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Abstract

We examined conditions that form or prevent thermal stratification in river pools using

field measurements, statistical modelling, and three-dimensional (3D) computational

fluid dynamics (CFD) modelling. Our motivation is to identify variables that control

stratification for exploitation to enhance or prevent thermal gradients as needed to

benefit species in rivers. One study pool (UT) is located above water storage reservoirs

and receives natural flows, and the other pool (PT) is regulated and receives unnatu-

rally high, cold water in summer; both pools are on the Trinity River, California. Ther-

mal stratification formed in UT pool in spring at a critical flow of 1.01 m3/s, peaked at

8.1�C in summer, and exhibited diurnal formation and destruction under sub-critical

flows until fall. At PT pool, the 14.2 m3/s baseflow caused mixing that prevented

stratification and formed a spatially homogenous thermal environment. Statistical

analyses indicated the daily range in air and inlet water temperature at UT pool best

correlated with the occurrence and strength of stratification but were progressively

irrelevant as flows increased above the critical value. The validated CFD model was

used to reproduce the diurnal stratification and explain the processes involved. The

CFD model correctly predicted the observed critical flow and replicated the dynam-

ics of stratification at UT pool and isohyets observed at PT pool. The CFD results also

confirmed that low flows are the main variable for stratification to form, and the daily

range in inlet water temperature drives the strength of the thermal gradient. The

model estimated a critical discharge at PT pool of 2.0 m3/s, twice that for UT pool

owing to its 2.6-times larger area, suggesting critical flows scale with pool size.

Results showed that releasing critical and lower flows in summer on regulated

streams may conserve water and provide thermal gradients that benefit poikilother-

mic species; alternately, higher than critical flows can prevent stratification where

needed to improve water quality.
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1 | INTRODUCTION

Impacts to rivers by dams can be profound even when regulated flow

releases are designed to mitigate downstream effects on a stream's

biology (Swales, 1989). One type of mitigation involves flow releases

in summer that are higher than pre-dam flows to provide colder water

temperatures. This strategy is used on the Trinity River in northern

California (Figure 1) to account for dams blocking spring Chinook

salmon (Oncorhynchus tshawytscha) access to cold water for holding in

pools in the upper watershed. The mitigation involves flow releases in

July through September of 12.7 m3/s that range in temperature from

9 to 11�C, which is more than double the median (5.4 m3/s) flow and

about 10�C colder than in the unregulated period of record for the

Trinity River at Lewiston in summer (1911–1960). The high discharge

provides spring Chinook cold water for holding (<15.6�C; USFWS &

HVT, 1999) but has perhaps unforeseen negative consequences for

the river biome, including salmonids (Oncorhynchus spp.).

An example serves this point. Consider the time for mayfly (Ephe-

merella proserpina) to hatch as adults inversely relates to temperature

(Sweeney & Vannote, 1984). Since mayflies compose the largest per-

centage of diet for juvenile steelhead (O. mykiss) in the Trinity River

(Boles, 1990), their suppression by cold water may negatively affect

food availability for salmonids. Food assimilation and growth of juve-

nile salmonids generally increase with temperature to peaks around

17�C for coho (O. kisutch) and steelhead and 19–21�C for Chinook

(Lusardi et al., 2019; Plumb & Moffitt, 2015). In comparison, the aver-

age daily water temperature in summer at the compliance point at

Douglas City (Figure 1) in water years (WY) 2019–2021 was 13.1�C,

suggesting food availability and juvenile growth may be suppressed

by the cold water. Smaller juveniles often exhibit lower survival to

adult (Woodson et al., 2013), so the objective for the high summer

baseflows to benefit adult salmon may instead depress future

populations.

Both warm and cold-water are necessary for species to thrive,

and we hypothesise that summer baseflows that are closer to natural

levels promote temperature diversity in part by enabling thermal strat-

ification in deep pools. With stratification, water temperatures form a

thermocline, with warmer water near the surface and in marginal

F IGURE 1 Location of study pools on the upper Trinity River (UT pool) and at the pear tree location on the Trinity River below Lewiston dam

2 of 17 BUXTON ET AL.



areas for benthic invertebrates, juvenile salmonids, and other poikilo-

therms such as turtles and frogs, and cold water at depth for adult

salmon and trout. However, thermal stratification can also occur with

stratification of salt and dissolved oxygen that can make bottom water

unsuitable for benthic macroinvertebrates and fish, as Turner and

Erskine (2005) and Coates and Mondon (2009) observed in several

regulated rivers in Australia. Therefore, while stratification may be

important for species conservation in some settings, it may be desir-

able to prevent to improve water quality in others.

Temperature stratification is complex and may be controlled by

many factors, but the mechanics of pool stratification have yet to be

fully described in part because past work has been largely relational

(e.g. Bilby, 1984; Keller et al., 1990). For example, Matthews et al.

(1994) measured stratification in a deep pool on the American River,

California and attributed it to retention of cold surface water deliv-

ered at night and other periods of low air temperature or reduced

solar input. Nielsen et al. (1994) documented thermal stratification in

pools on several California streams and associated its occurrence with

input of cold hyporheic, spring or surface flows and low turbulence or

obstructions preventing mixing in the pools. Butler (2013) associated

stratification with low discharges in the San Jaoquin River, California

and attributed its temporal variability to diurnal changes in air temper-

ature and its spatial variability to topographic variations creating high

and low velocity areas in the flow.

Several field studies with numerical modelling have further

described conditions that influence thermal stratification in river

pools. These include Borman and Webster's (1998) 2D modelling that

reproduced laterally averaged temperatures at depth during stratifica-

tion in a large pool (average 110 m wide, 5 m deep) on the River Mur-

ray, Australia; under a nearly constant flow (46.3 m3/s), stratification

persisted except when winds ≥10 m/s caused mixing that destratified

the pool. Persistent stratification was also measured by Turner and

Erskine (2005) in pools on several large rivers in Australia, where high

winds (>8 m/s) and elevated flows (21.7–40.7 m3/s) replaced the

stratified water with mixed flow. Reinfelds and Williams (2012) associ-

ated stratification in pools on the Shoalhaven River, Australia with the

Richardson number and found it was unaffected by wind and formed

at around the median annual flow.

We add to this body of evidence for thermal stratification with a

field study and statistical analyses of two pools on the Trinity River;

findings are confirmed and supplemented by numerical modelling with

the validated 3D CFD model U2RANS. The study objectives are to

(a) measure field conditions that form or prevent thermal stratifica-

tion; (b) identify the relative importance of variables affecting stratifi-

cation with statistical analyses; and (c) apply the 3D CFD model to

predict the critical discharge for diurnal stratification and identify key

variables that drive its formation, stability, and decay. Our CFD

modelling is a first, to our knowledge, to study stratification in river

pools in 3D and provides a means to estimate critical flows for stratifi-

cation. With this ability, water managers can avoid both unnaturally

low flows that enable stratification to degrade water quality and

abnormally high flows that prevent stratification and produce a cold

river that threatens salmon populations via the positive relationship

between juvenile fish size and survival to adult. Given the societal and

ecological importance of restoring salmon in North America and else-

where, our particular interest is in whether scientific justification

exists for lowering summer baseflows to natural levels on regulated

streams to form temperature gradients in pools?

2 | METHODS

2.1 | Study sites

Field studies were undertaken in Summer 2020 to document flow

and temperature conditions under which thermal stratification may

exist or be prevented in two pools on the Trinity River. One pool

(UT) is unregulated and located on the upper Trinity River above

Trinity Reservoir (Figure 1). The other pool (PT) is located 63 km

downstream of Lewiston Dam at Pear tree near Helena, California.

Water is delivered to both pools primarily by surface flow with pre-

sumably small contributions from hyporheic sources. This presump-

tion is based on the river being confined by mountains that inhibit

lateral exchange of shallow groundwater; also, the channel exhibits

a largely planar slope upstream of both pools that would limit

hyporheic forcing to areas near boulders that only exist upstream of

UT pool (e.g. Marzadri et al., 2012). The hyporheic flow in these

places would likely have minimal effect on pool temperatures due

to their short flow paths in shallow alluvium in the upstream vicinity

of UT pool (see below). The channel slope at each pool's inlet

(Figure 1) and the downstream hydraulic control is 0.40% at UT pool

and 0.09% at PT pool. The field study occurred 10 June to

22 November 2020 at UT pool and 1 July to 5 November 2020 at

PT pool.

2.2 | Pool surveys and descriptions

Detailed surveys were used to measure each pool's bathymetry for

the 3D CFD modelling. The UT pool was surveyed with total station,

Real Time Kinematic GPS (RTK), single beam sonar, and structure-

from-motion photogrammetry in summer 2020. The SfM survey of

dry land yielded over 179 million points with a vertical accuracy of

±0.03 m (95% confidence level [CL]; ASPRS, 2014). Over 45 million

logically valid points were retained and subsampled in a 0.076 m grid

that left 248,047 points in the final topography. Underwater SfM

yielded 52,000 points with a vertical accuracy of ±0.08 m (95% CL).

These were reduced to 30,610 points and combined with 3349 points

from RTK and total station and 1979 points from sonar to yield an

average density of 94 points/m2. Surveyed elevations compared to

known elevations at local controls indicated the survey's total vertical

error was ±0.11 m (95% CL).

The PT pool and surrounding terrain was surveyed with multi-

beam sonar, lidar, and total station in 2016 by Pryor (2017). In Sum-

mer 2020, areas where changes in bathymetry may have occurred

were resurveyed using single beam sonar and total station. These sur-

veys combined with the 2016 surveys yielded an average density of

2.4 points/m2 within the pool body where depths were ≥2 m and 1.7
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points/m2 for the entire resurveyed area. The final survey error was

not measured across all data, but the total station error was ±0.01 m

(95% CL), the sonar specifications are ±0.05 m (95% CL), and a sur-

veyor statement on the 2016 topography specifies ±0.12 m (95% CL).

All surveys were performed with the horizontal datum NAD83 and

the vertical datum NAVD88 Geoid 09.

Channel elevations subtracted from the water surface elevation

at summer baseflow indicated the pool area with depths ≥2 m is

505 m2 at PT pool and 193 m2 at UT pool (Figure 2). The ≥2 m depth

criterion was from observations that temperature stratification occurs

below around 2 m depth (e.g. Nielsen et al., 1994; Reinfelds &

Williams, 2012). A cross section at the deepest location in each pool

indicates summer baseflow at UT pool occurs in a narrower (12.2 m)

and deeper (5.1 m maximum depth) channel compared to PT pool

(31.2 and 4.4 m, respectively). The ratio of the width to surface area

where depths are ≥2 m is 2.6 at both pools.

Topographic lines and a longitudinal profile through the centreline

of each pool shows the UT pool entry transitions steeply to the pool

bottom whereas the PT pool entry slopes gently into the pool body

(Figure 2). Otherwise, similarities in the pool morphologies exist. For

example, the left bank at UT pool is bedrock and the inlet area and

pool bottom are shallow alluvium on a bedrock mantle that is exposed

at the decline into the pool and in outcrops on both banks. The right

bank of PT pool is also bedrock, and the inlet and pool body are allu-

vial. Both pool outlets are alluvial and gently slope to their down-

stream hydraulic control (Figure 2).

2.3 | Flow stage, discharge and temperature

Flow stages and temperatures were measured at each pool's inlet,

body and outlet in 15 min intervals to ±0.4 cm and ± 0.44�C

F IGURE 2 Planview of the UT and PT pools with topographic lines in one-metre increments and shaded areas where water depths at
summer baseflow were ≥2 m. Longitudinal profiles and cross sections are labelled with their vertical exaggerations, and locations where flow
velocity and temperature profiles were measured are shown. The summer baseflow water surface is plotted in the cross sections where the view
is facing upstream. ASL is above sea level.
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(manufacturer specifications) with a Hobo pressure transducer

(Figure 1). The stages were assigned discharges by gaging the inlet of

UT pool, which also provided hydraulic geometry relationships to flow

at this location. The stage-discharge relationship at PT pool was

developed with flows gaged by the U.S. Geological Survey (USGS) at a

location 380 m upstream on the Trinity River above the North Fork

Trinity River (TRNF; Figure 1). Reynolds numbers (Re; Equation 1)

were computed with the measured hydraulic geometry at UT pool

and the stage-discharge relationship and a cross section at PT pool to

verify that flows at both pool inlets were turbulent and temperatures

fully mixed using

Re ¼ ρuD=μ ð1Þ

where ρ is the water density, u and D are the average cross

section velocity and depth, respectively, and μ is the dynamic viscosity

of water. Additionally, air temperature was measured adjacent to each

pool at a height of 1.5 m from the ground in the shade of trees. Two

cameras were installed at the UT pool to monitor the above equip-

ment and document its surface exposure to sun every 30 min from

sunrise to sunset. One camera with a full upstream view of the PT

pool was installed for these same purposes.

The ratio of flows gaged at UT pool (n = 7) to flows measured at

the same time of day by USGS at a location 7 km downstream on the

Trinity River (0.53; range 0.46–0.58) was used to adjust the record of

daily average flows in July–October for WY 1958–2021 at this sta-

tion. The adjusted flows were used to estimate the exceedance proba-

bility of the observed critical flow for stratification at UT pool in these

months. Stratification was not observed at PT pool and an exceedance

probability was not determined for the modelled critical flow because

discharges in the period of record (WY 2005–2021) at TRNF were

substantially higher.

2.4 | Flow velocity and temperature profiles

Flow velocity profiles were measured in 3D at each pool with a Nor-

tek acoustic Doppler velocimeter (ADV) to ±1 mm/s. The ADV was

mounted on a 6 m adjustable rod for placement at surveyed locations

at the desired height above the bed and for measuring the total depth

to ±0.8 cm. Velocities were then recorded in easting, northing, and

vertical coordinates at 8 Hz for ~5 min with a nominal velocity range

of 0.01, 0.1, or 0.3 m/s, depending on flow speed. Temperature pro-

files were simultaneously measured with a Hobo temperature logger

(±0.21�C) mounted on the downstream side of the rod to prevent

interference in velocity readings. Depending on the total flow depth,

2�7 temperatures and time-averaged velocities were measured in a

profile, and profiles were measured in monthly events from July

through October 2020 at both pools. An exception is that tempera-

ture profiles were not measured in PT pool in July because the tem-

perature logger was not available for mounting on the rod.

An ADV measures velocities with impressive accuracy, but false

spikes in velocity can occur. We omitted these errors with a two-stage

filter in software developed by Jesson et al. (2013). The initial filter

omitted velocities when the correlation between paired echoes emit-

ted from the ADV and reflected to the instrument by particles in the

flow was <90% and the signal to noise ratio was >30 db. The second

filter excluded values that were more than five times the standard

deviation of the mean velocity, which was considered appropriate

given the low average velocities (~0.04 m/s) at UT pool. A 12-point

polynomial interpolation was used for spike replacement. Typically,

more than 97% of the roughly 2400 instantaneous velocities in each

gaging passed both filters and were used to compute a time-averaged

velocity in easting, northing, and vertical directions. The square root

of the sum of each averaged velocity squared gave the velocity magni-

tude. A total of 350 and 260 average velocities were measured in

81 and 70 vertical profiles at UT and PT pool, respectively (Figure 2).

A time series of water temperatures was measured in vertical pro-

files with stringers of temperature loggers in UT and PT pool. A

“downstream” and “upstream” stringer was installed in each pool, and

both stringers included a cable that extended from a weight at the

pool bottom to a float at the surface that held the cable nearly vertical

in the flow. The upstream stringer at UT pool had a Hobo temperature

logger attached to the cable at depths of 0.9, 1.9, 2.8, 3.4 and 4.0 m

and on the channel bed at 4.6 m depth at summer baseflow, and the

downstream stringer had loggers attached at depths of 0.9, 1.9, 2.8,

3.4 and 4.0 m and on the channel bed in 5.1 m depth. An “upstream”
and “downstream” stringer of loggers was also deployed at PT pool

where the depth at summer baseflow was respectively 4.1 and 4.0 m;

these stringers had loggers attached to the bottom weight and the

cable at depths of 0.4, 1.4, 2.3, 2.9 and 3.5 m. The loggers recorded a

temperature every 15 min for the study period at UT pool and 1 July–

6 August 2020 at PT pool. The measurement duration at PT pool was

relatively short due to theft of the equipment.

The degree of stratification (Sd) is the range of water tempera-

tures in a vertical profile (Reinfelds & Williams, 2012). We considered

stratification as formed when Sd ≥ 1.0�C, which corresponds to a tem-

perature gradient of ≥ 0.20�C/m at UT pool and ≥0.24�C/m in PT

pool. These values agree with definitions of stratification that Rein-

felds and Williams (2012; 0.20�C/m) and Sherman et al. (1998;

0.25�C/m) used. In profiles with stratification, a thermocline occurs at

the base of the epilimnion; this level defines the thermocline depth.

The thermocline thickness extends from the depth of stratification

through the metalimnion and hypolimnion to the pool bottom. Surface

areas in UT pool with stratification were measured in ArcPro with the

terrain maps by interpolating between verticals that either displayed

or lacked a thermocline using the bathymetry and water depths as

guides (Figure 2).

2.5 | Statistical analyses

A standard procedure for statistical model selection was used to

assess the evidence of factors associated with the occurrence and

strength of stratification in UT pool. PT pool was not included in the

statistical modelling because stratification was not observed there.

For UT pool, the continuous response variable was the daily maximum

Sd (Sdmax). Potential explanatory variables included the (a) daily air
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temperature differential (DATD) computed as the difference in each

day's maximum and minimum air temperature; (b) mean daily inlet

water temperature (MDIWT); (c) daily inlet water temperature differ-

ential (DIWT, computed as for DATD); (d) daily average flow (Qavg);

(e) day length (DL) as duration between sunrise and sunset at UT pool;

and (f) sun exposure (SE) as duration when the pool surface was in

direct sunlight. Given the likelihood that temporal autocorrelation

would violate the assumption of independence of errors in the regres-

sion, residual analysis using the autocorrelation function (ACF) and

partial autocorrelation function (PACF) plots was applied to evaluate

the need for a time-series variance component to our model, and if

so, whether auto-regressive, moving average, or both forms should be

incorporated (Chatfield, 2003).

For each candidate model, an akaike information criterion (AIC)

value was calculated. The AIC is a statistic that combines a measure of

model fit quality that lowers the AIC value or applies a penalty for

model complexity that increases the value. Additional parameters that

do not improve quality of fit simply inflate the AIC value, and so lower

AIC scores indicate preferred models. The simplest model within two

AIC units of the best scoring model was selected for inference at each

step using the following procedure. The variance component structure

was held constant during the model selection process, although the

variance parameters would be estimated along with each model's fixed

effects parameters. During the model selection process, combinations

of explanatory variables prone to multicollinearity were avoided. First,

models containing each of DATD, MDIWT, and DIWT were compared

to evaluate evidence for which variable(s) best explained Sdmax. In the

second step, Qavg and each of DL and SE were added to the model

arising from the first step to evaluate evidence for increased quality of

model fit. In the third step, if the model arising from step-two con-

tained more than one explanatory variable, then AIC would be further

used to evaluate whether interaction terms were warranted. Finally,

once a model was selected, acf and pacf plots were used to assess the

final variance component structure, and AIC was used to finalise evi-

dence of any changes suggested by those plots. All statistical analyses

were carried out using R Statistical Software (R Core Team, 2021), and

parameter estimation was conducted via generalised least squares

using the nlme package (Pinheiro et al., 2021).

2.6 | Numerical modelling

The CFD model U2RANS, developed and validated by Lai et al. (2003)

and further validated by Lai et al. (2021) and Lai (2022), was applied

to simulate the dynamics of thermal stratification at the study sites.

The CFD model has also been validated at the pools in this study; the

theory and validation results for the model were reported by Lai et al.

(2022); therefore, only a summary is provided here. The numerical

modelling was used to (1) quantify the relationship between pool

stratification and river flow so that the critical discharge at stratifica-

tion may be determined and (2) to identify the dominant processes

that control stratification at the study sites. The model solves the

Unsteady Reynolds-Averaged Navier–Stokes (URANS) equations

based on the mass, momentum, and energy conservation laws. The

Navier–Stokes flow equations are standard and described in Lai et al.

(2022). The energy conservation equation for water temperature is

∂T
∂t

þ ∂ UjT
� �

∂xj
¼ ∂

∂xj
α
∂T
∂xj

�T0uj

� �
þ qs
ρCP

ð2Þ

where t is time, xj is the jth component of the Cartesian coordinate,

T and T' are the mean and fluctuating water temperature, Uj and uj are

the jth components of the mean and fluctuating velocities, α is fluid

thermal diffusivity of water, qs is the heat exchange rate at the stream

surface owing to meteorological forcing such as solar radiation, and Cp

is the specific heat capacity of water. The numerical solution utilised

an unstructured 3D mesh on which the governing equations were dis-

cretized and solved. The total number of mesh cells was 150,698 for

UT pool and 212,038 for PT pool and the vertical mesh size was

0.076m at both pools. Coarser and finer meshes were also modelled,

with results indicating mesh convergence.

Two important issues are discussed as they were not reported in

Lai et al. (2022). First, the thermal diffusion due to turbulence

(or turbulent heat flux) in Equation (2) was computed as

�T0uj ¼ υt
Prt

∂T
∂xj

ð3Þ

where υt is the turbulence viscosity and Prt is the turbulent Prandtl

number. The turbulence viscosity is computed using the standard

k � ε turbulence model (see Lai et al., 2022). The Prandtl number is a

model parameter whose value is usually determined by comparison

with field data. In this study, we adopted the final value of Prt deter-

mined by Lai et al. (2022) and listed in Table 1. The second issue

regards the role of heat exchange rate at the stream surface (qs in

Equation 2). In general, surface heat exchange from meteorological

forcing is the dominant process that controls how water temperature

varies temporally in a stream. Such forcing was incorporated by apply-

ing the measured water temperatures at the pool inlet boundary. The

extra surface heat exchange within the pool was found negligible for

stratification in separate numerical modelling performed with and

without the forcing term (see Supplementary Information). This results

because the convective and diffusive heat transfer processes domi-

nate the pool stratification at the study sites. Put another way, the

surface area of the river upstream of the pool is very large relative to

the pool surface area, so meteorological forcing (and discharge) that

controls water temperatures and the stratification process is captured

at the inlet boundary condition. Additional model inputs included

topography of the pools and stage (water elevation) at the pool

outlets.

3 | RESULTS

3.1 | Upper Trinity River pool

Vertical temperature profiles measured with the upstream and down-

stream stringer at UT pool gave similar results, and data from the
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downstream stringer are in Figure 3. Results for the upstream stringer

are in Figure S1. Stratification formed in UT pool at Sd ≥1.0�C for the

first time on 28 June at 12:30 PM when the daily average flow was

1.01 m3/s (Figures 3 and S2). The exceedance probability of this criti-

cal flow represented as a daily average value was 33% in July–

October in WY 1958–2021. In addition, the average and longest

period of the day with Sd ≥1.0�C was respectively 8.3 and 13.0 h. This

information suggests that thermal stratification is a common occur-

rence in summer and early fall at UT pool. After 28 June, stratification

formed daily between 11:15 AM and 2:15 PM and was destroyed

between 1:30 PM and 11:45 PM (Figure 3). Differences in the timing

and duration of stratification resulted from hot weather causing strati-

fication to form earlier and last longer in the day compared to cooler

weather that caused the opposite. Values of Re were ≥ 17,480 in the

study period, indicating inlet flows were fully turbulent and tempera-

tures well mixed when entering the pool.

After stratification first established, a daily cycle of formation and

destruction ensued. The cycle is described with temperatures at the

downstream stringer on 31 July (Figure 4), which represent thermal

dynamics observed for most of the study period (e.g. Figure S3). At

midnight, water temperatures at the pool inlet and outlet and all

depths in the pool were ~ 20.2�C and approximately equal (±0.10�C).

Temperatures decreased through sunrise at 6:00 AM until ~9:00 AM

when the daily minimum occurred (16.6 ± 0.10�C). Between midnight

and 9:00 AM, the pool stored cold inlet water and released warmer

water downstream perhaps from storage in lee areas of the pool. At

9:45 AM, Sd departed the nighttime range of 0.18 ± 0.01�C when

cameras documented the river's first exposure to direct sunlight. At

this time, the pool began releasing relatively cold water downstream

and a thermocline formed in UT pool and expanded vertically until

~4:30 PM when the pool surface temperature (25.0�C) and Sd (7.3�C)

peaked. Shade from mountains and trees then began to cover the

river bottom (orange area, Figure 4) and when the river was half

shaded, inlet temperatures dropped below temperatures in the epilim-

nion and began to mix with deeper layers in the pool. This displaced

the warmer top water and returned the pool to storing cold water and

releasing warmer water downstream. The mixing continued to desta-

bilise the stratification until just before sunset at 9:00 PM when the

thermal layering was destroyed and temperatures at all depths dif-

fered by only 0.07�C (grey area, Figure 4).

Thermoclines indicating thermal stratification predominantly

formed in deeper water but were in increasingly shallow areas of UT

pool as discharge lowered through summer (Table 2, Figure 5). Dis-

charge lowered even further in October, yet thermocline depths

increased and were no longer related to water depth likely due to

water temperatures decreasing into fall. For example, a thermocline

did not develop in October where the depth was 5.1 m in the middle

of the pool but was measured near the right bank in the lee of a bed-

rock outcrop where the depth was 3.3 m. This supports Nielsen et al.

(1994) and Butler's (2013) observation that pool bathymetry that cre-

ates low velocity areas can affect where stratification forms, particu-

larly outside the heat of summer as we measured.

When stratification was present, flow velocities in the epilimnion

of UT pool were ~ 10 cm/s and velocities in the stratified body of the

pool were <2 cm/s, indicating a cold, slow water body existed below a

warmer, faster top flow. Thermocline depths and thicknesses were

also largely consistent in the study period even though pool areas

with stratification increased through summer and reduced in fall

(Table 2). The average thermocline depth (2.0 m) that we measured

agrees with what Nielsen et al. (1994) observed in pools that were

around 4 m deep on the Middle Fork Eel River, California and close to

what Reinfelds and Williams (2012) measured (2.2 m) in a 15 m deep

pool on the Shoalhaven River, Australia. Similar thermocline depths

across studies result from the exponential decay in penetration of

solar radiation in water.

The ending of the stratification period occurred between 9 and

11 November. In this period, night air temperatures dropped below

freezing (�1.2 to �2.7�C) and daytime air temperatures rose to

11.1�C, which raised inlet water temperatures to 11.3�C (range 4.3–

5.6�C). This enabled stratification to reform daily, but for the last time

when daily average flow was 0.31 m3/s and Sd = 1.8�C on

11 November (Figure S4). Later, on 20 and 21 November, inlet water

temperatures ranged 3.0–3.3�C but stratification failed to reform per-

haps because the difference in buoyancy between temperatures

(≤0.10 N/m3) was too small to stratify at the observed flows (0.69 and

0.52 m3/s).

TABLE 1 CFD model parameters for critical flow estimates and sensitivity analysis

Time

step

Turbulent Prandtl

number

Turbulence

model

Vertical

mesh size Water density Specific heat capacity

1.0 s 45.0 k–ε model 0.076 m 1000 kg/m3 4180 J/(kg K)

Location Application Dates Discharge (m3/s) Average inlet water temperature

(�C)
Inlet water temperature

range (�C)

UT pool Estimate critical flow 18–19 July 2020 1.03 and 1.55 21.6 17.8–26.5 (8.7�C)

Sensitivity analysis NA 0.52 17.8–25.5 (8.7�C)

19.2–24.6 (5.4�C)

20.6–22.8 (2.2�C)

PT pool Estimate critical flow 29–30 July 2020 1.42, 2.0, 2.5 19.9 17.2–22.3 (5.1�C)
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3.2 | Pear tree pool

Vertical temperature profiles measured with the up- and downstream

stringer were nearly identical and results for the upstream stringer are

presented in Figure 6. As at UT pool, diurnal variations in water and

air temperature occurred at PT pool when the stringers were installed

(1 July–5 August, Figure S5). Within these dates, the mean daily aver-

age flow was 14.63 m3/s (range 13.90–16.71 m3/s) and the highest

daily average air (24.7�C) and inlet water temperatures (20.7�C) of the

study period were recorded; the range in air (8.2–20.1�C) and inlet

water temperatures (2.5–5.1�C) were also respectively close to or

exceeded ranges observed in the remainder of the monitoring period

(6 August–5 November; 7.0–22.0�C; 1.0–4.9�C). Stratification was

therefore most likely to form when the upstream stringer recorded

temperatures, yet Sd ranged only 0.05–0.36�C and pool inlet and out-

let temperatures matched temperatures in the stringers, indicating

complete thermal mixing in the pool by the high summer baseflow

(Figure S5). Temperatures were also fully mixed at the pool inlet

where values of Re were ≥ 229,662 during the study.

In close agreement with stringer temperatures, Sd ranged 0–

0.48�C in vertical profiles measured with the Hobo logger mounted

on the flow rod (Figures 2 and 7). Temperatures in the isotherms did

F IGURE 3 Daily average water temperatures measured at the UT pool inlet and outlet and vertically in the pool with the downstream
stringer (a) air temperatures measured every 15 min and averaged by day are also shown. (b) The degree of stratification measured vertically in
the pool every 15 min and the proportion of day the temperature range exceeded 1.0�C, indicating formation of thermal stratification. (c) The
time of day that stratification started and ended daily and the daily average flow through the pool.
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vary because of diurnal variations in pool temperatures and profiles

being measured at different times of day (Figure 7, S5). Flow velocities

in the vertical profiles generally increased with distance from the bed

and were mostly around 1 m/s.

Two notable changes in river flow affected diurnal temperatures

in PT pool during the study period. The first change in flow occurred

13–20 September when Lewiston Dam releases were raised from the

12.70 m3/s baseflow to 29.45 m3/s to assist Chinook salmon in the

lower river (Figure S6). The higher flow muted diurnal changes in

water temperature and lowered the daily peak temperature by 3.4�C

compared to the day after baseflow resumed. Another flow change

occurred discharge was lowered to winter baseflow (8.49 m3/s) on

14–17 October; the decrease had no noticeable effect on the temper-

ature variations or the daily peak temperature (Figure S7).

3.3 | Statistical modelling

The first step in selecting a statistical model for explaining the

observed variation in Sdmax involved assessing the potential for

multicollinearity, which is done to avoid fitting models with excessive

correlation amongst explanatory variables. This yielded a set of candi-

date models with up to three explanatory variables (Table 3). The

model fitting revealed strong evidence for temporally autocorrelated

residuals and showed an autoregressive order-1 (AR[1]) time series

variance component was appropriate due to the trailing decay pattern

of the ACF plot and abrupt cut-off after lag-1 in the PACF plot

(Chatfield, 2003; Figure S8, S9). Of the first main effects models, there

was strong support by the AIC to proceed with the model containing

DATD (Table 3, Step 1, ΔAIC1), and again support that both Qavg

(Table 3, Step 2, ΔAIC1) and the interaction of Qavg and DATD

improved the quality of fit enough to retain these variables (Table 3,

Step 3, ΔAIC2). Finally, the acf and pacf plots for the selected model

revealed that an AR(1) structure remained the proper variance compo-

nent structure (Figure S10, S11).

The estimated model parameters provide evidence of the impor-

tance of an interaction between Qavg and DATD (Table 4, p-

value = 0.026), which complicates interpretation of each variable on

its own. The effects of interacting variables are best explained via an

interaction plot, which suggested that DATD has a strong effect on

F IGURE 4 Formation and destruction of thermal stratification at the UT pool on 31 July 2020. The figure shows night times shaded black,
periods when direct sunlight first contacted and then fully covered the river bottom shaded yellow, and the time for shade from mountains and
trees to first contact and then fully cover the river bottom shaded orange. Sunrise and sunset times at UT pool were provided by suncalc.org.

TABLE 2 UT pool depths where thermoclines were not observed or present with their attributes and estimated area of stratification in
the pool

Dates
Flow
(m3/s)

Depths with
thermocline (m)

Depths without
thermocline (m)

Thermocline
depth (m)a

Thermocline
thickness (m)a

Pool area with
stratification (m2)

July 30–31, 2020 0.37 ≥4.0 ≤2.8 1.5–2.9 (2.2) 1.8–2.7 (2.2) 88

Aug. 25–26, 2020 0.30 ≥2.5 ≤2.5 1.6–2.2 (1.8) 0.9–3.4 (2.0) 116

Sept. 22–24, 2020 0.31 ≥2.3 ≤2.3 1.2–2.1 (1.8) 0.9–3.2 (1.9) 133

Oct. 13–15, 2020 0.32 ≥3.3 ≤5.0 2.0–2.2 (2.1) 1.2–2.8 (1.9) 65

aRange of observed values with average in parenthesis.

BUXTON ET AL. 9 of 17

http://suncalc.org


Sdmax at relatively low discharges (Figure 8). However, as discharge

increases to even moderate levels, the estimated effect of DATD

decreases to the point of displaying little to no estimated effect.

Results also suggest that Sdmax will always be relatively low at higher

discharges, regardless of DATD, and that relatively high values of

Sdmax can only be achieved when DATD is high and discharge is low.

The same applies to a competing model with DIWT (Figure 8,

Table 4).

3.4 | Numerical modelling

The 3D CFD model was shown by Lai et al. (2022) to predict tempera-

tures at the UT and PT pool that closely agreed with the field results,

validating that the CFD model is adequate for the present study. For

example, temperature results at 0.52 m3/s in UT pool during 18–19

July, 2020 were within 0.5�C of temperatures measured at all depths

in the downstream stringer over 85% of the time (Figures 9 and S3).

The remaining 15% of the time, temperature differences were up to

1.8�C primarily at the beginning period of pool stratification forma-

tion. At PT pool, the model predicted isotherms that were observed in

the field, and temperature differences between the simulated and

measured profiles were ≤0.25�C at 14.24 m3/s on 29–30 July, 2020.

The validated CFD model was used to estimate a critical dis-

charge for stratification at UT and PT pool. At UT pool, the daily range

in temperature was held the same as observed on 18 and 19 July and

two additional discharges were simulated (1.03 and 1.55 m3/s;

Figure 10). The results indicate that the critical flow when Sd ≥ 1.0�C

was ~1.03 m3/s, which is functionally equivalent to the observed dis-

charge (1.01 m3/s) that first enabled stratification on 28 June. This

further coincides with field measurements indicating stratification

being prevented at discharges above 1.0 m3/s before this date

(Figure S2). Modelling was also used to estimate a critical flow for

stratification at PT pool by again holding inlet temperatures the same

as observed on the above dates constant and varying discharges from

1.42, 2.0, and 2.5 m3/s (Figure 11). The results indicate that

F IGURE 5 Vertical velocity and temperature profiles at UT pool in July through October 2020 (also see Table 1). The thermocline depth in
the temperature profiles is marked with filled symbols.
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F IGURE 6 Discharge and air and water temperatures at PT pool. The water temperatures were measured from 2 July to 6 August with the
upstream stringer where the pool depth was 4.1 m at summer baseflow.

F IGURE 7 Vertical velocity and temperature profiles at PT pool
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stratification forms at around 2.0 m3/s, which is two times the critical

flow at UT pool. The higher critical discharge at PT pool results from

its greater size reducing thermal mixing by inlet velocities at a

given flow.

The CFD model replicated the observed diurnal formation and

destruction of stratification (Figures 9–11). This emphasises that while

day and nighttime variations in solar radiation and air temperature

produce diurnal changes in inlet water temperature, such meteorologi-

cal forcing only implicitly drives the process of thermal stratification in

river pools. Instead, we find that after discharge, diurnal variation in

inlet water temperatures is the most significant factor in controlling

whether stratification forms and the degree to which it strengthens in

daytime. To demonstrate this, UT pool was modelled with discharge

and mean inlet water temperature held constant at 0.52 m3/s and

21.6�C and the amplitude of the diurnal change in temperatures

varied from 8.7, 5.4, and 2.2�C (Figure S12). The Sdmax in these

respective runs was 7.0, 4.5, and 1.6�C, confirming that stratification

is stronger and temperature diversity greater in pools that are sub-

jected to wider variations in inlet water temperatures at sub-critical

flows.

Modelled and observed water temperatures at the inlet, outlet,

and epilimnion of UT pool were close to the same values when strati-

fication was formed, suggesting convective processes dominate as

inlet water transits the upper layers of the pool (Figures 4 and 9).

Under these conditions, a slow mixing period starts shortly after incip-

ient stratification at ~9:00 AM when the pool bottom temperature

begins to increase much more slowly than the pool surface tempera-

ture. The exchange of heat during this period is due primarily to the

vertical diffusion process, which explains the slowness of the thermal

mixing rate. Temperature stratification during the slow-mixing period

is very stable and typically maintained for 6 h or longer. At about

4:00 PM, the inlet water temperature and so also the pool surface

temperature reaches its daily maximum and begins to decline. Later,

around 5:30 PM, the pool enters a rapid-mixing period characterised

by a swift increase in pool bottom temperature over 3 to 3.5 h. This

dynamic results primarily from unstable stratification when the sur-

face water temperature drops below the temperature of water

beneath it. Mixing by the unstable stratification is controlled by verti-

cal convection collapsing the temperature gradient, as Butler (2013)

observed. The breakdown is completed when temperatures at the

pool bottom and surface converge, indicating the end of the stratifica-

tion and return to the well-mixed state.

4 | DISCUSSION

Our hypothesis that natural summer baseflows can promote tempera-

ture diversity by enabling thermal stratification in river pools was

proven by field measurements and CFD modelling at UT pool where

baseflows are unaffected by flow regulation. In contrast, the high, reg-

ulated summer baseflow at PT pool created a spatially homogenous

thermal environment where temperatures varied only from diurnal

changes in solar input. The spatially uniform temperatures prevent

juvenile salmonids from preferentially occupying different water tem-

peratures in daytime when stratification would otherwise be formed

in PT pool and presumably other pools between PT pool and Lewiston

Dam. This may limit fish growth given that it is most energetically

TABLE 3 Model selection results and AIC values for evaluating
evidence of variables associated with pool stratification

Explanatory variables k AIC ΔAIC1 ΔAIC2

Step 1: AR(1) variance component

DIWT 4 161.09 3.27 25.81

DATD 4 157.82 0 22.54

MDIWT 4 161.26 3.44 25.98

Step 2: AR(1) variance component

DATD, Qavg 5 138.56 0 3.28

DATD, SE 5 159.75 21.19 24.47

DATD, DL 5 154.69 16.13 19.41

DATD, SE, Qavg 6 139.65 1.09 4.37

DATD, DL, Qavg 6 139.71 1.15 4.43

Step 3: AR(1) variance component

DATD, Qavg, DATD:Qavg 6 135.28 0

Note: The AIC is a statistic that balances quality of model fit with

complexity, and smaller AIC values indicate preferred models. Explanatory

variables include daily air temperature differential (DATD), mean daily inlet

water temperature difference (MDIWT), daily inlet water temperature

differential (DIWT), mean-daily discharge (Qavg, loge transformed), day

length (DL) and sun exposure (SE). A colon (:) indicates an interaction term

amongst variables. k is the number of estimated parameters for each

model. ΔAIC1 compares the various AIC values to the lowest value for

each step, and ΔAIC2 compares the various AIC values to the lowest value

amongst all models.

TABLE 4 Parameter estimates for models with DATD or DIWT and Qavg (loge transformed) with their respective interaction

Model with DATD Model with DIWT

Variable Estimate Standard error p-Value Variable Estimate Standard error p-Value

Intercept 2.53 0.61 <0.001 Intercept 1.71 0.78 0.03

Qavg �2.27 0.73 0 Qavg �1.63 1.05 0.13

DATD 0.02 0.02 0.54 DIWT 0.15 0.09 0.09

Qavg:DATD �0.07 0.03 0.03 Qavg:DIWT �0.27 0.12 0.03

Note: The estimated autoregressive order-1 parameter was 0.74.
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F IGURE 8 Interaction plot showing how discharge alters the estimated effect of daily air temperature differential (DATD, red lines) and daily
inlet water temperature differential (DIWT) on the degree of pool stratification

F IGURE 9 Observed temperatures in the downstream stringer on 18–19 July (open symbols) and temperatures predicted with U2RANS
(lines) on these dates. Figure reproduced from Lai et al. (2022).

F IGURE 10 Predicted temperatures at the downstream stringer in UT pool
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profitable for juvenile salmonids to forage in daytime bouts and then

rest in relatively slow, warm water to maximise growth (Metcalfe

et al., 1999). Alternately, when food is lacking, juvenile salmonids seek

colder water to lower their metabolic rate and conserve energy

(Sauter et al., 2001). Such temperature diversity is not available to fish

in PT pool because the high summer baseflow mixes temperatures in

the pool.

At PT pool, the CFD modelling predicts the diurnal variation of

~5�C in inlet water temperature would enable stratification and main-

tain cold water at depth for a larger proportion of the day at

1.42 m3/s than we measured at ~14.2 m3/s (Figure 11, S5). The lower

baseflow would also enable water at the pool surface and margins to

warm and benefit species that rely on external sources for body heat.

This includes the Western Pond turtle (Actinemys marmorata) whose

growth rates in summer on the regulated portion of the Trinity River

are a fraction of those in the unregulated and much warmer South

Fork Trinity River (Snover et al., 2015). Studies have also shown the

unnaturally high baseflow delays Foothill yellow-legged frog (Rani boy-

lii) development so that froglets often have too little time for growth

to survive winter (Railsback et al., 2016; Wheeler et al., 2014). Com-

pared to UT pool, the regulated baseflow at PT pool also generates

substantially higher velocities that would require a greater expendi-

ture of energy by adult spring Chinook salmon when holding in deep

pools in the summer-long period for sexual maturation (Groot &

Margolis, 1991). The higher energetic cost may result in lower fitness

for gamete production and spawning in fall and possibly detract from

their reproductive success (e.g. Mesa & Magie, 2006). Mitigating these

impacts by lowering regulated summer baseflows closer to natural

levels on the Trinity River could therefore be a prudent step for con-

servation of these species.

Statistical modelling indicated that discharge and daily air temper-

ature differential had a slightly better AIC score than the model with

daily inlet temperature differential and discharge. The difference, how-

ever, was small enough that both models are considered competing in

performance as best fitting. Numerical modelling did show the daily

range in inlet temperatures was the strongest driver of stratification

after discharge, while air temperatures appeared to fluctuate with Sd

more clearly. However, it is cold nighttime and warm daytime water

temperatures at the pool inlet that create conditions necessary for

stratification to form and strengthen at sub-critical flows. We also

measured critical flows for stratification varied with inlet water tem-

peratures in the diurnal range. This results because density differences

in cold (0–10�C) water are small in comparison to higher temperatures,

which makes lower flows a requirement for stratifying colder water.

The 3D CFD model U2RANS closely reproduced temperatures

observed during stratification at UT pool and isoclines in PT pool (Lai

et al., 2022) and predicted the critical discharge when stratification

was first observed at UT pool. The model's strong performance makes

it an important new tool for river managers to determine and schedule

discharges that meet environmental flow requirements below dams.

This can be done by modelling downstream pools to determine critical

flows for stratification and then scheduling dam releases above the

critical flows to prevent stratification where needed to improve water

quality. Alternatively, flows at or below the critical discharge can be

released to form stratification and provide temperature diversity that

benefits species in rivers. Water saved in the latter approach could

then be available for beneficial uses at other times of year. For exam-

ple, if flows in summer (July–September) were lowered from

12.7 m3/s at Lewiston Dam to the 2.0 m3/s flow for stratification at

PT pool, ~9.0 � 107 m3 of water would be available to mimic natural

flooding for habitat formation at other times of year (e.g. Melis, 2011).

Another benefit of a natural as opposed to elevated summer baseflow

would be for vegetation to establish lower in the channel where it is

more likely to be scoured by floods and contribute organic matter for

stream metabolism and river ecosystem health (Young et al., 2008).

Plants that survive the scour could then mature and provide flow

resistance that promotes sediment deposition and formation of bars

and floodplains that are prime habitats for rearing juvenile salmon

(Buxton & Bradley, 2022).

Its performance notwithstanding, improvements to the CFD

model are possible by addressing the difference between observed

and predicted temperatures at the onset of stratification at UT pool

(Lai et al., 2022). For example, the thermal diffusivity coefficient in the
F IGURE 11 Predicted temperatures at the upstream stringer in
PT pool

14 of 17 BUXTON ET AL.



energy conservation equation could be made a function of the local

turbulence and stratification to reflect that the Prandtl number is not

actually constant. Another area for potential improvement is the inclu-

sion of the hyporheic flow, which was ignored in the present model-

ling but might deliver warmer water to the UT pool bottom. This

period between 11:00 AM and 5:00 PM is when predicted tempera-

tures were up to 1.8�C lower than temperatures observed in the pool

bottom and is within the time lag and temperature deviation that Arri-

goni et al. (2008) measured between surface and hyporheic flow in

the Umatilla River, Oregon.

Applying the model in a wider range of conditions than done here

may expose additional opportunities to improve or better explain

model performance through model adjustments or more intensive

monitoring at pool sites. Toward this, work is underway to run the

model in 14 additional pools between PT pool and Lewiston Dam to

estimate stratification flows for a wider range of pool entrance geom-

etries, depths, and sizes than in the current paper. Based on results

herein and those of others (Borman & Webster, 1998; Reinfelds &

Williams, 2012), we expect that critical flows will scale to pool surface

area and provide a first-order estimate of critical flows for stratifica-

tion. We do not, however, expect that high winds will significantly

destabilise stratification, as Borman and Webster (1998) and Turner

and Erskine (2005) found, because this effect is probably limited to

large pools with surface areas that resemble lakes.

Current trends in climate and estimated impacts to streamflows

are foretelling a difficult period ahead for water managers tasked with

balancing the water demands of society with flow requirements for

rivers and the species that inhabit them. The challenges are

highlighted by projections that water availability in summer will lessen,

and water temperatures will rise in most salmon-bearing streams. This

has raised the possibility that restoration should focus on streams that

can provide salmonids refuge to withstand pressures imposed by cli-

mate change (Battin et al., 2007; Beechie & 10 co-authors., 2013).

In this sense, our findings are encouraging insofar that stratifica-

tion at natural baseflows in UT pool provided more temperature

diversity with less flow by preserving cold water in the pool bottom

and warmer water near the surface than was observed at PT pool. We

further discovered that stratification at flows between 0.5 and

1.0 m3/s at UT pool provided about the same daily and vertically aver-

aged temperature as 14.2 m3/s at PT pool when stringers were opera-

tional in both locations, which included the hottest temperatures in

summer (Figure 12). This reveals an opportunity for preserving reser-

voir storage may lie in releasing closer to natural summer baseflows

because they deliver similar overall temperatures in pools and pro-

mote thermal diversity that benefits poikilothermic species.

5 | CONCLUSIONS

Diurnal thermal stratification was studied in two deep pools on the

Trinity River that receive cold water from surface flow overnight and

relatively warm water from solar heating in daytime. The foremost

requirement for stratification was an upstream flow that is low

enough to prevent temperatures from mixing in the pool. A secondary

requirement is for temperatures at the pool inlet to vary so that cold

water delivered at night can be preserved by convection in daytime

when relatively warm water accesses the pool. Stratification typically

forms before mid-day and a slow mixing period ensues as warm sur-

face water transits the pool at the surface and slowly mixes by vertical

diffusion with lower depths. In this period, the temperature gradient

strengthens as inlet temperatures rise until around late afternoon.

Stratification is then rapidly destroyed when inlet water cools below

water in top depths of the pool, sinks from its increased density, and

collapses the temperature gradient. This returns the pool to a well-

mixed state that existed before stratification formed earlier in the day.

The 3D CFD model U2RANS closely replicated the observed diur-

nal process of stratification formation and destruction (Lai

et al., 2022) and was used to estimate critical discharges for stratifica-

tion at both pools. The critical discharge modelled at UT pool

(1.03 m3/s) closely agreed with the observed critical flow (1.01 m3/s).

F IGURE 12 Water temperatures averaged in verticals on a daily timestep at UT and PT pool. Dates when stringers were operational at both
locations were 1 July through 5 August, 2020. This period includes the highest observed air and water temperatures at both locations.
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Stratification was not observed at PT pool because summer baseflows

are maintained at an unnaturally high level (14.2 m3/s) by dam

releases. The CFD model predicted isotherms to within 0.25�C of

those observed in PT pool and estimated a critical discharge of

2.0 m3/s at this location. The higher critical flow at PT pool reflects its

deep (≥2 m) water being 2.6 times larger in area and width than UT

pool, which helps disperse inlet flow velocities and enable stratifica-

tion at a higher flow. Releasing higher than critical flows can prevent

stratification where needed to improve water quality. Lowering regu-

lated summer baseflows to or below the critical flow can promote

thermal stratification in pools and provide water temperatures that

poikilothermic species use to regulate body temperature. The lower

discharges can result in water savings for temperature management in

reservoirs, high flow releases for habitat creation at other times of

year, and flow releases in emergencies to avoid climate-driven bottle-

necks to salmonids under a warming climate.
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