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s u m m a r y

A poorly-studied benefit of bank storage is the ability of the streambed to act as a thermal sink to streams
influenced by urban runoff (e.g. bank thermal storage). Headwater streams, with their low thermal iner-
tia, are particularly susceptible to thermal pollution. We utilize numerical modeling to quantify the
amount of heat exchanged with the subsurface during temperature surges, which we define as greater
than a 1 �C stream temperature increase in 15 min. We base our study on Boone Creek, a low-order
stream in northwestern North Carolina with stream discharge and temperature data dating to March
2006. The catchment is heavily urbanized, and although the stream is of moderate gradient, it is fed
by tributaries that lose up to 200 m/km. The combined effect of urbanization and steep gradient produces
a flashy response: stream discharge averages 0.10 m3/s, but may increase up to two orders of magnitude
during storm events. These events also affect stream and streambed temperatures. Four summers of
monitoring (2006–2008, 2010) indicate that 71 temperature surges occurred with a mean temperature
increase of 2.39 �C and a maximum increase of 6.36 �C.

We model generic storm events based on typical Boone Creek storms and streambed hydrogeology
with the U.S.G.S. finite-difference groundwater flow and heat transport code VS2DH. The one-dimen-
sional model domain includes a diurnally-oscillating stream temperature and specified head at the upper
boundary, a constant streambed temperature and head at the lower boundary, and gaining stream con-
ditions. Reference storm simulations use a temperature increase of 3.66 �C and a stream stage increase of
0.66 m. Simulations show that at a depth of 4.5 cm, nearly half of the temperature-surge signal has dis-
sipated and lag times are 30 min. By a depth of 9.5 cm, however, peak temperatures are only one-third of
storm levels and lag times are 2 h. At depths beyond 49.5 cm, the perturbation is less than 0.1 �C and lags
the storm event by more than 17.5 h. Storm influence extends to a depth of 2 m and persists for days.
Sensitivity simulations suggest that hydraulic conductivity, sediment heat capacity, and thermal conduc-
tivity are the most sensitive model parameters. Calculations show that temperature-surge induced heat
storage in the simulated streambed is 72% of the heat storage in the stream.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The urbanization of watersheds, a process which involves the
removal of riparian vegetation and the replacement of natural land
cover with pavement, buildings, and urban infrastructure (e.g.
stormwater systems), has long been described as a detriment to
stream water quality, one component of which is stream tempera-
ture (Webb et al., 2008). Much of the literature on watershed
urbanization describes long-term trends in water-quality degrada-

tion such as an increase in average stream temperatures due to ur-
ban infrastructure (Wang and Kanehl, 2003; Nelson and Palmer,
2007) and the lack of riparian vegetation (Moore et al., 2005; Nel-
son and Palmer, 2007), but also variations induced by climate
change (Webb, 1996; Mohseni et al., 1999) and the decline in base-
flow because of reduced infiltration (Wang et al., 2003). These fac-
tors affect stream habitats because of compromised water quality
(Wang et al., 2003; Wang and Kanehl, 2003).

Several studies in the literature look at the direct effects of
urbanization on stream temperatures. A study of the effects of
urbanization on stream temperatures using a process-based ther-
mal energy balance finds that the most important factors are shad-
ing from riparian vegetation, baseflow to the stream, and stream
width (LeBlanc et al., 1997). There is a need for studies of low-order
urban streams because we lack long-term datasets for this stream
class, most notably due to the difficulty in maintaining monitoring
sites in flashy streams (Nelson and Palmer, 2007). They address the
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importance of this type of study because of the influence of heated
runoff from the urban infrastructure, which they acknowledge will
have a strong influence on stream temperature due to the small
thermal inertia of low-order streams. Another study of the effects
of the urban infrastructure on the thermal regime of streams finds
that in addition to the factors of LeBlanc et al. (1997), urbanization
is an important factor in habitat loss (Herb et al., 2008). Their study
also utilizes a process-based model of thermal energy balance;
however, they use it to model runoff temperatures during typical
storm events. Their modeling results demonstrate that 34% of the
studied precipitation events produce runoff temperatures greater
than 20 �C, with maximum runoff temperatures approaching
33 �C. A study involving a process-based model of runoff from a
paved surface tests the model using measured and modeled runoff
temperatures from a small asphalt parking lot that exceed 34 �C
(Janke et al., 2009). Another study of the mitigation effects of
stormwater detention finds that while overall daily-average
stream temperatures with pond storage increase slightly (0.03 �C)
above unrestricted runoff conditions, the overall daily maximum
stream temperature declines by 0.15 �C with detention (Herb
et al., 2009).

Few studies in the literature describe the effects of urbanization
on stream and streambed temperatures at short temporal scales.
Rapid increases in stream temperature during storm events in ur-
ban landscapes, known as temperature surges, have detrimental
effects on cold-water stream habitats (Wang et al., 2003; Wang
and Kanehl, 2003; Quigley and Hinch, 2006). Nelson and Palmer
(2007) classify temperature surges as a greater than 2 �C increase
in stream temperature within 30 min, which was their stream tem-
perature monitoring interval. Their data, collected in watersheds
with a range of land coverage classifications in central Maryland,
USA, suggest that relatively undisturbed monitoring locations such
as agricultural sites do not experience temperature surges,
whereas urbanized monitoring locations experience temperature
surges up to 10% of the monitored days. Temperature surges at
their urbanized monitoring locations averaged 3.7 �C with temper-
atures returning to normal diurnal oscillations within an average of
2.8 h.

Here, we study the temperature surge phenomenon with a pro-
cess-based model of streambed heat transport in the context of
groundwater–surface water interactions in a gaining stream. We
use data collected over a four-year period (2006–2008, 2010) to
guide a generic modeling study of storm influence on stream and
streambed temperatures. The stream was not monitored in 2009.
Lautz (2010) notes that groundwater–surface water interactions
increase stream residence times, thereby initiating contact be-
tween groundwater and solutes, microbes, and reactive sediments.
We extend this suggestion to the exchange of heat between water
flowing into the alluvial aquifer during flood events and the
streambed sediments. Thus, our goal is to assess the ability of
the streambed to act as a thermal capacitor during temperature
surge events. In other words, can process-based groundwater flow
and heat transport models recreate the streambed temperatures
that we have measured in the field? We provide our dataset as a
contrast to the Nelson and Palmer (2007) study conditions: the
stream upon which we base our study has a smaller mean annual
discharge and a higher gradient, thus providing a study stream
with a low thermal inertia and a high likelihood of temperature
surge effects. In this paper we demonstrate that stream tempera-
ture surge effects, although relatively short in duration, cause ele-
vated streambed temperatures at depth that lag in time. It is our
hope that this paper will prompt further research into quantifying
the amount of heat that a streambed may store in the aftermath of
temperature surge events, and the effect that this storage may
have on stream temperatures both during and after the storm
event.

2. Site description

Boone Creek flows through the Town of Boone and the Appala-
chian State University campus in the Blue Ridge Mountains of
northwestern North Carolina, USA (Fig. 1). Four previous studies
of the stream have documented (1) estimates of runoff tempera-
tures during storm events (Anderson et al., 2007a), (2) basic water
quality conditions (Anderson et al., 2007b), (3) the influence of
baseflow on stream temperatures (Anderson et al., 2010), and (4)
the influence of urbanization on stream temperature variations
along the stream (Rice et al., 2011). Within the relatively small
catchment of the study site, which has an area of 5.2 km2, total re-
lief is approximately 480 m and tributary streams have gradients
of greater than 20%; however, the overall gradient of the main stem
of Boone Creek is a modest 2% (Anderson et al., 2010). The stream
has a mean width of approximately 2.8 m and a mean depth of
20 cm in the vicinity of monitoring site MS-2 (Fig. 1), although this
varies with changes in stream stage (Anderson et al., 2010). In gen-
eral, the streambed sediments comprise sand and gravel with lar-
ger cobbles and boulders with occasional clay lenses.

A previous study of temperature surges in the catchment utiliz-
ing a thermal mixing model (Anderson et al., 2007a) suggests that
runoff temperatures must exceed 30 �C in order to produce mea-
surable changes in stream temperatures during surge events. This
is comparable to the findings of both Herb et al. (2008) and Janke
et al. (2009). Anderson et al. (2010) use a modeling study to dem-
onstrate that baseflow to gaining streams of low thermal inertia
exerts a strong control on stream temperatures. They also note that
restoration of groundwater–stream interaction through the re-
moval of long culverts may reduce stream temperatures. Rice
et al. (2011) examine detailed stream temperature records along
the length of Boone Creek, noting that the stream–air temperature
relationship becomes less correlated with increasing urbanization.

Boone Creek is a headwater stream that has a relatively low
mean annual discharge of less than 0.10 m3/s (Anderson et al.,
2010); however, during high-intensity precipitation events, espe-
cially those deriving from summer convective thunderstorms,
stream discharge may increase by two orders of magnitude within
15 min (Anderson et al., 2007b). Moreover, during the summer
months these convective storm events transfer heat stored in the
urban infrastructure to runoff, prompting rapid increases in stream
temperatures that range from just over 1 �C to greater than 6 �C.
We define temperature surges for this study as an increase of
greater than 1 �C within 15 min of monitoring. We use a smaller
change in temperature over a shorter time interval to define tem-
perature surges in Boone Creek than that of Nelson and Palmer
(2007) to reflect our smaller sampling interval.

Rice et al. (2011) document the effects of urbanization on
stream temperatures in Boone Creek with distance downstream.
They describe an increase in urbanization within the watershed
from 13.7% impervious surface coverage (ISC) in the headwater
portion of the stream up to 24.3% at downstream points within a
distance of less than 1.6 km. ISC within a 25 m buffer on either side
of Boone Creek at locations along the study reach is up to 75%,
while ISC at the upstream-most reach is just 1%. The area around
the monitoring site has some riparian vegetation, as does much
of the stream length upstream of the monitoring site (Anderson
et al., 2010).

3. Methods and data

3.1. Data collection

We began monitoring stream temperatures in March 2006 with
three monitoring stations (Anderson et al., 2007b), including site
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