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Abstract. Connection between perennial stream and basalensity andPE index. Madduma Bandara (1974) extended
flow at the mean annual scale exists since one of the hythe samples to cover watersheds in the humid Sri Lanka and a
drologic functions of perennial stream is to deliver runoff positive correlation was found between drainage density and
even in low flow seasons. The partitioning of precipitation PE index. Therefore, drainage density decreases but then in-
into runoff and evaporation at the mean annual scale, on thereases from arid to humid regions (Abrahams, 1984), and
first order, is captured by the ratio of potential evaporation tothis trend has been explained by the vegetation imparted to
precipitation Ep/ P called climate aridity index) based on the soil (e.g., Moglen et al., 1998) and demonstrated in land-
Budyko hypothesis. Perennial stream densibp), which scape evolution models (e.g., Perron et al., 2007; Collins and
is obtained from the high resolution National Hydrography Bras, 2010).
Dataset, for 185 watersheds declines monotonically with cli- Functional patterns offer an insight on the mechanisms and
mate aridity index, and an inversely proportional function is processes driving the observed natural structure (Sivapalan et
proposed to model the relationship betwdey and Ep/ P. al., 2011). The functional approach may provide answers as
The monotonic trend of perennial stream density reconciledo why streams and their associated densities organize the
with the Abrahams curve since perennial stream density isvay they do. The basic functions of a watershed include par-
only a small portion of the total drainage density. The corre-tition of collected water into different flowpaths, storage of
lation coefficient between the ratio of base flow to precipita- water in different parts of the watershed, and release of wa-
tion (Qp/P), which follows a complementary Budyko type ter from the watershed (Wagener et al., 2007). Delivering the
curve and perennial stream density is found to be 0.74. Theunoff generated in a watershed is one of the major hydro-
similarity betweenQp/ P and Dp reveals the co-evolution be- logic functions of stream network. On this basis, stream den-
tween water balance and perennial stream network. sities can be related to runoff in a watershed. Berger and En-
tekhabi (2001) and Sankarasubramanian and Vogel (2002b)
studied the correlations between runoff coefficient and phys-
iographic and climate variables (i.e., climate aridity index,
1 Introduction drainage density, median slope, relief ratio, and infiltration
capacity), and found that the ratio of potential evaporation
Total drainage density, defined as the total length of chanyg precipitation Ep/ P), which is called climate aridity in-
nels per unit area (Horton, 1932, 1945), is known to vary dex, explained most of variability of observed runoff coef-
with climate and vegetation (Melton, 1957), soil and rock ficient which is also correlated with drainage density. The
properties (Carlston, 1963; Kelson and Wells, 1989), and to{jnkage between drainage density and frequency regimes of
pography (Montgomery and Dietrich, 1988). Melton (1957) peak flows has also been discussed in the literature (Merz and
explored the dependence of drainage density on the ThorntI“BmSChL 2008; Pallard et al., 2009).
waite’s (1931) precipitation effectiveness index (ifE in- In a watershed, the flowing stream network expands as

dex) which is a measure of the availability of moisture to veg- 5 response to rainfall events and contracts during drought
etation, and found a negative correlation between drainage
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periods (Blyth and Rodda, 1973; Gregory, 1976; Day, 1978).adequate number of precipitation gauges. Several recent
From the perspective of flow duration, streams are categostudies have been based on the MOPEX watersheds (e.g.,
rized into perennial, intermittent, and ephemeral streamsSivapalanetal.,2011; Harman etal., 2011; Wang and Hejazi,
Perennial stream, i.e., the basic stream network flowing for2011; Wang and Alimohammadi, 2012). Due to the missing
much of the year, is governed by groundwater flow and there<data in both MOPEX and perennial stream datasets for some
fore depends upon mean annual precipitation as modifiedvatersheds, 185 watersheds are selected in this study. Over
by watershed characteristics; temporal streams, i.e., intermitthe study watersheds, the climate aridity index ranges from
tent or ephemeral, occur once or more each year and ar@.26 (humid) to 5.50 (arid). The minimum mean annual pre-
responses to seasonal climate and individual rainfall eventsipitation is 277 mm, and the maximum mean annual precip-
(Gregory, 1976). De Wit and Stankiewicz (2006) studied theitation is 2771 mm.
relation between perennial stream densidy), which is the Perennial streams are obtained from the National Hydrog-
ratio between total perennial stream length and drainage areaaphy Dataset (NHD) which is a comprehensive set of digi-
and mean annual precipitation in Africa. They found that  tal spatial data that encodes information about naturally oc-
is close to zero when precipitation is less than 400 mmyr  curring and constructed streamlindsttp:/nhd.usgs.goy/
from 400 mmyr? to 1000 mmyr?, Dp increases with pre- The map scale of the high-resolution NHD is 1 : 24 000. All
cipitation and then decreases when precipitation is largeflow lines have been classified as perennial, intermittent,
than 1000 mmyrt. ephemeral streams, and others. The stream classification is
However, runoff at the mean annual scale is notbased on digitizing the “blue line mapping” and stream sym-
only controlled by water supply but also energy supply. bolization on US Geological Survey (USGS) 7.5 min quad-
Budyko (1958) postulated that mean annual evaporatiorrangle topographic maps. The blue-line mapping and peren-
from a watershed could be determined, to first order, fromnial and ephemeral or intermittent classifications on topo-
precipitation and potential evaporation. Based on world-graphic maps used in the NHD are based on aerial photo
wide data on a large number of watersheds, Budyko (1974)nterpretation and have been extensively verified by field re-
demonstrated that the partitioning of precipitation into runoff connaissance by the USGS at the time the map was compiled
and evaporation is primarily controlled by climate aridity or revised (Simley, 2003). Errors may occur in the process of
index. Perennial stream density may be dependent on botHigitally capturing the topographic map information and in-
mean annual precipitation and potential evaporation similarcorporating it into the NHD flow lines. Climate change, land-
to mean annual runoff, particularly base flow. scape change, human engineering and other variables present
Interactions between climate, soil, vegetation, and topog-opportunities for improvement (Simley, 2007).
raphy contribute to the generation of observed patterns in In the high-resolution NHD, each feature has its unit code
natural watersheds, and the patterns contain valuable inforwhich is five-digit integer value comprised of the feature type
mation about the way they function (Sivapalan, 2005). Theand the combinations of characteristics and values. In the
dependence of perennial stream density on mean climate delataset, streamlines are classified into perennial (46 006), in-
serves further investigation for assessing potential climateermittent (46 003), ephemeral streams (46 007), and others.
change impact on water supply availability. The purpose ofSome perennial streams with human interferences are classi-
this research is to explore the dependences of both base flofied as artificial path (55 800), connecter (33 400), or others.
and perennial stream density on climate aridity index andTherefore, these types of flow lines located in main channels
the co-evolution of water balance and perennial streams. Thehould be accounted for in perennial streams when the to-
finding on perennial stream is compared with the Abrahamdal perennial stream length is computed. It should be noted
curve on total drainage density (Abrahams, 1984). Furtherthat the value of total stream length, particularly for tempo-
more, the linkage between runoff from mean annual to evental (i.e., intermittent and ephemeral) streams, depends on the
scales and perennial, intermittent and ephemeral stream demesolution of the map from which the streams were obtained
sities is discussed. (Montgomery and Dietrich, 1988). The temporal streams in
the NHD are usually underestimated since the small order
headwater streams are usually not accounted for due to the

2 Methodology limited spatial resolution of the topographic map. However,
this research is focused on perennial stream which is much
2.1 Data sources more reliable than temporal streams in the NHD dataset.

The Model Parameter Estimation Experiment (MOPEX) wa-2.2 Budyko hypothesis and complementary

tersheds are chosen as case study watersheds because pre- Budyko-type curves

cipitation, potential evaporation and runoff datasets are avail-

able. The MOPEX dataset is described by Duan et al. (2006)The pattern of mean annual evaporation can be described
This dataset includes daily values of areal precipitation,by the Budyko curve, which shows a predictable relation-
climatologic potential evaporation, and streamflow with an ship between annual water balance and the climatic drivers
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of precipitation and potential evaporation (Budyko, 1974). r r r r r

Based on datasets from a large number of watersheds, 1t
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whereE is the mean annual evaporation. Gerrits et al. (2009)
provided a theoretical backing for the empirical Budyko © o Observed E/P
curve by using a simple evaporation model and rainfall char- 0.2\ [, N Budyko Curve | |
acteristics. As shown in Fig. 1, evaporation ratio, which
is captured by the Budyko curve, increases from humid to oo . . . . .
arid regions. The slope of the Budyko curve is steep in 0 1 2 3 4 5 6
energy-limited regions (i.eEp/ P < 1), and becomes flat in E./P

water-limited regionsEp/ P > 1). Other functional forms of _ _ _ ]
Budyko-type curves have been developed for assessing Iond:-'g' 1. Comparison of observed evaporation ratlty ) with esti-
term water balance (e.g., Turc, 1954; Pike, 1964; Fu, 1981'mates based on Budyko curve at 185 MOPEX catchments.

Zhang et al., 2001; Sankarasubramanian and Vogel, 2002a;
Yang et al., 2008). One of the Budyko-type functions is the gy narameter is set to 0.925 for all the watersheds (Siva-

Turc—Pike equation: palan et al., 2011). Base flow coefficients of the case study
—1/v watersheds are plotted in Fig. 2 as a function of climate arid-

E_ Ep\™" ity index. A complementary Turc—Pike curve is fitted to the
=14 ) 2 '
P p observed data points:

Limit Lines

wherev is the parameter that represents the effects of other [ E 3.3} —1/33
1+ (%) ©)

factors, such as vegetation, soil, and topography, on the par-F =1-
titioning of precipitation.

The mean annual precipitation, potential evaporation, and Tha estimated value for the parametss 3.3 for the data
runoff (Q) for the study watersheds are computed based Ohoints in Fig. 2.
the available data of daily precipitation, runoff, and clima-
tologic potential evaporation. Climate data is available dur-2_3 Perennial stream density as a function of climate
ing 1948-2003. Even though the general findings on climate aridity index
control on perennial stream density are not affected by the
selection of period for hydro-climatic data, the mean annualThe differentiation between perennial and temporal streams
E/P and Ep/ P during 1948—-1970 are used considering the is not quantitatively definite, and subject to a variety of defi-
time period when the perennial stream data was constructechitions adopted by regulation agencies and academics with a
As shown in Fig. 1, the observed mean annual evaporatiomeed to classify streamflow durations. Therefore, definitions
ratio for the study watersheds (i.e., blue circle) is along theof perennial and temporal streams vary widely among regu-
Budyko curve (i.e., red line). The scatter of the data pointslatory agencies. For example, a perennial stream is defined
in Fig. 1 is caused by data uncertainty and other controllingas a river channel that has continuous flow on the stream
factors such as climate seasonality, vegetation, soil, and tobed all year round during years of normal rainfall (Meinzer,
pography (Milly, 1994; Zhang et al., 2001; Donohue et al., 1923). Perennial streams are defined as having 7-day, 10-yr
2007; Yang et al., 2007; Yokoo et al., 2008; Zhang et al.,low flows greater than zero by Hunrichs (1983). During un-
2008). At the mean annual scale, the steady-state conditionsually dry years, a normally perennial stream may cease
can be assumed for water balance. Runoff coefficiontr) flowing, becoming intermittent for days, weeks, or months
can be estimated by the complementary Budyko-type curvedepending on severity of the drought (lvkovic, 2009). Peren-
i.e.,Q/P=1—E/P. nial stream in the NHD dataset is defined as “stream contains

Similar to runoff coefficient, base flow coefficient, which water throughout the year, except for infrequent periods of
is defined as the ratio of mean annual base flgh)(to severe drought” (Simley, 2006).
precipitation, is also mainly controlled by climate aridity in-  Generally, perennial stream densityg) is higher in hu-
dex. Mean annual base flow is computed by conducting basenid regions than that in arid regions. Perennial stream net-
flow separation using a one-parameter low-pass filter methodvorks are mainly controlled by mean climate as well as other
(Lyne and Hollick, 1979). For consistency, the value of the factors such as lithology and topography. The hydrologic
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Fig. 2. Qp/P versusEp/P, and the fitted complementary Turc—
Pike curve.

Fig. 3. Temporal stream and perennial stream: (a) Snoqualmie

River watershed, Washington with USGS gage 12149800,P =
function of perennial streams is to deliver runoff, particularly 0.29, Dp = 1.60 km~1; (b) Red Creek watershed, Mississippi with
during low flow seasons when base flow is dominant. As dis-USGS gage 0247930 /P = 0.70, Dp = 0.48km1; (c) Elm
cussed above, the pattern 6f/P can be captured by the Fork Trinity River watershed, Texas with USGS gage 08055500,
complementary Budyko-type curve shown in Eq. (3). In this Ep/P =177, Dp=027km™%; (d) Arroyo Chico watershed,

paper, the correlation betweé@hp and Qp/ P is evaluated. g‘g‘g;\kﬂrififo with USGS gage 0834050@p/P =550, Dp=

3 Results

] ] The perennial stream densities obtained from the NHD
Perennial stream length and density are computed for eacHataset are compared with the reported ones in the litera-
watershed studied based on the NHD dataset. Figure 3 showgre De Wit and Stankiewicz (2006) reported the peren-
the perennial and temporal streams for four selected wapig| stream densities in Africa and the values vary from
tersheds with different climate aridity index. The climate g (5 0.14 kmknT2. In a small peatland headwater catch-
aridity index and perennial stream density for the Sno-ment in United Kingdom, the perennial stream density is
qualmie River watershed located in the State of Washingtom 41 km knr2 when water tables fall below 180 mm, but the
is 0.29 and 1.60km ke, respectively (Fig. 3a). However, tot5) drainage density is 29.98 km kihwhen the stream net-
in the arid region of New MexicoHp/ P = 5.50), the peren-  \yqrk is fully expanded (Goulsbra et al., 2012). This impli-
nial stream d;ns!ty for the Arroyo Chico watershed is only cates that active streams are stabilized when the water table is
0.067 kmkm= (Fig. 3d). Figure 3b and ¢ show the peren- pe|oy 180 mm. The perennial stream density in the Turnhole
nial stream network at the other two watersheds with climategeng Groundwater Basin in Kentucky is reported in values
aridity index of 0.70 and 1.77, respectively. Perennial streamyanging from 0.24 km km2to 1.13 km knt2. Johnston and
densities decrease from energy-limited to water-limited re-shmagin (2008) reported that the average perennial stream
gions. The spatial distribution of perennial stream densitiesjensity of several watersheds located in the Great Lakes
for all the case study watersheds is shown in Fig. 4. As Wes 0 42 km knT2. Perennial stream density in the Northern
can see, perennial stream densities are higher in the easteffhckies ecoregion is relatively high and the values reported
US and relatively low in the Great Plains. The minimum range from 0.9kmkm? to 1.2kmknT2 (McIntosh et al.,
perennial stream density is Okmkrhand the maximum 1995). Wigington et al. (2005) reported that perennial stream
perennial stream density is 1.60 km kfnover the 185 wa- density of agricultural watersheds in western Oregon varies
tersheds. When the drainage area is not large enough to SUgnm 0.24 km knt2 to 0.66 km knt2 even though the total
tain perennial streams in arid regions, perennial stream denstream density varies from 2.90 km kéhto 8.00 km knt2.
sity can be zero. There are two watersheds with zero perénrpe perennial stream density for the four case study water-
nial stream density: Conchas Creek in New Mexico with sheds located in western Oregon are 0.1kmkrilUSGS
a drainage area of 1230Kmand Los Gatos Creek above gage 14308000), 0.26kmKrA (USGS gage 11497500)
Nunez Canyon in California with a drainage area of 247km 0.29 kmknT2 (USGS gage 14080500), and 0.67 kmim

(USGS gage 11532500) as shown in Fig. 4. The magnitude of
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Fig. 4. Spatial distribution of perennial stream densities for the case
study watersheds. 0.2 '
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perennial stream density computed based on the NHD dataset
is consistent with these reported values in the literature. _ _ _ 1

To explore the climate control on perennial streams, perenfig. 5. NHD-based perennial stream densifyp (km™"), and the
nial stream densities of all the study watersheds are p|0tjltted line are plotted as a function of climate aridity indé&p( P).
ted as a function of climate aridity index (Fig. 5). The

blue circles represent the NHD-based perennial stream densyong, and the correlation coefficient between them is 0.74.
sity which monotonically decreases with climate aridity in- £yrthermore, since the climate aridity index is the first or-
dex. The narrow—panded data cIom_Jd shows the strgng depenyer control on botpu/P (Fig. 2) andDp (Fig. 5), similar-
dence of perennial stream density &p/P. De Wit and  jiy exists between the base flow coefficient and the perennial

Stankiewicz (2006) studied the mean annual precipitationgyegm density in the dependence on mean annual climate
control on perennial stream density in Africa, and proposedyyigity index.

a non-monotonic relationship. Annual precipitation has usu-

ally been the main focus in studies of climate control on

drainage density (e.g., Abrahams and Ponczynski, 1984). T¢ Discussions

include the effect of energE index proposed by Thornth- o ]

waite (1931) contains both precipitation and actual evapora#-1 Perennial, intermittent, ephemeral, and total
tion which is implicitly related to temperature (Moglen et al., stream densities

1998). However, from the perspective of water balance, th
hydrologic basis of théE index is not as strong as that of
the climate aridity index proposed by Budyko (1958). Gre-
gory (1976) compared the pattern of total drainage densit y

e'I'he Abrahams curve (Fig. 7) represents the dependence of
total drainage densityly) on PE index which is computed

as a function of climate aridity index, but no explicit pat- 12 p.
tern was discovered. The reason is that the dependence &fE= lOZ T (5)
temporal streams on mean climate is not as strong as peren- m=1""Pm

nial streams. As we expect, a monotonic trend is identifiedyhere p,, and Ep_ are mean monthly precipitation and po-
. . . . T m

for perennial stream density as a function of climate aridity tential evaporation, respectively (Thornthwaite, 1931). As

index in this study. An inversely proportional function is pro- shown in Fig. 7,Dq decreases and then increases Vih

posed to fit the data points in Fig. 5: index (Abrahams, 1984). The relationship betwP&rindex
k and Ep/ P for the case study watersheds is shown in Fig. 8.
Dp (4)  Higher PE index is corresponding to lowetp/ P, and the

Ep/P correlation coefficient betwedPE and Ep/ P is —0.73.

where the coefficient represents the perennial stream den- To explore the contribution of perennial stream density to
sity for watersheds with balanced water and energy supplytotal drainage density reported by Abrahams (1984), peren-
(Ep/ P =1), and the value of is 0.44 km knT2 based on the nial stream densities for the case study watersheds are added
fitted curve. to the Abrahams curve in Fig. 7. As we can see, perennial
Since perennial stream is defined as the active stream dustream density increases wWifPE index. Perennial stream

ing drought periods when base flow dominates the streameensity is only a small portion of the total drainage den-
flow, perennial stream density may be correlated with basesity, and the trend of intermittent and ephemeral streams
flow coefficient. As shown in Fig. 6, the correlation between dominates that of total drainage density. However, peren-
perennial stream density and base flow coefficient is indeedhial stream density contributes to the increasing trend of total
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Fig. 6. The correlation coefficient between perennial stream density_. . . . N
(Dp) and base flow coefficiently/ P) is 0.74. Fig. 8. The correlation betweeRE index and climate aridity index

(Ep/ P) for the 160 study watersheds with PE index less than 500.

100 O Db, from Melton (1957) I ) . .
o) & D, from Madduma Bandara (1974) |] of runoff erosion. As an alternative, the non-monotonic trend
r 8 s o ] may be explained by the runoff generation at different tempo-
IR | ral scales (Fig. 9). Definitions of perennial, intermittent and
o O% @%f ephemeral streams are based on the streamflow duration in
10 S gg each river segment. Perennial stream is defined as the ac-
5 g % tive stream even in drought periods. Therefore, mean climate
H.’E‘ L o ] control on perennial stream density and base flow coefficient
= i o | N is similar as discussed earlier. Intermittent stream is defined
A AN . . . ..
o~ 1 S ok 2 as seasonally active one, and intermittent stream demsijy (
_ £ .y A 2
S_ N A5 SV S 2 A4 may be related to the seasonal water balance. Ephemeral
[ AN 7 . . . .
al : Y A&%A - . ] stream density D) is C(_)rrespondmg to high flows corre-
I o fa Se 8, A | sponding to extreme rainfall events. To fully reveal the co-
458 |2 a BN evolution of total stream density and water balance at vari-
0'1; iﬁéa e ] ous temporal scales, the patterngpfand De as a function
- a” & ° ] of Ep/ P need to be further quantified in the future when ac-
- - 1 curate data is available.
L NS ]
0.01 4.2 Normalized perennial stream density
10 100 500 1000 10000
PE Index

In order to compare the similarity of climate control on
Fig. 7. Total drainage density (Abrahams, 1984) and perennialbase flow and perennial stream in the Budyko framework,
stream density as a function BE index. perennial stream density needs to be converted into a dimen-
sionless number like the base flow coefficient. The peren-
nial stream density in each watershed is then normalized by
drainage density wheRE index is higher than 100. There- the maximum potential perennial stream density denoted as
fore, the findings on perennial stream density in this study doDj. The normalized perennial stream densiby/Dg, can
not contradict the Abrahams curve whegk index is below  be plotted in the Budyko framework and compared with the
100. complementary Budyko-type curve. However, it is a chal-
The observed non-monotonic trend of total drainage dendenge to identify the maximum potential perennial stream
sity as a function ofPE index has been explained by the density in each watershed. In this study, the total temporal
tradeoff between runoff erosion and resistance by vegetatiomnd perennial stream density obtained from the NHD dataset
(Abrahams, 1984). In the Abrahams curve shown in Fig. 7,is used forDj. It should be noted that the NHD dataset is
the declining trend oDy is due to the increase of vegeta- based on topographic maps equivalent to 30 m DEM. Total
tion resistance but the increasing trend is due to the increasérainage densities are smaller than the values in Fig. 7, and
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generation from mean annual to seasonal and to event scales. The
trend of Dt, which is the intermittent and ephemeral stream density,

: . - Fig. 11.Perennial stream density versus slope (%) for the case study
as a function ofEp/ P is hypothetical.

watersheds.

below the limit line in Fig. 10. Besides uncertainty of peren-
nial stream data in the NHD dataset, the valueDgf can
also affect the position of these points. Long-term climate
may not be the main controls in some special watersheds and
perennial stream density is high due to geology and lithol-
ogy. The data points in Fig. 10 may be not necessarily above
the limit line, i.e.,Dp/D{ > 1— Ep/ P. Even though the sim-
jlarity exists in the base flow coefficient and perennial stream
ensity dependence on long-term mean climate, the controls
of other factors on water balance and perennial stream may
be different.

there is no obvious pattern in the relationship between the to-
tal density of perennial and temporal streams from the NHD
andPE index orEp/P.

The normalized perennial stream density is plotted in
Fig. 10 as a function ofp/P. The red line in Fig. 10 is the
fitted Turc—Pike equation for base flow coefficient shown in
Fig. 2. Data points forDp/ D} is a little bit above the red
line. Considering the uncertainty of datasets and potentia
underestimation oD}, the similarity betweerDp/ D}, and
Oyl P as a function ofEp/ P is promising based on the case
study watersheds. The limit lines for base flow coefficient
are represented by black lines in Fig. 10. Due to the uncer-
tainty in the hydro-climatic data, several data poirfig P)
are located above the limit line, i.e., the 1:1 line shown in
Fig. 1. However, more data points f@p/D} are located
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4.3 Impact of slope on perennial stream density In this study, we only focus on the first order control
(i.e., mean climate) on perennial stream density. The scatters
Besides mean climate, the topographic control on perenniabf the normalized perennial stream density in the Budyko
stream density is investigated here. The average slope foffamework are due to other factors such as vegetation type
each watershed is computed by using the 90-m DEM SRTMand coverage, soil, topography, geology, etc. Future efforts
data for North America downloaded frohttp://dds.cr.usgs. can investigate the impact of these factors on the perennial
gov/srtm/version2l/SRTM3/ Figure 11 shows the relation- stream density from the perspective of hydrologic functions
ship between perennial stream density and slope by percenin the Budyko framework. The maximum perennial stream
age. Generally, high perennial stream density is associateglensity, which is the normalization factor, is estimated based
with higher slope, but the dependence is not strong as clipn the NHD dataset. The maximum perennial stream density
mate aridity index shown in Fig. 5. It should be noted that for individual watershed is open for further investigation. To
Slope is also related to climate aridity index in certain |eV€|S.fu||y reveal the co-evolution between water balance and total

Therefore, mean annual climate is the first order control ondrainage density, intermittent and ephemeral stream densities
perennial stream density like rainfall partitioning, but other need to be quantified, respectively.

factors such as slope may be the second order control.
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