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[1] Precipitation measurements in complex terrain are difficult to obtain, particularly
during convective thunderstorm precipitation or mixed rain and snow. In such cases,
stream stage recorders distributed across many small, headwater streams can bridge the
gap between point measurements of precipitation and larger-scale total basin discharge.
We use case studies from two steep basins with shallow soils in the Sierra Nevada,
California to illustrate how distributed stream sensors can help identify the location,
timing, and intensity of spatially variable precipitation.
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1. Introduction

[2] Precipitation varies markedly in regions of complex
terrain, and standard precipitation gages, due to undercatch
and siting logistics [e.g., Sieck et al., 2007], are often
unrepresentative of regional rain rates and distributions.
Rain gages are generally sparsely distributed and are con-
centrated at lower elevations. Scanning radars can help
detect spatial precipitation distributions between rain gages,
but radar views are often blocked by terrain in mountainous
regions. Thus, convective precipitation over high peaks may
be entirely missed by conventional monitoring techniques.
[3] Distributed stream level recorders can be used to

augment precipitation gages and radars to gain further
insight into spatial patterns of precipitation. In mountainous
terrain stream stage usually increases monotonically with
increasing discharge. Thus, while stage information cannot
reveal the precise quantity of water moving down a given
stream, it can be used to identify the timing of peak and
minimum flows, and the times when flow volumes are
increasing or decreasing. In basins with a fast response time
(e.g., steep slopes and shallow soils), this timing alone can
identify where and when precipitation has occurred. In the
Sierra Nevada and Rocky Mountain ranges of the western
United States, most river basins draining areas on the order
of 1000 km2 or less have response times of less than a day,
as evidenced by clear diurnal cycles each spring associated
with daily fluctuations in snowmelt [Lundquist and Cayan,
2002]. In these areas, stream stage records are useful to
identify convective precipitation (e.g., summer thunder-
storms) and in mixed rain and snow events, as detailed

below. A dense array of precipitation gages could achieve
similar objectives, but costs exceed $100 each without
consideration of installation, or operational requirements
(e.g., monthly visits to clear debris). Because stream record-
ers can cover more area with fewer sensors, incorporating
them into the measurement strategy could potentially lower
cost.

2. Summer Thunderstorms

[4] As snowmelt becomes a less reliable source of water
in late summer, summer precipitation will become increas-
ingly important in controlling late summer soil moisture and
minimum flows in mountain streams, both of which are
important for ecology and summer water supplies. Focusing
on the western United States, Hamlet et al. [2007a, 2007b]
found that modeled late-season soil moisture depends more
on summer precipitation than on temperature or the spring
snowpack. Thus, monitoring and predicting summer pre-
cipitation, which most often falls during thunderstorms at
high elevations, is important to predict drought severity, fire
danger, erosion, and species composition in these regions.
[5] The Merced and Tuolumne Rivers of Yosemite

National Park, California (Figure 1) have been the focus
of many hydrologic studies and are well instrumented
compared to other Sierra Basins (see Dettinger et al.
[2004], Lundquist et al. [2004, 2005], and Lundquist and
Cayan [2007] for further basin and instrument details).
About 90% of the area is underlain by intrusive rocks
(chiefly granodiorite), which erode slowly and allow less
infiltration than other rock types [Huber, 1987]. Mean soil
depths are about 1 m (based on Yosemite National Park soil
surveys), and mean slopes in the region are about 18�
(calculated from a 10-m resolution DEM), with exposed
bedrock and steeper slopes in the headwater regions. These
features allow the rivers to respond quickly to precipitation
input.
[6] Even with a relatively dense precipitation gage net-

work, the occurrence, location, and intensity of precipitation
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during summer thunderstorms are difficult to monitor. The
locations of lightning strikes (Figure 1) are detected by the
National Lightning Detection Network (NLDN) [Orville,
2008], but the amount of precipitation associated with those
lightning strikes must be determined independently. For
example, on the afternoon of 23 July 2003, over 150
lightning strikes were detected within the Merced River
basin between noon and 2:00 P.M. Pacific daylight time
(PDT), with the majority of strikes occurring near 1:00 P.M.
PDT. Water levels in several headwater streams of the
Merced River rose by 2:00 P.M. PDT, 23 July (Figures 1
and 2), whereas gages monitoring larger catchments
downstream peaked at 1:00 P.M. PDT (Merced at Echo),
4:00 P.M. PDT (Merced at Happy Isles), and 8:00 P.M.
PDT (Merced at Pohono) the following day, 24 July. On the
basis of discharge measured at the USGS gage at Happy

Isles (Figure 2c), over 600,000 m3 of water moved through
the basin during the 48 h following noon, 23 July. Normal-
ized by basin area, this would be an average of 0.7 mm over
the Pohono Basin and 1.3 mm over the Happy Isles Basin.
At the same time, only small diurnal fluctuations in stream-
flow due to snowmelt were observed in the Tuolumne River
drainage to the north (Figures 1 and 2), and a trace amount
of precipitation (<1 mm) was recorded in only one of the
fifteen operating rain gages located nearby (Figures 1 and
2). On 24 July, water levels rose in several streams in the
Tuolumne and Merced watersheds, precipitation (ranging
from less than 1 mm to more than 12 mm) was recorded in
4 rain gages, and most lightning strikes (not shown)
occurred west of the basins where stream levels rose. On
25 July, most lightning strikes (not shown) occurred east of
the park, precipitation (ranging from <1 to 4.5 mm) was

Figure 1. Locations of thunderstorms on 23 July 2003, as indicated by the striped subbasins and
lightning strikes. Dashed outlines identify monitored subbasins of the Tuolumne and Merced rivers in
Yosemite National Park, California. Thirteen operating precipitation gages are marked by P and a symbol
representing the operating organization. Note that P4, the Bridgeport precipitation gage, is located just
north of the mapped area.
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recorded in 2 rain gages, and only Rafferty Creek (stream 4
on the map, Figure 1) exhibited a rise in water level. Of all
3 days, the largest stream response was on 23 July, which
could not be expected from precipitation measurements
alone. Such complicated patterns were observed throughout
the summer thunderstorm season.
[7] The small headwater streams (e.g., stream 6, theMerced

Peak Fork and stream 7 the Lyell Confluence) responded
immediately after lightning strikes on 23 July and exhibited
two distinct peaks, likely reflecting two cells of heavy

precipitation. This signal was damped and delayed as it
moved further downstream, so that the standard USGS
stations alone provided less information about the storm’s
location, timing, and local intensity. For example, a rise in
stage in the same two headwater streams on the prior day,
22 July 2003, was damped by the time the pulse reached the
Merced River at Echo (stream 9) and undetectable in the
Happy Isles and Pohono U.S. Geological Survey (USGS)
gages (Figures 1 and 2). The distributed stream stage record-
ers in low-order catchments added information to traditional

Figure 2. Stream level records from (a) four subbasins of the Tuolumne River, (b) five subbasins of the
Merced River, and (c) two U.S. Geological Survey (USGS) Merced River gages for 22–25 July 2003.
Vertical dashed line represents the time of most lightning strikes shown in Figure 1. Note that axis date
labels are centered at 12:00 P.M., with unlabeled tick marks representing midnight. Slight fluctuations in
Budd and Rafferty Creek on 22–23 July are due to diurnal variations in snowmelt. (d) Daily precipitation
records from 7 of 13 precipitation sensors near the basins. The six sensors not listed in the legend all
reported no precipitation throughout the shown period. Locations of all gages are labeled by numbers on
Figure 1.
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precipitation gages and USGS streamflow records and
allowed for better monitoring of the frequency and spatial
distribution of summer thunderstorm precipitation. This is
consistent with the progressive changes in hydrograph shape
and losses of information at larger basin scales observed at a
series of stations along the Sleepers River near Danville,
Vermont [Dunne and Leopold, 1978, Figure 10–3].
[8] In this application small basins serve as the ‘‘rain

catch domain’’ and provide more extensive coverage than
point gages alone. Although rises in stream stage only occur
when and where enough rain fell to wet the catchment and
produce a hydrologic response, these larger storms are often
significant to river chemistry and ecology. For example,
similar storm events following a dry period have been
linked to episodic stream acidification [Bishop et al.,
1990; Peters, 1994], due to flushing of accumulated dry
deposition, and such acidification has been linked to a
decrease of species richness in aquatic invertebrates [Vinson
and Hawkins, 1998] and to difficulties in fish reproduction
[Beamish, 1976]. The location(s) where heavy rain fell can
be pinpointed to within the boundaries of the gaged sub-
basins (Figure 1). Observations from numerous stage
recorders in small, first-order streams, can be used to
pinpoint where and when it rained, and to approximate
the rain intensity. This information, while qualitative, is
important to understand localized processes including ero-

sion [Wondzell and King, 2003], chemical flushing of
nutrients [Band et al., 2001], and ecological responses
[Bynum and Smith, 2001].

3. Rain Versus Snow

[9] Distributed stream sensor networks in mountainous
terrain can also help identify regions receiving rain versus
snow. For a given storm, one of the greatest difficulties in
flood prediction in complex terrain involves determining
which percentage of a river basin receives precipitation as
rain (rapid runoff) and which percentage receives precipi-
tation as snow (delayed runoff). Standard precipitation
gages and snow sensors have difficulty distinguishing
between solid and liquid precipitation, such that only direct
observations [U. S. Army Corps of Engineers, 1956], optical
disdrometers [Yuter et al., 2006], or colocated snow pillow,
snow depth, and heated precipitation sensors [Lundquist et
al., 2008] can identify precipitation type. All of these
options are expensive and only record precipitation at a
point.
[10] Distinguishing rain from snow is particularly impor-

tant in maritime basins spanning a wide range of elevations,
such as the North Fork (NF) American River basin in the
Sierra Nevada, California. The NF American River has
average soil depths of about 1 m [Knowles, 2000], an
average slope of 12� (calculated from a 30-m resolution

Figure 3. Map and fraction of basin area below each elevation for three monitored subbasins and for the
entire North Fork (NF) American Basin, California.
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