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below cutblocks and logging roads: downstream
cooling linked to subsurface hydrology1
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Abstract: This study examined water temperature patterns and their physical controls for two small, clearing-heated
streams in shaded reaches downstream of all forestry activity. Field observations were made during July–August 2000
in the central interior of British Columbia, Canada. For both reaches, downstream cooling of up to 4°C had been ob-
served during daytime over distances of ~200 m. Radiative and convective exchanges of energy at heavily shaded sites
on both reaches represented a net input of heat during most afternoons and therefore could not explain the observed
cooling. In one stream, the greatest downstream cooling occurred when streamflow at the upstream site dropped below
about 5 L·s–1. At those times, temperatures at the downstream site were controlled mainly by local inflow of ground-
water, because the warmer water from upstream was lost by infiltration in the upper 150 m of the reach. Warming of-
ten occurred in the upper subreach, where cool groundwater did not interact with the channel. At the second stream,
creek temperature patterns were comparatively stable. Energy balance estimates from one afternoon suggested that
groundwater inflow caused about 40% of the ~3°C gross cooling effect in the daily maximum temperature, whereas
bed heat conduction and hyporheic exchange caused about 60%.

Résumé : Cette étude examine les patrons et les contrôles physiques de la température de l’eau, pour deux petits cours
d’eau réchauffés en clairière, dans des sections ombragées en aval de toute activité forestière. Les observations de ter-
rain ont été effectuées durant les mois de juillet et août 2000 dans le centre intérieur de la Colombie-Britannique,
Canada. Pour les deux sections, un refroidissement vers l’aval allant jusqu’à 4 °C a été observé durant le jour sur des
distances de ~200 m. Les échanges d’énergie par radiation et convection aux sites fortement ombragés dans les deux
sections représentent un apport net de chaleur durant la plupart des après-midi et, par conséquent, ne peuvent pas ex-
pliquer le refroidissement observé. Dans un des cours d’eau, le plus grand refroidissement s’est produit lorsque le débit
au site en amont diminuait en deçà de 5 L·s–1. Les températures au site en aval étaient alors principalement contrôlées
par l’entrée locale d’eau souterraine parce que l’eau plus chaude provenant de l’amont se perdait par infiltration dans
les premiers 150 m en amont de la section. Un réchauffement s’est souvent produit dans la sous-section en amont, où
l’eau froide souterraine n’interagissait pas avec le lit. Dans le second cours d’eau, les patrons de température du ruis-
seau étaient comparativement stables. Les estimations du bilan énergétique durant un après-midi suggèrent que les en-
trées d’eau souterraine causent environ 40 % du refroidissement global de ~3 °C de la température maximale
journalière tandis que la conduction du lit et les échanges hyporhéiques en causent environ 60 %.

[Traduit par la Rédaction] Story et al. 1396

Introduction

Removing riparian forest can increase summertime stream
temperatures (Titcomb 1926), because decreased shade fol-
lowing harvesting or road building results in up to 10-fold
increases in solar radiation reaching the water surface
(Brown and Krygier 1970). Stream temperature increases

may have negative impacts on aquatic organisms, particu-
larly cold-water fish species such as bull trout, and are thus
a major concern in relation to forest cutting (e.g., Barton et
al. 1985; Beschta et al. 1987).

Creeks that are warmed in clearings sometimes cool as
they flow back under intact forest canopy during the daytime
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(Greene 1950; Levno and Rothacher 1967; McGurk 1989;
Keith et al. 1998). Such cooling would minimize the length
of reach impacted by warming and decrease the potential for
impacts of clear-cutting around headwater streams on down-
stream, fish-bearing reaches. Observed rates of cooling have
varied from as little as 1.2°C in 130 m (McGurk 1989) to as
much as 5.5°C in ~60 m (Keith et al. 1998). However, none
of these studies attempted to identify the driving mecha-
nisms. Brown et al. (1971) conducted a 1-day energy bal-
ance study at a forested site downstream of a clearcut, for
which downstream cooling was not observed. They found
that energy exchanges across the water surface and bed pro-
vided a net heat gain and therefore concluded that down-
stream cooling under forest cover is usually caused by
groundwater inflow. Others have speculated that evaporation
could also be a cause of downstream cooling (e.g., Keith et
al. 1998).

Recent studies have hypothesized that two-way flow of
water between the channel and its subsurface hyporheic zone
may be an important influence on creek temperature (John-
son and Jones 2000; Poole and Berman 2001). The
hyporheic zone is defined as that portion of the subsurface
where channel water mixes with groundwater that has not
yet reached the channel (Harvey et al. 1996). Hyporheic
flow occurs across a wide range of time (10 s – 100 days)
and space (1 cm – 100 m) scales, and two or more distinct
rates of exchange may occur simultaneously at individual
sites (Castro and Hornberger 1991; Harvey et al. 1996).
While localized cool-water areas have been observed in ar-
eas with upwelling hyporheic water (e.g., Bilby 1984), no
published research has quantified hyporheic influences on
stream temperature using an energy balance approach.

Moore et al. (2003) reported downstream cooling in two
small tributaries of Baptiste Creek (streams B3 and B5) in
the central interior of British Columbia in reaches down-
stream of clearings associated with cutblocks and logging
roads. Maximum daily stream temperatures in the clearings
increased by 2–4°C after harvesting, even with partial reten-
tion of riparian vegetation (Macdonald et al. 2003). Down-
stream cooling in one creek (B5) occurred in a reach where
streamflow losses were observed, suggesting that groundwa-
ter inflow was not the only cause of the temperature pattern.
Hyporheic exchange was hypothesized to be a possible
cause of at least some of the observed cooling (Moore et al.
2003). The objectives of this paper were (i) to document the
temperature patterns along the two shaded reaches in more
spatial and temporal detail, particularly the occurrence of
downstream cooling and (ii) to evaluate the physical pro-
cesses responsible for the observed temperature patterns us-
ing an energy balance framework. The original research plan
was to focus on stream B5. However, that stream dried up
during the field season, so the study was expanded to in-
clude stream B3.

Study site

The Baptiste Creek study area is located at 54°51′N,
125°20′W within the Stuart–Takla drainage basin of central
British Columbia, the northern-most portion of the Fraser
River basin (Fig. 1). Bedrock geology consists mainly of
ultrabasic intrusives, which are covered by basal till ranging

in depth from <1 m to greater than several metres thick
(Collett and Ryder 1997). Observations at road cuts suggest
shallower till in the B5 catchment than in the B3 catchment.

Mean annual air temperature at Fort St. James (80 km to
the southwest of the study site, and ~300 m lower in eleva-
tion) is 3°C, with mean monthly air temperatures of 15°C in
July and –12°C in January (Environment Canada 2002).
Measurements of winter snow accumulation (Beaudry 2001)
and summer rainfall at the study site suggest that mean an-
nual precipitation in the Baptiste Creek tributary catchments
is close to 800–900 mm. Regional annual evapotranspiration
is on the order of 300 mm (den Hartog and Ferguson 1978).
Annual peak flows normally occur in May in association
with snowmelt.

Stream B5 flows in a mainly northerly direction with a
mean gradient of ~7%, whereas B3 flows toward the north-
west with a mean gradient of ~26% (Fig. 1). Maximum
catchment elevations are 1300 m a.s.l. for B5 and 1340 m
for B3. The channels drain to a swamp and lake complex at
an elevation of ~930 m before flowing into Baptiste Creek
~3 km downstream.

Approximately 40% of both the B3 and B5 catchments
(Fig. 1) were clear-cut in January 1997. Along stream B3, a
10–30 m wide high-retention riparian buffer was retained, in
which only timber >30 cm diameter at breast height (DBH)
was harvested. All merchantable timber (DBH > 15–20 cm)
was harvested from the low-retention riparian buffer along
stream B5. This study focused on reaches downstream of the
cutblocks and associated logging roads. The two study
reaches were shaded by the forest canopy and generally
dense undergrowth, except for sections immediately down-
stream of the culverts where the creeks flowed through the
road rights-of-way (upstream of below road (BR) sites in
Fig. 1). The B3 study reach includes the confluence with
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Fig. 1. Map of study site modified from Christie and Fletcher
(1999), with inset to show location in British Columbia.
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stream B2 (Fig. 1), but no surface flow occurred from B2
during much of the study period.

Mean channel gradients within the study reaches (7% in
B3, 3% in B5) were lower than those in the upstream catch-
ments and declined with distance downstream. Gravel domi-
nated the bed materials of both reaches. Bank materials
consisted predominantly of silt overlying gravel. Mean bank-
full widths of the two reaches were similar at 1.3–1.4 m.
Stream B3 had two unconstrained sections in which multiple
low-flow channels meandered across a total channel width
of up to 3 m. Flow in B5 was always contained within one
channel. Both streams were weakly incised. Step-pool units
dominated channel morphology within the study reaches, al-
though riffle–pool sequences and meanders also occurred,
particularly in the lower half of each reach, where channel
gradients declined. Pools in the B5 channel were often up to
40–50 cm deep, whereas maximum pool depths in B3 were
only 10–20 cm.

Materials and methods

Temperature measurements
Three types of dataloggers were used to measure stream

temperature. Fisheries and Oceans Canada (DFO) recorded
hourly temperatures using Vemco loggers at two sites on
each stream: 16 and 158 m downstream of the B5 culvert
outlet; and 36 and 224 m downstream of the B3 culvert out-
let. The upper loggers will henceforth be denoted as below
road (BR) sites and the lower loggers will be denoted as
lower (LO) sites. Campbell Scientific CR10X dataloggers
connected to copper–constantan thermocouples recorded
stream temperatures every 10 min at 40, 117, and 183 m in
the B5 reach. Four Stowaway Tidbit temperature dataloggers
were also used to record temperatures every 10 min at vari-
ous locations along the two reaches.

Manual field measurements showed that the dataloggers
were accurate to within 0.2°C. The one exception was the
Campbell datalogger at 117 m in B5 that was not equipped
with a reference thermistor. This omission resulted in tem-
perature underestimates of up to 2°C during a 2-h period at
midday when solar radiation warmed the datalogger enclo-
sure. These data were reconstructed where necessary by lin-
early interpolating across the 2-h period (from 1150 to 1350
Pacific standard time).

Temperatures of riparian soils were monitored with
thermocouples buried to depths of 0.3–1.0 m in the banks.
Streambed temperatures were measured at depths of 5, 10,
and 20 cm with thermocouples attached to small wooden
stakes (1 cm2) inserted into the gravel. Thermocouples were
monitored periodically using a digital thermometer
(Omega™ HH-25TC) with a resolution of 0.1°C.

Hydrologic measurements
Streamflow was measured using constant-rate salt injec-

tion. A solution of NaCl was injected into the creek at a con-
stant rate using a Mariotte bottle constructed from a 5-L
carboy (Webster and Ehrman 1996). Streamwater electrical
conductivity (EC) was monitored about 5–10 m downstream,
using a WTW conductivity meter. Complete lateral mixing
was verified by moving the EC probe across the stream at
the downstream measurement position. The WTW probe au-

tomatically corrected EC measurements to 25°C using the
DIN 19266 nonlinear calibration. Streamflow was also esti-
mated 80 m upstream of the B5 culvert on each day that a
visit was made to the field site by manually measuring the
depth of water adjacent to the stilling well of the 22.9-cm
Parshall flume (location in Fig. 1) and applying the appro-
priate rating equation (Beaudry 2001). These estimates aver-
aged 20% (or 0.3 L·s–1) higher than the measured flows at
the culvert on the 6 days when comparison data were avail-
able. Uncorrected flow estimates from the B5 flume were
used as a proxy for streamflow entering the head of the
reach.

Longitudinal profiles of natural stream EC (i.e., not dur-
ing tracer injection) and temperature were measured periodi-
cally with the conductivity probe. Measurements were made
about every 20 m, beginning at the culvert. Each profile re-
quired about 30 min to complete. During steady-state flow
conditions, changes in natural EC along a reach should have
indicated inflow of groundwater having a different chemical
composition than stream water.

Bed piezometers consisted of 1.5 cm i.d. PVC pipe with a
10-cm slot zone screened by nylon mesh. Vertical hydraulic
gradients within the streambed were calculated as the rela-
tive difference in head between the water surface in the
piezometer and the level of the stream surface compared
with the depth from the surface of the streambed to the
midsection of the slotted zone (generally ~20 cm). Positive
values indicate upwelling conditions.

Hydraulic head distributions within the stream banks were
measured using transects of wells positioned perpendicular
to the creeks. Wells consisted of 1.5 cm i.d. PVC pipe with
5 mm diameter holes drilled in rows at 10-cm intervals
along the entire length. The wells were screened with nylon
mesh and inserted into holes drilled by a hand auger. The
auger holes were backfilled around the wells using gravel
and native sediments. Measurements of hydraulic head
within the wells and bed piezometers were reproducible to
within ±5 mm. Stream water levels were measured either on
wooden staff gauges driven into the streambed or on the ex-
ternal walls of bed piezometers. Horizontal positions and
vertical elevations of bed piezometers, wells, and staff
gauges were surveyed using a transit level.

Meteorological measurements
Weather conditions were monitored continuously at the

open site (Fig. 1) from 0900 on July 16 to 1400 on Septem-
ber 5, 2000. Air temperature was measured at a height of
1.6 m using a temperature and relative humidity probe
(Campbell Scientific model HMP45C), equipped with a
standard radiation shield. Incident solar radiation was mea-
sured using a pyranometer. A tipping-bucket rain gauge
monitored precipitation. All data were recorded on a Camp-
bell Scientific CR10X datalogger every 10 s and averaged
(or summed in the case of the rain gauge) every 10 min.

Creek microclimates were measured at one heavily shaded
site (hereafter called forest) along each of the B5 and B3
study reaches, using one set of instruments. The instruments
were initially set up at the B5 forest site (117 m down-
stream) and were then moved to the B3 forest site (102 m
downstream) on August 15, 2000. Air temperature and
vapour pressure were measured 60 cm above the water sur-
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face using a Vaisala temperature and relative humidity
probe. A Met One 3-cup (1 cup = 250 mL) anemometer was
used to measure wind speed at a height of 80 cm. Creek
temperature was monitored at the forest sites using a
copper–constantan thermocouple. A Middleton net radiome-
ter measured net radiation approximately 10 cm above the
creek surface. All data were logged by a Campbell Scientific
CR10X every 10 s and averaged every 10 min.

Modelling downstream temperature change
By considering the steady-state energy and mass balances

of a stream segment of length L (m), the temperature at the
downstream end of the segment (Tds) can be expressed as

[1] Tds =
q T L q T q T T Q Q

q
us us gw gw hyp hyp us u C

ds

[ ( )+ + − + +β β ]

where Tus, Tgw, and Thyp are the temperatures (°C) of the up-
stream end of the segment, groundwater, and hyporheic
zones, respectively; qgw is the rate of groundwater inflow per
metre of stream length (m2·s–1); qds and qus are the dis-
charges at the downstream and upstream ends of the seg-
ment, respectively (m3·s–1); qhyp is the rate at which water
exchanges between the stream and hyporheic zone per metre
of stream length (m2·s–1); Qu is the net energy exchange
across the water surface (W·m–2); QC is the conductive heat
flux across the streambed (W·m–2); and β = ws/C, where ws
is the mean surface water width (m) and C is the heat capac-
ity of water (4.18 × 106 J·m–3·°C–1).

The four terms in square brackets represent the effects of
groundwater, hyporheic exchange, energy exchange across
the upper water surface, and heat conduction across the
streambed, respectively. The effect of each term on down-
stream temperature can be partialled out by comparing the
computed Tds with and without the term.

Energy exchanges across the stream surface and bed
heat conduction

Net radiation was measured directly. The Stefan–
Boltzmann law was used to estimate the long wave ex-
changes.

[2] L* = εcσ(Tc + 273.2)4 – εwσ(Tw + 273.2)4

where εc and εw are the emissivities of the canopy and water,
respectively; σ is the Stefan–Boltzmann constant (5.67 ×
10–8 W·m–2·K–4); Tc is the temperature (°C) of the canopy
and air over the stream; and Tw is the water temperature
(°C).

Canopy temperature was assumed to equal air temperature
measured under the canopy (Black et al. 1991). The
emissivities were determined by trial and error adjustment to
achieve good agreement between modelled L* and measured
nighttime Q* (which equals L* because K* = 0 at night),
with the ranges of possible values constrained by typical val-
ues for vegetation and water (Oke 1987, p. 12). The latent
heat flux (QE) and sensible heat flux (QH) were estimated
using the mass-transfer and Bowen ratio equations presented
by Brown (1969).

The streambed conductive heat flux was calculated from
Fourier’s law as

[3] Q K
T
z

C C=








δ

δ

where KC is the thermal conductivity of the streambed sedi-
ments and δT/δz is the gradient of temperature (T) with depth
(z) in the streambed, which was calculated using the differ-
ence between the water temperature and the bed temperature
at a depth of 5 cm. A KC value of 2.6 W·m–1·K–1 was esti-
mated using the graphical relation of Lapham (1989) and as-
suming a porosity of 0.30, typical of relatively coarse gravel
(Dingman 1994).

Groundwater influences
Net groundwater inflow (qgw) was calculated as the differ-

ence between the downstream and upstream discharges
(qds – qus) divided by the reach length. Groundwater temper-
ature was estimated from soil temperatures observed below
the water table in the stream banks.

Tracer tests and hyporheic exchange
Tracer tests were conducted along three ~20-m subreaches

of B3 on August 30, 2000 to quantify longitudinal transport
processes and hyporheic exchange. These tests involved in-
jecting a salt solution at a constant rate at the upstream end
of each subreach and measuring the time variation of
streamwater EC at the downstream end during and following
the injection period (Webster and Ehrman 1996). Data from
these tests were analysed using the model OTIS-P (One-
dimensional Transport with Inflow and Storage) (Runkel
1998), which numerically solves finite difference approxi-
mations to a coupled set of differential equations describing
one-dimensional advection, dispersion, and transient storage,
and uses a nonlinear least squares method to determine opti-
mal parameter values for main channel cross-sectional area
(A, m2), transient storage zone cross-sectional area (AS, m2),
longitudinal dispersion coefficient (D, m2·s–1), and the stor-
age zone exchange coefficient (α, s–1).

Transient storage areas consist of surface-water storage
zones such as pool margins and the subsurface hyporheic
zone. When significant pools are absent from a stream reach,
it is reasonable to assume that AS estimated by OTIS-P is
dominated by the hyporheic zone (e.g., Harvey and Fuller
1998). No large pools were present in the three tracer test
subreaches of B3; however, the large pools in B5 precluded
the use of tracer tests to characterize hyporheic exchange in
that reach.

The effects of advection and longitudinal dispersion on
B3 temperatures were forward modelled by treating temper-
ature as a conservative solute and using the estimates of A
and D from the inverse modelling of OTIS-P. Temperature
data measured at a 10-min time-step near B3BR were used
as boundary conditions in the OTIS model (Runkel 1998).

Hyporheic exchange rates for application in eq. 1 were
calculated as

[4] qhyp = αA

after Harvey and Wagner (2000). The mean temperature of
the hyporheic zone (Thyp) was calculated by combining the
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bed temperature data with an estimate of the mean depth of
the hyporheic zone (dhyp), which can be approximated as

[5] d
A

w n
hyp

S

s

=

where n is streambed porosity (Harvey and Wagner 2000).
Equation 5 is valid only when the storage-zone cross-
sectional area is considerably smaller than the cross-
sectional area of the stream (AS < A) and when the stream is
at least 20 times as wide as it is deep. Both of these condi-
tions were met in the B3 tracer test subreaches. It should be
noted, however, that eq. 5 makes the unrealistic assumption
that the source of all water in the hyporheic zone is the
stream (Harvey and Wagner 2000). While at least one study
has used a similar approach (Harvey and Fuller 1998), it is a
“highly simplified approximation” (Harvey and Wagner
2000).

The hyporheic zone temperature for each subreach was
computed as

[6] Thyp = Tw + 0.5dhyp
δ
δ
T
z











where dhyp was computed from the tracer test results for
each subreach, whereas a single value of δT/δz, used at all
three subreaches, was computed from bed temperature mea-
surements at seven locations along the reach. The longitudi-
nal rate of temperature change due to hyporheic exchange
(δT/δxhyp, where x = distance downstream) was estimated for
each of the three subreaches as follows:

[7]
δ

δ
T

x
T T

q

qhyp
hyp us

hyp( )= −

where q is the stream discharge at the subreach. The cumula-
tive reach-scale thermal impact of the hyporheic term was
calculated by averaging the results for the three subreaches
and multiplying by the total reach length of 200 m.

Results

Overview of the study period
The study period comprised July 17 to September 4, 2000.

As a result of below-average snow accumulation and a pro-
longed melt period, the peak streamflows measured at
flumes in May 2000 were 20–30% lower than the 5-year av-
erage (Table 1; locations of flumes shown in Fig. 1). July

mean air temperature was close to the 10-year average re-
corded at the Middle River DFO camp (20 km to the north
of the study site and ~300 m lower in elevation), while the
August mean was 0.9°C lower than average (Table 2). Total
precipitation for the months of June–August was 8% below
average (Table 2).

The study period can be divided into three segments of
~16 days, based on weather and streamflow patterns. The
moist segment featured generally warm weather, broken by
several cool, rainy days (Figs. 2a and 2b); streamflow at the
head of the B5 reach varied from ~3 to 10 L·s–1. The dry
segment was sometimes hot and was dominated by
streamflow recession (Figs. 2a and 2b). The wet segment
was cool (Fig. 2b) and included a snowfall on September 1.
Streamflow at B5 was relatively constant (3–4 L·s–1) during
the wet segment until the rain and snowfall event of August
31 and September 1 caused much higher flows (Fig. 2a).

Streamflow varied less at the B3 culvert among the 4 days
it was measured than at B5 (Fig. 2a) and was also subdued
at the seasonal timescale. Specific streamflow from the B3
catchment during snowmelt was about half that from the B5
catchment, but following a 2-week drought in August 2000,
it was five times higher than that from the B5 catchment
(Table 1).

Stream temperature patterns
For stream B5, three levels of downstream cooling were

apparent during the study period (Fig. 2c). On “no cooling”
days, maximum and minimum daily temperatures at B5LO
were almost identical to those recorded at B5BR (e.g., July
17). On “slight cooling” days, minimum daily temperatures
at B5LO were the same as those at B5BR, but maximum
daily temperatures were slightly lower at B5LO (e.g., July
18–20). On “substantial cooling” days, maximum and mini-
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B3 (0.42 km2) B5 (1.5 km2)

Year
Peak SWE
(mm)a

Peak q
(L·s–1)a

Peak qS

(L·s–1·km–2)
Min. qS

(L·s–1·km–2)b
Peak q
(L·s–1)a

Peak qS

(L·s–1·km–2)
Min. qS

(L·s–1·km–2)b

2000 300 23 54 2.6 150 100 0.5
1996–2000c 341 32 75 —d 218 145 —d

Note: q, streamflow; qS, specific streamflow.
aTaken from Beaudry (2001).
bMeasured on August 16, 2000 at the B3 and B5 culverts following a 2-week drought.
c5-year mean.
dNot available.

Table 1. Snowpack water equivalent (SWE), annual peak streamflows, and study season minimum streamflows ob-
served in the Baptiste Creek tributary catchments.

Air temperature (°C) Precipitation (mm)

Year July August June July August Suma

2000 14.4 12.9 59 22 45 127
10-year mean 14.5 13.8 51 42 45 138

Note: Data are from the weather station at the Fisheries and Oceans
Canada Middle River Camp (25 km northwest of the study site and ~300
m lower in elevation).

aDiscrepencies may be due to rounding of data.

Table 2. Mean monthly air temperature and total precipitation
during and prior to the study period, compared with 10-year av-
erages (1991–2000).
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mum daily temperatures at B5LO were similar to each other
but up to ~4°C lower than those at B5BR (e.g., July 24, 25).
From August 8–18, the channel was dry at B5LO.

Temperature patterns at B3 did not vary markedly among
the three segments of the study period (Fig. 2d). Maximum
daily temperatures at B3LO were lower than those at B3BR
on all but 1 day (September 1), with a maximum down-
stream cooling of 3.7°C on August 5. The daily minima at
the B3LO site were usually slightly warmer (<0.5°C) than
those at the BR site.

Spatial patterns of streamflow and stream-subsurface
interactions

Streamflow generally decreased through the B5 reach in
the early part of the study period, indicating net streamflow
losses (Fig. 3a). Bed hydraulic gradients indicated neutral to
downward flow in the upper 150 m and predominantly neu-
tral to upward flow below 150 m (Fig. 3b). Based on the ap-
parent shift from losing to gaining conditions at about
155 m, an inferred pattern of streamflow has been shown
(Fig. 3a), which is also consistent with EC profiles (de-
scribed below). Downstream increases in streamflow indi-
cated net groundwater inflow through the B3 reach (Fig. 3c).

Dry sections of channel at B5 were first observed on July
23, upstream of the LO logger, when streamflow was
4.5 L·s–1 at the head of the reach. The maximum extent of

dry channel occurred on August 16, when the channel was
dry from 60 to 208 m, and streamflow at the head of B5 was
0.7 L·s–1.

All lateral hydraulic gradients upstream of 155 m at B5
indicated water movement out of the channel (Fig. 4a), con-
sistent with the measured streamflow losses (Fig. 3a). Hy-
draulic gradients downstream of 155 m were more complex
(Fig. 4b). They were directed towards the stream at ~165 m
downstream, with evidence of cold groundwater in soil tem-
peratures on both sides of the stream. At 192 m downstream,
the stream flowed nearly parallel to the water table contours,
suggesting subsurface water movement into the stream from
the left bank and streamwater infiltration into the right bank.
The higher soil temperatures in the right bank are consistent
with infiltration of relatively warm streamwater.

The water table elevation in lower B5 declined steadily
from the end of July to August 18, with many wells drying
out and maximum water level decreases of 30–40 cm re-
corded in those wells that did not dry out (Fig. 5). However,
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Fig. 2. Study period measurements of (a) daily precipitation (P)
at the open site and streamflow (q) at the upstream ends of the
B3 and B5 reaches; (b) daily air temperature extremes at the
open site; (c) stream temperatures in the B5 study reach; and
(d) stream temperatures in the B3 study reach. The broken line
in panel (a) represents the approximate threshold for continuous
flow along stream B5.

Fig. 3. (a) Streamflow along the B5 reach on 2 days, (b) mean
vertical bed hydraulic gradients (BHG) measured in B5 during
the study period, with vertical lines indicating maximum and
minimum values observed (n at each site ranged from 8 to 19),
and (c) streamflow (q) along the B3 reach on 2 days. Uncer-
tainties on flow values were calculated using standard error anal-
ysis. BR, below road; LO, lower DFO logger site.
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by early September, groundwater in lower B5 had risen to
levels equal to or higher than measured at any other time
during the study period (Fig. 5).

At stream B3, well data from six cross-stream transects
(Fig. 6) were not entirely consistent with the downstream in-
creases in streamflow (Fig. 3c). Hydraulic gradients ob-
served at the first two transects suggest streamflow losses in
the upper 100 m of the reach. Lateral hydraulic gradients
were directed toward the stream further downstream, with
particularly high water levels observed in the right bank
(Fig. 6). Groundwater levels along the B3 reach varied less
than along lower B5, with a maximum increase of 19 cm
and typical increases of ~5 cm, between August 15 and Sep-
tember 4 (Fig. 6).

Electrical conductivity and temperature patterns
At B5, on no cooling days, EC was almost constant along

the reach, and there were only minor changes in temperature
(e.g., Fig. 7a). On slight cooling days, EC was relatively
constant in upper B5, but decreased below 150 m, as did
temperature (e.g., Fig. 7b). On those days, there was a strong
linear relation between temperature and EC below 150 m (r2

= 0.93–0.97, P < 0.01), but not for sampling locations above
150 m.

Differences in EC between the upper and lower
subreaches of B5 were greater on the substantial cooling
days (e.g., Fig. 7c) than during either of the other patterns
(Figs. 7a and 7b). In the upper subreach, variations in EC
were negligible and temperature increased in the down-
stream direction, particularly within the road right-of-way
(Fig. 7c). Both EC and temperature were markedly lower in
the lower subreach. On that day, streamflow at the head of
the reach was 3.4 L·s–1, and the channel was dry between
100 and ~155 m.

Stream B3 warmed through the unshaded area of the road
right-of-way, then cooled at an approximately linear rate be-
tween ~30 and 210 m on the afternoons of August 14 and 15

© 2003 NRC Canada

Story et al. 1389

Fig. 5. Groundwater levels in four wells in lower B5. Labels in-
dicate position along the transects in Fig. 4 (e.g., 208 L2 is the
second well to the left of the stream along the 208-m transect).

Fig. 4. Hydraulic head distributions in B5 on July 27, 2000, with
elevations referenced to the channel bed at 209 m downstream.
(a) Lateral transects in upper B5. Black symbols represent
stream stage. Grey symbols represent water levels measured in
wells. Question marks represent the bottoms of dry wells.
(b) Contour plot of phreatic surface through lower B5 on July
27. Stream flows toward the top of the panel. Irregularly spaced
well data were converted to a regularly spaced grid (0.10-m
spacing) using kriging in SURFER (Golden Software 1995).
Contour interval is 0.10 m. Distances downstream are shown at
six locations, with open boxes indicating temperature datalogger
sites described in the Results. Wells are represented as circles,
and crosses indicate soil temperature thermocouples. Small bold
numbers are soil temperatures on August 1 (where crosses are
not shown, thermocouples were located within ~10 cm of the
wells). Soil temperatures were measured at a depth of 1 m, ex-
cept for those marked with an asterisk (*), which are from a
depth of 0.7 m. LO, lower DFO logger site.
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(Fig. 8a). Downstream decreases in EC (Fig. 8b) generally
corresponded to downstream increases in streamflow
(Fig. 8c). However, creek temperature also decreased in at
least one section (150–175 m) where no changes in EC and
minor increases in streamflow were observed. The down-
stream cooling rate in that section was about twice as great
as that averaged over the entire reach (Fig. 8a), despite the
lack of an obvious groundwater influence. Moderately
strong relations between stream temperature and EC for dis-
tances ≥30 m (r2 = 0.76 for August 14 and 0.78 for August
15) suggest that groundwater inflow was a significant influ-
ence on B3’s thermal regime in the shaded section, but that
other processes were also important.

Atmospheric and conductive energy fluxes
Net radiation generally provided heat to the streams in the

daytime (Fig. 9a). Because the net longwave flux accounted
for much of the variability in net radiation at the heavily
shaded sites, there was a strong link between net radiation
and the air–stream temperature contrast (Fig. 9b). Derived

values of εc were 0.953 at the B5 forest site and 0.945 at B3,
while εw = 0.950 was used at both sites.

Diurnal patterns in the estimated convective fluxes
(Fig. 9c) were similar to those of net radiation. During the
day, air temperature was usually higher than water tempera-
ture, producing a sensible heat flux toward the stream. The
air above the creeks was often nearly saturated with water
vapour, generating vapour gradients conducive to condensa-
tion onto the stream surface (Fig. 9d). The source of this
moisture may have been transpiration from the understory
vegetation overhanging the creek. Occasional increases in
wind speed were associated with decreased vapour pressures
and potential for evaporation from the creek, likely caused
by down mixing of drier air from above the canopy into the
air space above the stream (July 28, Figs. 9d and 9e). The
sum of sensible and latent heat fluxes was generally similar
to the magnitude of net radiation.

In upper B5, estimated bed heat conduction was generally
small, because of the small bed temperature gradients asso-
ciated with stream water infiltration into the subsurface.
Maximum differences between the stream water temperature
and 5 cm depth bed temperature were about –0.5°C. In con-
trast, maximum differences between the stream water tem-
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Fig. 6. Hydraulic head distributions at six transects across the
B3 channel, identified by distance downstream through the reach.
A different datum was used at each transect.

Fig. 7. Natural streamwater electrical conductivity (EC) and tem-
perature (T) along the B5 reach: (a) 1240–1300 Pacific standard
time, August 1 (no cooling); (b) 1310–1345 PST, July 18 (slight
cooling); and (c) 1420–1445 PST, August 4 (substantial cooling).
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perature and 5 cm depth bed temperature in lower B5 were
as great as –5°C at a site of focused groundwater discharge
(pool at 165 m) on warm afternoons. The result was greater
bed heat fluxes in lower B5. At B3, conductive energy trans-
fer from stream to bed during warm afternoons was interme-
diate between upper and lower B5.

B5 temperature patterns in relation to streamflow
variations and hydrologic context

Rapid fluctuations in creek temperature at B5 coincided
with changes in the magnitude of streamflow at the head of
the reach. For example, temperature at the LO site was about
4°C lower than the BR site during the afternoon of July 26,
with an abrupt increase to 10.2°C (the temperature at the BR
site) at ~2300 Pacific standard time (Fig. 2c). The 10 mm of
rain on July 26 apparently increased the input of streamflow
at the head of the reach, so that it was not entirely lost to in-
filtration before reaching the lower subreach. Hence, rela-
tively warm streamwater flowed downstream to the LO
logger where the measured temperature had previously been
controlled by locally emergent subsurface water. When
streamflow exceeded 5 L·s–1 at the head of the reach, either
no or slight downstream cooling was generally observed
(Figs. 2a and 2c). When streamflow dropped below 4.5–

5.0 L·s–1, substantial cooling often occurred, suggesting that
~5 L·s–1 of streamflow was required to maintain continuous
streamflow along the reach.

Temperature patterns differed between the hydrologically
distinct upper (<155 m) and lower (>155 m) subreaches of
B5. Downstream increases of 0.2–0.5°C in maximum daily
temperature were observed within the shaded portion of up-
per B5 on 12 of 16 days (i.e., of those days when a
datalogger at the lower portion of the segment (81–117 m)
was submerged). Temperature patterns at the LO (158 m)
datalogger reflect its position just below the transition to
gaining conditions; the slight groundwater effect at that
point was readily overwhelmed by warm water from upper
B5 when streamflow at the head of the reach exceeded
~5 L·s–1, causing the rapid switching evident in Fig. 2c. Fur-
ther downstream in lower B5, where a greater input of
groundwater was available for mixing with streamflow from
upstream, both the daily maxima and daily minima at the
183 m site were depressed by ~1°C compared with those at
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Fig. 8. Longitudinal profiles in the B3 reach of (a) stream tem-
perature, (b) natural streamwater electrical conductivity (EC),
and (c) streamflow (q), measured on August 14–16. The maxi-
mum daily stream temperatures recorded by dataloggers at
224 m occurred about 1.5–2 h later, and were 0.3°C higher, than
the measurements at that location in (a), whereas temperatures at
30 m in (a) were the daily maxima at that site.

Fig. 9. Meteorological data from the B5 forest site (July 26–29)
and B3 forest site (August 15–18): (a) Measured net radiation
(Q*) and estimated net long wave (L*), (b) air and creek temper-
atures, (c) estimated sensible (QH) and latent (QE) heat fluxes
(note that this panel is vertically exaggerated by a factor of 2,
compared with Fig. 9a, (d) creek and air saturation vapour pres-
sures (SVP) and measured air vapour pressure (VP), and
(e) wind speed (U). All values are 10-min averages.
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158 m (B5LO) on days when only slight cooling was ob-
served between the BR and LO sites. From August 12 to 17,
when streamflow in lower B5 was isolated to the down-
stream end of the reach, stream temperature at 209 m aver-
aged 7.7°C, with a mean diurnal range of 0.3°C, suggesting
the dominant influence of local groundwater.

B3 tracer tests and hyporheic exchange
Transient storage zone cross-sectional areas (As) of

subreaches 1 and 3 were similar, and both were substantially
smaller than that of subreach 2 (Table 3). The As values
appear to be related to channel complexity. Subreach 2 dis-
played the most complex morphology of the three sub-
reaches, with the channel separating into as many as three
subchannels spread over a total width of ~3.5 m, before
flowing through a few small pools associated with woody
debris. The ratio AS/A for subreach 2 was about three times
higher than that for the other two subreaches (Table 3). The
fitted values for the transient storage exchange (α) coeffi-
cients differed by a factor of four among the three
subreaches, but these values were also the most uncertain for
subreaches 1 and 3. The Damkohler numbers were all rela-
tively close to unity, indicating that the subreach lengths
were appropriate for identifying the effects of transient stor-
age, consistent with the reasonably low coefficients of varia-
tion (<0.3) associated with the parameter estimates
(Table 3).

Mean temperature gradients of 0.1°C·cm–1 in the top 5 cm
of the bed at B3 on the afternoon of August 15 suggest that
the hyporheic zone was 0.15°C cooler than the creek water
(based on the mean dhyp value shown in Table 3). The esti-
mated cooling effect of hyporheic exchange varied by a fac-
tor of four among the three tracer test subreaches (Table 3).
The lowest afternoon downstream cooling rate was modelled
for subreach 1, because of its relatively shallow hyporheic
zone and moderately slow exchange rate. The greatest cool-

ing effect was predicted for subreach 3; the faster exchange
associated with its higher α value overwhelmed the deeper,
cooler hyporheic exchange at subreach 2 (dhyp = 5.5 cm).

Processes controlling downstream temperature changes
at B3

For the B3 reach, sufficient data were available to esti-
mate all of the energy balance terms for the afternoon of Au-
gust 15 (Table 4). Bed heat conduction and hyporheic
exchange accounted for ~60% of the total cooling effect,
with groundwater inflow accounting for the rest. The high
estimates of the cooling terms were required to reproduce
the observed net downstream cooling of 2.3°C. The high es-
timate of ∆Tgw was calculated based on groundwater temper-
ature measured at a depth of 100 cm in the banks (6.8°C),
whereas the lower estimate used a value of 7.4°C based on
the mean of values from both 50 and 100 cm depths. The
high estimates of ∆TC and ∆Thyp were calculated using a bed
temperature gradient one standard deviation greater than the
mean (the lower estimate was calculated using the mean
δT/δz).

As a heuristic exercise, a model of downstream tempera-
ture changes based only on groundwater inflow was applied
to B3 for the dry segment of the study period, by applying
eq. 1 with a groundwater inflow of 0.002 L·s–1·m–1 at 7.7°C
and assuming all other processes were negligible. These val-
ues were determined by trial and error to maximize agree-
ment between the modelled and observed daily mean
temperatures. The fitted groundwater temperature is similar
to the 50 cm depth soil temperatures in the B3 reach, and the
inflow rate is 0.0005 L·s–1·m–1 greater than observed on Au-
gust 16 (Fig. 3c). The model provides reasonable predictions
of daily mean temperatures at B3LO (Fig. 10a), but slightly
overpredicts downstream cooling on cool days and slightly
underpredicts downstream cooling on warm days (Fig. 10b).
More significantly, it underestimates the daily minimum
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Subreach

Parameters 1 2 3 Mean

Fitted from OTIS-P
A (m2)a 0.023 (0.01) 0.029 (0.01) 0.020 (0.03) 0.024
D (m2·s–1)b 0.025 (0.12) 0.043 (0.08) 0.031 (0.15) 0.033
As (m2)c 0.0033 (0.09) 0.0153 (0.06) 0.0038 (0.13) 0.007
α (s–1)d 0.0010 (0.24) 0.0006 (0.07) 0.0027 (0.29) 0.001

Derived values
As/A 0.14 0.53 0.19 0.29

Dal (Damkohler no.) 2.1 0.6 3.7 2.1
qhyp (L·s–1·m–1)e 0.022 0.017 0.054 0.031

dhyp (cm)f 1.3 5.5 2.5 3.1

δT/δxhyp (°C·m–1)g –0.0009 –0.0025 –0.0037 –0.0024

Note: Values in parentheses are fractional uncertainties, or coefficients of variation, i.e., standard deviation
of parameter estimate divided by best-fit value of parameter. Locations of subreaches are shown in Fig. 8a.

aMain channel cross-sectional area.
bLongitudinal dispersion coefficient.
cTransient storage zone cross-sectional area.
dStorage zone exchange coefficient.
eRate at which water exchanges between the stream and hyporheic zone per metre of stream length.
fMean depth of the hyporheic zone.
gLongitudinal rate of temperature change due to hyporheic exchange.

Table 3. Fitted parameters from OTIS-P analysis of tracer tests in B3 and values derived or
partly derived from those parameters.
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temperatures (Fig. 10c) and overestimates the daily maxima
(Fig. 10d).

The groundwater inflow model often failed to account for
~1°C of the observed downstream cooling in the daily max-
ima at B3 (Fig. 10d), similar to the August 15 results and
energy balance (compare the difference between ∆Tgw and
observed ∆T in Table 4). Because energy inputs across the
water surface were generally sources of heat during the af-
ternoon and losses at night (Fig. 9), they cannot explain the
model errors. Hence, hyporheic exchange and (or) bed heat
conduction likely played an important role by extracting heat
from the stream during the day and releasing it at night.

While heat exchanges between the B3 channel and its
hyporheic zone appeared to act as dispersive processes in
subduing the daily temperature extremes at the LO site, lon-
gitudinal dispersion itself had a negligible effect at B3.
Modelling the downstream migration of the peak tempera-
ture at B3BR using a D value of 0.04 m2·s–1 (Table 3) and
the OTIS model indicated that longitudinal dispersion
caused less than a 0.01°C decrease in the daily maximum
between the B3BR and B3LO sites on August 15, 2000
(Story 2002).

Discussion

Temperature patterns in both study streams were linked
strongly to hydrologic conditions, particularly for the lower
B5 subreach. When continuous streamflow occurred, tem-
peratures at B5LO were similar to those at the upper end of
the reach. However, when infiltration losses consumed all of
the flow from upstream, temperatures at that site were domi-
nated by locally emergent groundwater. Streamflow from the
upstream B5 catchment appeared to respond rapidly to rain
events, and resumption of continuous flow following rain
events generated abrupt temperature changes at lower B5.
The threshold for continuous streamflow appeared to be
~5 L·s–1. This threshold is consistent with observations from
1999 (Moore et al. 2003); continuous flow occurred through
the B5 reach when streamflow at the head of the reach was
measured at 7.2 L·s–1, while a section of dry channel was
observed when streamflow at the head of the reach was
3.1 L·s–1. Temperature responses in lower B5 also depended
on local groundwater levels, which varied substantially
through time and were relatively responsive to rainfall. The
hydrologic characteristics of the B5 reach suggest that its ri-

parian zone falls into the “thin aquifer-rain dependent”
classification of Hill (2000).

In contrast with B5, the thermal and hydrologic regimes
of the B3 reach were relatively stable. Groundwater levels in
the reach varied little through time, suggesting the influence
of an intermediate to thick aquifer (Hill 2000). These stable
groundwater levels, coupled with low temporal variability in
streamflow from the B3 catchment, were likely an important
cause of the consistent temperature patterns in the B3 reach.

The greater streamwater EC at B3 (>400 µS·cm–1 vs.
<200 µS·cm–1 at B5) supports the notion that the hydrology
of that catchment is dominated by deeper, slower flowpaths
than those active in the B5 catchment. The different
streamflow responses of the B3 and B5 catchments to mete-
orological forcing are also consistent with the observation of
deeper till at B3; streamflow fluctuations at B5 were more
rapid and of greater amplitude. These findings emphasize
the influence of catchment-scale hydrologic interactions on
aquatic habitat (e.g., Curry and Devito 1996; Baxter and
Hauer 2000; Power et al. 1999).

At both streams, energy exchanges across the air–water
surface provided a net input during most afternoons and
therefore could not account for observed downstream de-
creases in daily maximum temperatures. Our results suggest
that groundwater is a prerequisite for daytime cooling in for-
ested reaches downstream of clearings, roughly as asserted
by Beschta et al. (1987). Downstream increases in the daily
maxima were often observed in upper B5, where the stream
lost flow to infiltration and where bed heat conduction and
hyporheic exchange were likely unimportant as a conse-
quence. Downstream decreases (cooling) in the daily max-
ima generally occurred only where the stream encountered
groundwater in the lower subreach of B5.

Downstream changes in streamwater EC along the two
reaches were useful for identifying zones of groundwater
discharge and its thermal influence in shaded areas. Ground-
water in the study reaches apparently had lower EC than
streamwater, at least during baseflow conditions, in contrast
with conditions reported in previous studies (e.g., Geist
2000). Differences between the upstream catchments and
our study reaches in terms of hydrologic flowpaths, water
residence times, and (or) regolith chemistry could be respon-
sible.

Although groundwater inflow can cause downstream cool-
ing, it is not the only mechanism through which subsurface
hydrology affects stream temperatures. The magnitude of
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Component

Estimate ∆Tu
a ∆Tgw ∆TC ∆Thyp Σ(∆T < 0) Σ ∆T Observed ∆T

Low 0.7 –0.9 –0.7 –0.5 –2.1 –1.4
–2.3

High 0.7 –1.2 –1.1 –0.7 –3.0 –2.3

Note: Estimates are based on the 2-h period spanning the final occurrence of the daily maximum at B3BR
(at 1520 Pacific standard time) and the first occurrence of the maximum temperature at B3LO (at 1720 PST).
All values are in degrees Celcius, and negative values indicate downstream cooling. The subscripts u, gw, C,
and hyp refer to the components of temperature change attributed to energy exchange across the air–water
surface, groundwater inflow, bed heat conduction, and hyporheic exchange, respectively.

aEnergy exchange across water surface only includes net radiation, and no uncertainty is considered to
emphasize the effects of uncertainties in other terms. The uncertainty in the warming estimated by net radiation
alone is approximately ±0.2°C (due to uncertainties in wm), whereas the total uncertainty associated with the
energy exchange across the water surface is at least ±0.3°C.

Table 4. Summary of estimated influences on B3LO daily maximum creek temperature on Au-
gust 15, 2000 relative to B3BR daily maximum.
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conductive fluxes across the streambed appears to be related
to the degree of groundwater influence in the streambed.
The highest afternoon fluxes were estimated for lower B5,
and the lowest for upper B5, with intermediate values at B3.
These observations are consistent with previous studies of
the influence of stream–groundwater interactions on bed
temperatures (e.g., Silliman and Booth 1993). Brown’s

(1969) pioneering study involved streams chosen to have
negligible groundwater inflow, which may account for his
small bed heat conduction values. Furthermore, Brown
(1969) focused on the energetics of stream warming in
clearcuts, where high fluxes of solar radiation on clear days
(often 800–1000 W·m–2) would reduce even the greatest
cooling QC fluxes estimated in this study (–60 W·m–2) to rel-
ative unimportance. In contrast with Brown’s clearcut sites,
radiative fluxes across the upper water surface rarely ex-
ceeded 100 W·m–2 at our heavily shaded forest sites, allow-
ing bed heat conduction to play a stronger role. A key
problem in quantifying bed heat conduction is the substan-
tial spatial variability in bed temperature gradients, espe-
cially in these morphologically complex headwater streams.

Hyporheic exchange is another mechanism that can pro-
duce downstream cooling. In addition to the calculated role
of hyporheic exchange in the B3 energy balance results of
August 15, there was evidence of its effect on longitudinal
stream temperature patterns. A high rate of downstream
cooling in subreach 2 of B3 was associated with a large tran-
sient storage zone and little evidence of groundwater inflow
(Fig. 8; Table 3). That this association did not emerge in the
subreach scale estimates of δT/δxhyp may reflect the lack of
detailed input to the model (e.g., lack of subreach-specific
bed-temperature gradients). Alternatively, the conceptual
foundations of our model may be inappropriate. In particu-
lar, it is unclear whether our tracer tests captured the spatial
and temporal dimensions of hyporheic exchange that are
most relevant from a thermal perspective. The complex na-
ture of stream–subsurface interactions in lower B5 indicates
that lateral hyporheic exchange should also be considered, in
addition to vertical exchanges through the bed. Harvey and
Wagner (2000) asserted that water chemistry is most likely
to be influenced by hyporheic exchange at the timescales de-
tected by tracer tests, but it remains to be seen whether this
is the case for stream temperature. Our estimates of the ther-
mal effect of hyporheic exchange should not be over-
interpreted, and additional or alternative methods should be
considered for future studies.

It is unclear whether streamwater lost to infiltration in up-
per B5 recharged the aquifer in lower B5, thereby inducing
large-scale (approx. 100 m) hyporheic flow paths. The lower
portions of the study streams did not appear to be separated
by distinct drainage divides, suggesting that water lost from
upper B5 may have flowed toward stream B4.

While the roles of hyporheic exchange and bed heat con-
duction at B3 in downstream cooling cannot be separated
with confidence, two-way exchanges of heat between the
channel and riparian sediments were clearly important.
Downstream cooling in the mean daily temperatures at B3
could be largely explained by groundwater inflow, but the
moderation of the daily temperature extremes could not be
accounted for by groundwater inflow or longitudinal disper-
sion. Bed heat conduction has been observed to be an impor-
tant energy balance term in studies of shallow streams
(Sinokrot and Stefan 1993; Webb and Zhang 1999), while
the significance of energy exchanges driven by conduction
and (or) hyporheic exchange has recently been speculated in
others (Johnson and Jones 2000; Poole and Berman 2001).

Many of the heat transfer processes depend on stream
temperature (e.g., eqs. 1 and 2), with the possibility that
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Fig. 10. Comparison of modelled and measured creek tempera-
tures at B3LO during the dry segment of the study period (Au-
gust 2–18): (a) daily means, (b) downstream changes in daily
means (i.e., B3LO-B3BR) (note reversal of order of axes to cor-
respond generally with the other panels), (c) daily minima, and
(d) daily maxima. The line Y = X + 1 in (d) represents under-
prediction of downstream cooling by 1°C. Modelling used qus =
1.1 L·s–1, qds = 1.5 L·s–1, Tgw = 7.7°C and observed temperatures
at B3BR as Tus in eq. 1. Lines of perfect agreement (1:1) are
plotted in all panels. The solid symbols represent results for
August 15.
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downstream cooling increases with increasing temperature.
Our study streams were relatively cool (maximum tempera-
tures ~14°C at the lower extent of forest clearings), likely
because of their riparian buffer treatments and north-facing
aspects. At a forested site where creek temperatures ap-
proached 27°C, Brown et al. (1971) estimated latent heat
fluxes of about –100 W·m–2 on one afternoon. Net radiative
fluxes of 150 W·m–2 more than offset this cooling effect at
Brown et al.’s site, but an evaporative flux of that magnitude
would generally have been sufficient to overwhelm the
warming from net radiation at our heavily shaded forest
sites. Groundwater-related cooling processes would also
tend to operate at higher rates as creek temperatures in-
creased.

Conclusions

This study examined the physical controls on creek tem-
peratures in two forested reaches located downstream of for-
estry activity. In one reach (B5), cooling generally occurred
only downstream of 150 m, where groundwater influenced
the creek channel. The magnitude of cooling depended to a
large extent on fluctuations in streamflow from the upstream
catchment. When streamflow was relatively high (>5 L·s–1),
little or no net cooling occurred through the reach. At lower
flows, temperatures at the downstream site were controlled
mainly by inflowing groundwater, because infiltration in the
upper 150 m of the reach consumed the warmer streamflow
from the upstream catchment. Maximum daily temperatures
generally increased downstream in the upper subreach of
B5, because cooling fluxes were insufficient to offset inputs
of heat across the water surface.

Stream temperatures at the other reach (B3) were more
stable than those at B5 because of the low temporal variabil-
ity in stream–groundwater interactions and the relatively
constant streamflow inputs from the upstream catchment.
Groundwater inflow occurred along most of the reach, which
could largely explain downstream cooling in the mean daily
stream temperatures. However, the moderation of the daily
temperature extremes could not be accounted for by ground-
water inflow or longitudinal dispersion. Two-way exchanges
of energy between riparian sediments and the channel water,
driven by conduction and possibly hyporheic exchange, ap-
peared to influence the daily maximum and minimum tem-
peratures. Future research should examine hyporheic flow
processes in conjunction with temperature measurements to
aid in developing models for calculating hyporheic heat
fluxes in headwater streams. In addition, research is required
to relate hyporheic exchange to readily observed channel
characteristics, following the lead of Kasahara and Wondzell
(2003).

The two streams studied here present a strong contrast in
hydrological behaviour and highlight the key influence of
hydrology on temperature patterns. Efforts to manage the
thermal effects of forestry on aquatic habitat should consider
the hydrologic characteristics of specific streams and their
catchments, since these factors may account for much of the
variability in thermal response to forest disturbance and, in
particular, may control the potential for downstream cooling
in shaded reaches below cutblocks and road clearings.
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