.
bThe percent error between the sums of measured and predicted SSYe

using equation (5).
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m ¼ SSYe

h
¼

a
Xn

i¼1
QiCitiXn

i¼1
Qiti

¼ a
C1V1 þ C2V2 þ � � � þ CnVn

V

¼ a
Xn

i¼1

CiFi ð10Þ

where Fi ¼ Vi=V . So, m is the volume-weighted mean sedi-
ment concentration.

[39] If t1¼ t2¼ . . . tn, then,

m ¼ SSYe

h
¼ a

Xn

i¼1
QiCiXn

i¼1
Qi

¼ aC1Q1 þ C2Q2 þ � � � þ CnQnXn

i¼1
Qi

¼ a
C1Q1 þ C2Q2 þ � � � þ CnQn

Qt
¼ a

Xn

i¼1

Cifi ð11Þ

where fi ¼ Qi=Qt. Thus, m becomes the discharge-
weighted mean sediment concentration.

[40] Equations (6)–(11) show that the volume-weighted
mean concentration, mi, which represents average amount
of suspended sediment transported over an event, i, may be
calculated as the ratio of the associated SSYei, to hi. How-
ever, mi calculated in this way is different from the constant
n in equation (5), which is obtained by regressing all SSYei

against all hi values. For a given watershed, though mi

varies from event to event, n remains constant over all
events, suggesting that n is the characteristic volume-
weighted concentration of the watershed regardless of the
event difference both in magnitude and intensity. In water-
sheds at all three spatial scales, the degree of variation of
mi decreases as h increases (Figures 9a–9c), suggesting that
with the increase of h (and hence the size of rainfall event,
either in magnitude or intensity or both), the significant
impact of rainfall intensity through rain splash and soil
detachment gives way to the dominance of sediment-
transport process due to the increase of overland flow and
then the processes due to augmented in-stream hydraulics.
Also shown in Figure 9 is that n is always consistent with
the trend of mi for large events. During these events, sur-
face runoff on hillslopes and in-stream flows are more
hydrologically connected and thus, sediment exported out
of a watershed reflects overall ability of soil erosion and
sediment transport of the entire watershed, which reflects

the coupled effect of morphology, land cover/use, and soil
properties of a watershed on sediment transport.

[41] The implication of the general model is that for a
given watershed, though the volume-weighted suspended
sediment concentration (i.e., mi) varies from event to event
due to the variable storm intensities and durations, these
concentrations can be simply represented by a constant n
for all events. In other words, at the event time scale, the
synoptic effect of complex sediment-transport processes
for each watershed may be described by the characteristic
volume-weighted suspended sediment concentration, n. For
example, values of n for watersheds in the study area range
from 0.63 to 34.69 kg/m3 (Table 2) whereas those for
watersheds in the loess area of northwestern China are
from 485 to 941 kg/m3 [Zheng et al., 2012]. The obvious
difference between n values in two regions reflects their
distinct characteristics of sediment transport : in the former,
flows transport sediment of variable, but limited high con-
centrations whereas in the latter, flows transported hyper-
concentrated sediment.

4.3. The Unique Behavior of Flume 112

[42] At the unit-source spatial scale, n value of Flume
112 is significantly less than those of other watersheds
(Table 2). Evidently, the processes of suspended sediment
transport in this watershed were different from those in
others. The most discernible difference between this water-
shed and others is vegetation cover : Flume 112 is domi-
nated by grass lands while others are dominated by shrub
lands. Because many studies on Walnut Gulch have shown
[Parsons et al., 1996; Turnbull et al., 2010; Wainwright
et al., 2000] that erosion rates are higher in shrub lands
than in grass lands, it is readily to solely attribute such
transport difference to the vegetation difference. However,
Nearing et al. [2005] discovered that at the vegetation
patch scale, erosion rates in a grassland watershed are
indeed close to those in a shrub land watershed, though
sediment yield from the entire watershed is much lower in
the former. The relatively high erosion rates at the much
smaller spatial scale of the grassland watershed is mainly
caused by relatively small surface roughness due to less
cover of rock fragments. Nonetheless, these high erosion
rates did not turn into equivalently high sediment-transport

Figure 9. Examples of the relationships between volume-weighted mean sediment concentration (m)
and runoff depth (h) at the three spatial scales. (a) The plot scale; (b) the unit-source scale; (c) the large
scale.
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rates at the entire watershed scale because of poor hydro-
logical connectivity among small plots and more impor-
tantly, a swale located above the sampling site of Flume
112 forming a local topographic sink.

[43] Therefore, the special topographical structure
appears to be the primary cause for the low n value in
Flume 112, which may be further supported by comparing
the data used in Figure 7 with those collected in 2006.
Because of the unusual dry weather, vegetation cover was
reduced significantly in that year. Thus, the impact of vege-
tation on flow resistance and hydrological connectivity was
attenuated to a large degree in 2006, causing significantly
higher suspended sediment transport [Polyakov et al.,
2010]. The increased transport ability was well represented
by the significantly high n value in 2006 than that in other
years (Figure 10). However, the n value associated with the
data in 2006 was only 4.33 kg/m3, still much less than those
of other watersheds at the unit-source spatial scale.

4.4. The Spatial Variation of n Values

[44] In all other watersheds with the same dominant veg-
etation cover (i.e., shrub lands), watersheds at the large
scale have a wide range of areas (from 2 to 149 km2). Spa-
tially, they involve two nested sequences (see Figure 1)
whose n values were plotted against their areas (Figure 11).
For both sequences, as the watershed area increased, values
of n changed, but did not show any significant trend. It
became more obvious when these n values were combined
with those of the remaining shrub land watersheds and
were plotted against their sizes (Figure 12). For watersheds
greater than 0.01 km2, n varied within a constrained range
from 11.16 to 34.49 kg/m3 with the mean of 19.40 kg/m3

(solid squares and triangles in Figure 12). The n values for
the two smaller watersheds with A< 0.01 km2 were less,
suggesting at the plot scale suspended sediment transport
dominated by hillslope erosion processes due to overland
flows [Lane et al., 1997] is limited. For watersheds with
areas greater than this threshold value, in-channel transport
process becomes more and more important. The fact that n
centers around a constant value (i.e., 19.40 kg/m3) means
that n approximately remains unchanged as watershed area

increases from 0.01 to about 150 km2. To further validate
this trend, we compiled more data collected from different
watersheds of Walnut Gulch. These data were obtained
from watersheds that have areas that mostly fall between
those of unit-source and large watersheds [Lane et al.,
1997]. Since the reported annual sediment yields of these
watersheds were averages of cumulative sediment yields
over multiple years, n values calculated for these water-
sheds are not exactly equivalent to those calculated using
equation (5). Nonetheless, the calculated n values generally
follow the same trend (Figure 12), suggesting that the
approximately constant n value prevails in watersheds with
areas ranging from 0.01 to about 150 km2.

[45] The implication is that at the event time scale, the
processes of suspended sediment transport are similar in
watersheds of any size that are greater than 0.01 km2. This
finding is at odds with current consensus that suspended sedi-
ment transport varies significantly as watershed area increases
in Walnut Gulch partially because of the nonlinearity of runoff

Figure 11. Values of n in two sets of nested watersheds
at the large scale (the number next to the symbol represents
the associated watershed).

Figure 12. Spatial variations of n values over three spa-
tial scales.

Figure 10. Impact of vegetation on suspended sediment
transport in Flume 112.
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response as watershed area increases [Goodrich et al., 1997].
In practice, the approximately constant n value allow us to
study the long-term trends of sediment yields in large-scale
watersheds based on collected discharge data, which is rela-
tively easy to handle.

5. Conclusions

[46] We studied the spatial and temporal variations of sus-
pended sediment transport in Walnut Gulch of southeastern
Arizona using event-based long-term data compiled from 16
watersheds of variable sizes. At the intraevent temporal
scale, the identified five transport patterns existed in water-
sheds at all spatial scales, confirming the assertion that sedi-
ment transport in semiarid environments is highly variable.
However, these patterns have limited capacity to character-
ize the processes of suspended sediment transport because
even within the same pattern, transport processes may be
dramatically different (Figure 3). At this temporal scale, pre-
dicting instantaneous suspended sediment concentrations or
transport rates becomes unreliable because a specific con-
centration or rate is the outcome of interaction among rain-
fall, vegetation cover, soil, and topography. Research focus
should be on identifying the relative importance of relevant
processes in the context of hydrological and sediment-
transport connectivity [Wainwright et al., 2011].

[47] At the event temporal scale, suspended sediment
transport with all five patterns can be generally described by
a statistically significant and well-fit empirical equation
between event specific sediment yield (SSYe) and event run-
off depth (h) for all selected watersheds, indicating a
reduced complexity in suspended sediment transport at this
temporal scale regardless of spatial variations. Furthermore,
we discovered that the SSYe-h relationship can be statisti-
cally well described using a general proportional model
SSYe¼ nh, where n is a constant with the unit of kg/m3 and
is conceptually equivalent to the volume-weighted event
mean sediment concentration. This implies that though
event sediment yield of a watershed in Walnut Gulch varies
from storm to storm, the ability of transporting suspended
sediment by the watershed is quantitatively characterized by
the value of n irrespective of storm intensity and duration,
and watershed sizes. The higher the n value, the more sedi-
ment can be exported from a watershed. Thus, n is a new
sediment index that can quantitatively determine the degree
of sediment loss from a watershed. Under a similar storm, a
watershed with a higher n value must experience more sedi-
ment loss than that with a lower n value. This is potentially
a useful tool for monitoring the long-term effect of global
warming and land use changes on sediment transport with
more observed data. The change of n value in the future
will indicate whether sediment transport will be accelerated
or decelerated.

[48] The significant low n value for Flume 112 compared
to those of other watersheds with similar sizes suggests that
Flume 112 has different processes of suspended sediment
transport than other similar-sized watersheds in this area.
Although the low n value may be attributed to different
vegetation cover, geomorphological connectivity, and sam-
pling methods between Flume 112 and other similar-sized
watersheds, the topographic sink (i.e., swale) in this water-
shed is the main culprit.

[49] Over the three spatial scales (i.e., the plot, unit-
source, and large scales), n values showed a threshold
behavior: they followed a positively increasing trend with
watershed area (A) for A< 0.01 km2 and remained roughly
constant for A> 0.01 km2. In the former watersheds, sus-
pended sediment transport is predominately controlled by
hillslope hydrological and erosion processes, while in the
latter, sediment transport is controlled by both hillslope and
in-stream processes. The constant trend of n values for
large watersheds is particularly important. This trend sug-
gests that the ability of transporting sediment quantified by
the n value is independent of watershed area. Thus, n can
better represent the nature of sediment transport in a water-
shed than the specific sediment yield, which changes with
the watershed area in a complicated fashion [de Vente
et al., 2007; Parsons et al., 2006; Walling, 1983].
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