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Thermal Heterogeneity and Cold-Water Anomalies within 
the Lower Yakima River, Yakima and Benton Counties, 
Washington

By Andrew S. Gendaszek and Marcella Appel

Abstract
Warm water temperatures in the lower Yakima River in 

central Washington are key limitations to the restoration of 
Pacific salmon (Onchorhynchus spp.) populations within the 
Yakima River Basin. Identification of the location and magni-
tude of cold-water anomalies, which are cooler than ambient 
river temperatures during summer months, and the processes 
that create and maintain them is needed to inform salmon res-
toration efforts within the Yakima River Basin. Longitudinal 
thermal profiles of nine reaches in the lower Yakima River 
were surveyed at ambient river velocity during summer 2018 
when surface-water temperatures were near their annual maxi-
mum and the difference between surface-water and ground-
water temperatures was greatest. The profiles were compared 
to previously published profiles of the same reaches measured 
in 2001, 2002, 2008, and 2009, and analyzed in the context of 
hydrologic, geomorphic, and hydrogeologic conditions that 
may create and maintain cold-water inputs to the river. Cold-
water anomalies that departed from expected diurnal increases 
in water temperature were measured in all nine study reaches 
and were attributed to diffuse groundwater discharge through 
the streambed, discrete groundwater discharge at seeps and 
springs, and cold-water tributaries entering the river. Some 
cold-water anomalies were measured during repeated surveys 
in different years, whereas other cold-water anomalies did not 
persist across surveys. Additionally, some discrete cold-water 
anomalies were confined to one side of the channel, but others 
associated with diffuse groundwater discharge were present 
across the channel for several river miles. Hydrogeologic 
conditions including the extent and thickness of aquifers con-
nected to the Yakima River, geomorphic conditions including 
channel gradient, channel geometry, and floodplain extent, 
and the location of tributaries, irrigation returns, and other 
surface-water inputs created the large-scale conditions that 
facilitate the formation and maintenance of cold-water anoma-
lies. Finer-scale geomorphic features such as side channels, 
gravel-bar alcoves, deep pools, and other locations, where 
colder water collected and remained relatively unmixed with 
upstream surface water, were also important factors in the 
occurrence and distribution of cold-water anomalies. These 

hydrogeologic and geomorphic conditions, coupled with the 
alteration of the Yakima River’s hydrologic regime to support 
irrigation within the Yakima Valley, contributed to the sur-
veyed distribution of cold-water anomalies within the river.

Introduction
Water temperature controls the metabolic rates of fish 

and other ectothermic (cold-blooded) species, which have 
specific thermal tolerances outside of which they are suscep-
tible to infection, disease, decreased reproductive success, and 
other deleterious effects (McCullough, 1999). Warm water 
temperatures may also create thermal barriers that fragment a 
stream network (Isaak and others, 2010) and prevent migration 
of fish to thermally suitable habitat (Kock and others, 2020). 
Water temperature varies temporally over diel, seasonal, and 
interannual timescales as well as spatially across a stream 
network forcing some species to thermoregulate by migrating 
to thermally tolerable water within cold-water refuges. These 
discrete patches of cold water are created and maintained by 
hydrogeologic, hydrologic, and geomorphic features such as 
groundwater discharge zones, tributary confluences, and deep 
pools (Berman and Quinn, 1991; Torgersen and others, 1999).

In the Pacific Northwest, anadromous and resident cold-
water fish, including salmon and trout (Oncorhynchus spp.), 
require cold, oxygenated water during each of their life-history 
stages. Water temperatures of salmon-bearing rivers of the 
Pacific Northwest generally reach their thermal maximum 
during late summer and early autumn and sometimes exceed 
the thermal tolerances for salmon and trout. Several species 
of anadromous salmonids migrate upstream to their spawn-
ing grounds during late summer and early autumn, when they 
can encounter water temperatures above their thermal toler-
ance. As a result, discrete patches of cold water, referred to 
as cold-water refuges, within the stream network exist where 
water temperature is maintained within the thermal tolerance 
of salmonids and become increasingly important to support 
migrating and holding salmon and trout during periods of 
thermal stress (Torgersen and others, 2012). These patches of 
cold water provide refuges for fish to survive in reaches where 
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ambient stream temperatures otherwise exceed their thermal 
tolerances (Sutton and others, 2007). Cold-water refuges 
useful for fish occur at a range of spatial scales ranging from 
microhabitat on the scale of a few square meters to entire 
stream networks within drainage basins exceeding 100 square 
kilometers (km2). Inputs of cold water to a stream may occur 
as discrete point sources or dispersed non-point sources over 
a stream segment. A number of processes create and main-
tain cold-water anomalies including groundwater discharge, 
cold-water tributaries and irrigation returns, and stratification 
in pools (Bilby, 1984; Nielsen and others, 1994; Ebersole and 
others, 2003). Additional information is needed about the use 
of individual cold-water anomalies by salmonids and other fish 
to understand their function as cold-water refuges.

Groundwater discharge to streams is an important influ-
ence on surface-water temperatures because it is buffered from 
large daily and seasonal fluctuations in temperature; conse-
quently, groundwater is generally cooler than surface water 
during the summer and warmer than surface water during 
the winter. Groundwater discharge, whether through discrete 
springs and seeps or diffuse inputs, may provide cold-water 
refuges within stream networks during the summer and con-
versely zones of relatively warm water during the winter. The 
temperature of groundwater depends on the rate and tempera-
ture of groundwater recharge, land surface temperature, and 
heat conduction through groundwater flow paths (Burns and 
others, 2017). The magnitude of the influence of groundwater 
discharge on instream temperatures relevant to fish and other 
aquatic species depends on streamflow, the relative differences 
between groundwater and surface-water temperature, and 
downstream advective mixing of the two waters (Kurylyk and 
others, 2015). Locations of groundwater discharge depend on 
the hydraulic relation between groundwater and surface-water 
features and the hydraulic properties of underlying aquifers 
and streambed sediments (Konrad, 2006) as well as geomor-
phic features of the channel and floodplain (Poole and others, 
2006). Some tributaries may not only contribute point inputs 
of cold surface water to the receiving stream but may also 
contribute to increased groundwater discharge to the receiving 
stream at the distal end of alluvial fans within the main river 
valley (Konrad, 2006). Cold-water refuges may also be present 
at the bottom of thermally stratified pools where cold-water 
input from groundwater discharge or hyporheic exchange 
exceeds mixing with surface water (Nielsen and others, 1994).

In the Yakima River of central Washington (fig. 1), 
cold-water refuges have been considered by river managers as 
potentially important elements of the aquatic ecosystem that 
support the viability of several distinct populations of resident 
and anadromous salmonids (Appel, 2011). Ambient water 
temperatures of the lower Yakima River between Union Gap 

and the confluence of the Yakima River with the Columbia 
River at Richland have exceeded tolerances for several species 
of salmonids and influenced the upstream migration of radio-
tagged sockeye salmon (Kock and others, 2020). The survival 
of cold-water fish during periods of thermal stress is likely 
to depend, in part, on the availability of cold-water refuges 
within the lower Yakima River. Understanding the location, 
spatial extent, and persistence of cold-water refuges within 
the Yakima River helps river managers protect and enhance 
these habitats. The contribution of groundwater discharge and 
other physical processes to cold-water refuges in the Yakima 
River and its tributaries has previously been investigated 
through longitudinal temperature profiles measured in 2001, 
2002, 2008, and 2009, groundwater/surface-water gradients 
measured with mini-piezometers, seepage runs, process-based 
models, and airborne thermal infrared imagery (Holroyd, 
1998; Mastin, 2008; Magirl and others, 2009; Appel, 2011; 
Vaccaro, 2011; Voss and Maule, 2013; Quantum Spatial, 
Inc., 2021).

Previous investigations of water temperature and ground-
water/surface-water interactions revealed spatial complex-
ity in the thermal regime of the lower Yakima River and the 
presence of cold-water anomalies that are less than ambient 
water temperatures and may provide refuge for migrating 
fish (Vaccaro, 2011; Appel, 2011). Although extensive use of 
cold-water refuges for thermoregulation of migrating salmo-
nids has been documented elsewhere in the Columbia River 
Basin (Keefer and others, 2018), a study of tagged migrating 
sockeye salmon (Onchorhynchus nerka) in the Yakima River 
revealed minimal use of several known cold-water features 
(Kock and others, 2020); however, this may in part be due 
to the lack of functional habitat available at the monitored 
cold-water features. In order to better understand the impact 
of water temperature on migrating fish within the Yakima 
River Basin and to determine the occurrence and distribu-
tion of cold-water sources available to them, we evaluated 
the persistence of known cold-water anomalies and identi-
fied additional cold-water anomalies and the processes that 
contribute to their formation and maintenance. In this report, 
we interpret longitudinal profiles of near-streambed water 
temperatures collected in water year (WY) 2018 with regard to 
previously collected hydrologic data, geomorphic conditions 
of the Yakima River and its floodplain, and the hydrogeologic 
framework of the Yakima River Basin developed by Vaccaro 
and others (2009). Further investigations are warranted to 
determine the suitability of individual cold-water anomalies 
identified within this report as functional cold-water refuges 
for salmonids and other fish.
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Purpose and Scope
The purpose of this report is to describe the occurrence 

and distribution of cold-water anomalies in the lower Yakima 
River, which may serve as refuges for fish and other aquatic 
biota, and to document the analysis of the hydrologic, hydro-
geologic, and geomorphic processes contributing to their 
formation and maintenance. Whereas cold-water refuges used 
by cold-water fish are generally defined as waters that are 2 °C 
colder than the surrounding water (Environmental Protection 
Agency, 2003), the cold-water anomalies defined in this 
study were delineated where near-streambed water tempera-
tures measured along longitudinal profiles at ambient stream 
velocity deviate from expected diurnal increases recorded by 
stationary water-temperature sensors. In the study area, solar 
radiation forms a principal component of the heat flux during 
clear, sunny summer days (Voss and others, 2008). Nine longi-
tudinal profiles of near-streambed water temperature collected 
between June and September 2018 in the 103.8 river miles of 
the Yakima River downstream from the Sunnyside diversion 
dam to the confluence of the Yakima and Columbia Rivers 
were compared to previously published profiles measured 
between 2001 and 2009 (Vaccaro and others, 2008; Appel, 
2011; Vaccaro, 2011) and analyzed in the context of hydro-
logic, geologic, and geomorphic conditions of the Yakima 
River and its contributing watershed. Profiles measured in 
2018 were measured at two to three lateral locations in each 
reach along the left, center, and right sides of the channel in 
order to determine the lateral extent of cold-water anomalies 
within each reach.

Study Area
The Yakima River, which heads at the outlet of Keechelus 

Lake near Snoqualmie Pass, drains a 15,939 km2 (6,154 square 
miles [mi2]) area of the eastern slopes of the central Cascade 
Range of Washington and western margin of the Columbia 
Plateau before joining the Columbia River at the city of 
Richland (fig. 1). This study considers nine reaches within 
the 103.8 river miles of the Yakima River downstream from 
Sunnyside diversion dam to the confluence of the Yakima 
and Columbia Rivers within Yakima and Benton Counties, 
which is referred to in this report as the lower Yakima River 
study area (fig. 2). River miles upstream from the Yakima/

Columbia River confluence were established from USGS 
topographic quadrangles and are used as a common reference 
frame for data presented within the report. Within the study 
area, the Yakima River flows through the Yakima Valley, the 
most downstream of a series of broad valleys that are sepa-
rated by east-west trending anticlinal ridges of the Yakima 
fold-and-thrust belt. Few perennial tributaries of the Yakima 
River traverse these ridges, which separate the Yakima Valley 
from other valleys in the Yakima River Basin from each other 
including the Kittitas, Naches, and Moxee Valleys. Most of 
the population, agriculture, and water use within the Yakima 
River Basin is located within these valleys. The orographic 
effect of the Cascade Range results in a large precipitation-
elevation gradient with mean annual precipitation exceeding 
304.8 centimeters (cm) (120 inches [in.]) in the high-elevation 
headwaters, which mostly falls as snow during the winter and 
melts during the spring freshet, but only 15.2 cm (6 in.) at the 
Yakima River’s outlet to the Columbia River.

To deliver irrigation water throughout the Yakima River 
Basin via a network of diversion dams and irrigation canals, 
the Bureau of Reclamation regulates streamflow of the Yakima 
River through the operation of dams at the outlets of five 
reservoirs that retain spring snowmelt. About 124.6 cubic 
meters per second (m3/s) (4,400 cubic feet per second [ft3/s]) 
of the Yakima River’s streamflow is diverted for irrigation of 
agricultural crops throughout the basin, and about 48.1 m3/s 
(1,700 ft3/s) recharges back into the shallow groundwater 
system, which greatly exceeds natural recharge from precipi-
tation in the lower basin (Vaccaro and Olsen, 2007; Vaccaro 
and others, 2009). Forty-five percent of water diverted for 
irrigation returns to the Yakima River and its tributaries as 
surface-water return flow and groundwater discharge (Bureau 
of Reclamation, 1999) and during low-flow periods accounts 
for about 75 percent of streamflow in the lower Yakima River 
(Vaccaro, 2011). Groundwater levels in irrigated parts of the 
Yakima River Basin fluctuate seasonally as a result of changes 
in groundwater recharge from irrigation and discharge to 
streams, rivers, drains, and wasteways (Vaccaro and others, 
2009), with the highest groundwater levels at the end of the 
irrigation season in late August and the lowest groundwater 
levels at the start of irrigation season between mid-March and 
early May (Drost and others, 1997). The discharge of ground-
water that recharges to surficial aquifers from irrigation consti-
tutes the largest component of streamflow in the Yakima River 
downstream of the Kittitas Valley to the north and upstream of 
the study area (Vaccaro, 2011).
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Vaccaro and others (2009) described the hydrogeologic 
framework of the Yakima River Basin, including the spatial 
distribution, stratigraphic relations, and hydraulic properties 
of major hydrogeologic units, as well as the occurrence and 
movement of groundwater. In the study area, the Yakima River 
flows across the broad Yakima Valley, which is bordered to 
the north by Ahtanum Ridge and the Rattlesnake Hills (which 
are separated by Union Gap) and to the south by Toppenish 
Ridge and Horse Heaven Hills. These ridges are formed by 
the southernmost east-west trending anticlines of the Yakima 
fold-and-thrust belt at the western margin of the Columbia 
Plateau. The ridges are comprised of a series of basalt flows 
of the Columbia River Basalt Group (CRBG), which erupted 
during the Miocene from fissures in eastern Washington, 
northeastern Oregon, and western Idaho, collectively covering 
more than160,000 km2 (61,800 mi2; Tolan and others, 1989). 
Sedimentary units, including the Ellensburg Formation, a vol-
caniclastic unit sourced from the Cascade Range to the east, 
underlie, intercalate, and overlie CRBG basalt flows (Jones 
and others, 2006), and their deposition and preservation were 
determined by the paleodrainage developed from the concur-
rent structural evolution of the Yakima fold-and-thrust belt 
(Smith, 1988). In the Yakima Valley, Jones and others (2006) 
defined two structural basins that broadly follow synclines 
bounded by anticlinal ridges into which thick sediments were 
deposited from the Miocene through the Holocene. In the 
Toppenish basin to the west of Granger, sediments reach a 
depth of 366 meters (m) (1,200 feet [ft]) and, in the Benton 
basin east of Granger, sediments reach a depth of 274 m (900 
ft). In both basins, volcaniclastic sediments of the Ellensburg 
Formation comprise the greatest thickness of basin-fill sedi-
ments and occur stratigraphically below gravel, sand, and silt 
deposited by glacial outburst floods and subsequent inunda-
tion of the Yakima Valley by Glacial Lake Lewis during the 
Pleistocene, which include the Touchet Beds, and Holocene 
alluvium of the Yakima River and its tributaries. Additionally, 
wind-blown Pleistocene loess was deposited in the Yakima 
Valley. Collectively, basin-fill sediments provide important 
sources of groundwater that are used for agricultural irriga-
tion as well as commercial and domestic supply (Jones and 
others, 2006).

Methods

Longitudinal Thermal Profiles

Longitudinal profiles of near-streambed temperature, 
hereafter referred to as “thermal profiles,” were measured in 
nine reaches of the Yakima River between Sunnyside diver-
sion dam and the confluence of the Yakima and Columbia 
Rivers between June and September 2018 to determine the 
occurrence and distribution of cold-water anomalies and 
characterize groundwater/surface-water exchanges. The nine 
longitudinal thermal profiles surveyed in 2018 were compared 

to previously published profiles measured in 2001, 2002, 
2008, and 2009 (Vaccaro and others, 2008; Vaccaro, 2011; 
Appel, 2011). These profiles were analyzed with respect to 
information about the distribution and magnitude of stream-
flow gains and losses measured between 1988 and 2006 during 
seepage runs compiled by Magirl and others (2009), but these 
data were not measured concurrently with the thermal profiles 
and hydrologic conditions between the seepage runs and ther-
mal profile surveys may have differed. Thermal profiles were 
measured moving downstream at ambient river surface veloc-
ity in a Lagrangian framework to approximate the transport 
time of a parcel of water and track changes in its temperature 
during the diurnal increase of the diel temperature fluctuation 
(Vaccaro and Maloy, 2006). In the Yakima River, departures 
from the diurnal increase in temperature may be attributed to 
advective components of the heat flux such as groundwater 
discharge and surface-water inflows as well as changes in 
riparian vegetation shading that alter solar radiative inputs 
(Vaccaro and Maloy, 2006; Vaccaro, 2011). During the 2018 
surveys, water temperature was also measured by a stationary 
temperature probe located at the upstream end of each reach in 
order to analyze departures from diurnal heating of river water 
recorded by thermal profiles measured at ambient velocity. 
Temperature was also measured at stationary locations for 
previously published thermal profiles collected in 2009, but 
not in 2001, 2002, or 2008. At seven of the nine reaches, three 
thermal profiles were measured in the center of the channel, 
along the right side of the channel, and along the left side 
of the channel in order to capture cold-water influences that 
occur at the channel margins, like bank seeps and alcoves 
associated with point bars, that occur on only one side of the 
channel. At two reaches, thermal profiles were obtained at two 
lateral positions at the right and left sides of the channel but 
not at the center due to equipment failure in the Parker Reach 
and logistical constraints in the Prosser Reaches.

Near-streambed water temperature was measured at 
3-second intervals using a Solinst Levelogger LT temperature 
probe that was encased in protective housing weighted to 
remain in constant contact with the streambed. A five-point 
calibration check of each temperature probe, which has a 
reported accuracy of 0.05 °C, was performed between temper-
atures of 4 and 40 °C before and after thermal-profile surveys 
using a National Institute of Standards and Technology (NIST) 
certified thermistor. Additionally, field checks of thermistors 
were performed before and after each profile using a NIST-
certified thermistor. Water temperatures were recorded by each 
temperature probe as it was towed by a canoe or raft floating 
downstream at ambient stream velocity and the coordinates 
of each measurement were concurrently measured using a 
Garmin® GPSmap® 60Csx global positioning system (GPS), 
which had a reported horizontal accuracy of 3 m at 3-second 
intervals and related to water temperature measured at the 
same time. The GPS was located in about 3 m of the tempera-
ture probe throughout the survey. If GPS coordinates were 
missing for time steps when temperature data were collected, 
linear interpolation between adjacent surveyed points was 
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used to determine the position of water-temperature data. 
Temperature data were deleted from the near-streambed water-
temperature profile if downstream progress of survey collec-
tion boats was interrupted. Additionally, the channel-right and 
channel-left profiles deviated at times from the main channel 
to measure the temperature at the side channels, alcoves down-
stream of point bars, and inlets of surface-water features.

Discrete and diffuse cold-water anomalies were deter-
mined from detrended longitudinal temperature profiles 
in which diurnal temperature increases were removed by 
subtracting water temperature changes measured at a station-
ary location. Cold-water anomalies were defined as locations 
within the longitudinal thermal profile where the change in 
detrended temperature was negative relative to the start of the 
survey, which indicated that water temperature was cooler 
than the expected diurnal warming measured at the station-
ary location. Two types of cold-water anomalies that met this 
criteria, discrete and diffuse, were distinguished from each 
other within the profiles based on the longitudinal extent of the 
anomaly. Discrete cold-water anomalies, which were attribut-
able to a distinct source of cold water such as discharge from a 
spring or a cold-water tributary, occurred where discharge did 
not readily mix with ambient water delivered from upstream. 
As a result, discrete cold-water anomalies were localized in 
spatial extent and typically larger in magnitude than dif-
fuse cold-water anomalies that were attributed to a diffuse 
source of cold water such as groundwater seepage distrib-
uted over a broad reach that mixed readily with streamflow. 
Interpretation of detrended longitudinal water-temperature 
profiles assumed similar heat capacity of the reaches where 
stationary water-temperature probes were deployed and the 
longitudinal thermal profile reach. If the heat capacity of the 
thermal profile reach was higher than the location of the sta-
tionary probe due to increased depth, for example, decreases 
in the detrended temperature profile relative to the start of the 
survey could be also be attributed to changes in heat capacity 
in addition to advection of cold water from sources such as 
groundwater discharge. The sensitivity of detrended thermal 
profiles to detect cold-water anomalies may also be altered 
due to changes in heat fluxes within the study reach. Detection 
of cold-water anomalies is most sensitive when the contrast 
between surface-water temperatures and cold-water inputs 
from sources including groundwater and tributaries is greatest. 
During an individual survey, this contrast increases from the 
start of the survey in the morning when surface-water temper-
atures are cool to the end of the survey in the afternoon when 
surface-water temperatures are warmer; consequently, the 
sensitivity of the thermal profiles to detect cold-water anoma-
lies increases from the start to the end of the survey. Likewise, 
seasonal changes in heat fluxes may affect the sensitivity of 
thermal profiles to detect cold-water anomalies. Thermal pro-
files presented in this report were collected during the summer 
between July and August during clear, sunny days to maxi-
mize solar radiative inputs during the surveys and maximize 
the detection of cold-water anomalies.

Channel and Floodplain Geomorphic Analysis

Planform and longitudinal morphology of the lower 
Yakima River’s channel and floodplain was characterized from 
high-resolution light detection and ranging (lidar) topographic 
data and orthoimagery. Changes in planform geometry, 
including width of the channel and floodplain, and longitudi-
nal changes (for example, elevation and gradient) relative to 
underlying aquifers have been hypothesized to drive ground-
water/surface-water exchanges including streamflow gains 
and losses by establishing gradients between groundwater and 
surface water (Konrad, 2006). The discharge of groundwa-
ter, which during the summer is typically colder than surface 
water, into the river may decrease surface-water temperature. 
Lidar has been previously used to develop water-surface 
profiles of rivers (Magirl and others, 2005), and digitization 
of rivers and floodplains from orthoimagery has been used 
to determine longitudinal changes in planform morphology 
including changes in channel width (for example, Gendaszek 
and others, 2012; Lauer and others, 2017). Lidar topographic 
data of the lower Yakima River surveyed in 2015, including 
raw point-cloud data and gridded 1-m resolution bare-earth 
digital elevation model (DEM), were obtained for the lower 
Yakima River study area (Oregon Department of Geology 
and Mineral Industries, 2016). Mean absolute vertical error 
for the 2015 lidar survey was 0.017 m. Reported point density 
for the 2015 lidar survey averaged 2.63 points per square 
meter but was lower for the wetted channel (an average of 
1.51 points per square meter) because water returns fewer 
laser pulses. Lidar point density was generally lowest within 
calm water such as pools, runs, and backwaters of diver-
sion dams and highest within broken water such as riffles, 
which Magirl and others (2005) attributed to the presence 
of air bubbles that enhanced lidar reflectance. Orthoimagery 
of the lower Yakima River and its floodplain collected at 
1-m resolution in July 2017 was obtained from the National 
Agricultural Imagery Program (NAIP; U.S. Department of 
Agriculture, 2012).

Longitudinal profiles of water-surface elevation and 
gradient along the centerline of the primary channel of the 
Yakima River were developed from point clouds of lidar topo-
graphic data. The centerline of the Yakima River’s primary 
channel was digitized from the 2015 lidar DEM hillshade, 
buffered at a lateral distance of 10 m, and the buffered chan-
nel centerline was partitioned into 10-m-long sections. This 
centerline was referenced to Yakima River miles by linear 
interpolation between the 2015 centerline and the nearest river 
mile. The mean elevation of topographic points in each 10-m 
section of the channel centerline 10-m buffer was calculated 
to develop the longitudinal water-surface profile. A continuous 
profile of water-surface gradient was calculated over a 1-km 
moving window for each 10-m section of the Yakima River 
centerline that had at least 50 10-m sections within the 1-km 
moving window. Lidar of the Yakima River centerline was 
acquired during 5 days between May 11 and June 18, 2015, 
when mean daily streamflow of the Yakima River at USGS 
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gage 12510500 ranged from 38.8 to 83.0 m3/s (1,370 to 2,930 
ft3/s). During the survey days, mean daily stage at USGS 
gage 12510500 varied by 0.43 m (1.42 ft), but differences in 
river stage were limited to the boundaries of the flight paths 
during each survey day. A detailed, independent validation 
of the accuracy of the lidar-derived water-surface profile was 
impossible because no concurrent ground-based survey of the 
water-surface profile was measured. The difference between 
stage measured at USGS gage 12510500 at the time of the 
lidar survey and the lidar-derived elevation was 1 cm (0.03 ft), 
which was less than the reported absolute mean error for the 
lidar survey as a whole.

The Yakima River floodplain and channel dimensions 
were characterized through analysis of lidar topographic data 
and aerial orthoimagery. Maps of the relative elevation of the 
floodplain with respect to the 2015 lidar water-surface profile 
referred to as a relative elevation surface model that detrends 
the floodplain by the local water-surface elevation (Jones, 
2006). These maps were used to visualize channel and flood-
plain forms that occur near or below the water-surface profile 
such as side channels, oxbow lakes, scroll bars, gravel bars, 
and spring brooks. These maps were developed by differenc-
ing the 2015 bare-earth lidar DEM from a surface created by 
extending the 2015 lidar water-surface profile into the flood-
plain from the 2015 centerline. In order to estimate the Yakima 
River’s wetted width, wetted channel, and centerline of the 
primary channel were manually digitized from the 2017 NAIP 
orthoimagery at a 1:5,000 scale. The wetted channel was clas-
sified as the portion of the Yakima River and connected side 
channels that contained water, and the primary channel was 
classified as the widest part of the wetted channel when mul-
tiple channels existed. The centerline was manually digitized 
as the middle of the primary channel. At the time of the NAIP 
survey between July 16–22, 2017, the mean daily streamflow 
of the Yakima River at USGS Gage 12510500 ranged from 
33.1 to 34.5 m3/s (1,170 to 1,220 ft3/s). This streamflow was 
within the range of streamflows, 21.4 to 52.1 m3/s (755 to 
1,840 ft3/s), during the collection of thermal profiles between 
June 28 and September 13, 2018, but generally less than the 
streamflows during the lidar surveys. The centerline was 
divided into 1-km sections, and the area of the wetted chan-
nel within each section was calculated. Mean width of each 
section’s wetted channel was calculated by dividing the area 
of the wetted section by the centerline length. One-kilometer 
sections were referenced to Yakima River miles by linear 
interpolation between the 2017 NAIP centerline and the near-
est river mile.

Results

Geomorphic conditions of the Yakima River

The lower Yakima River is comprised of several geomor-
phically distinct segments, including an anastomosing segment 
within a wide alluvial floodplain between the Sunnyside 
diversion dam at river mile (RM) 103.8 and Mabton (RM 
60), a low-gradient, straight segment within a narrow alluvial 
floodplain between Mabton and Prosser diversion dam (RM 
47.1), and a high-gradient, bedrock-controlled segment within 
a narrow alluvial floodplain between Prosser diversion dam 
and the confluence of the Yakima and Columbia Rivers (RM 
0.0; fig. 3). Differences in planform channel and floodplain 
morphology between these segments are evident from aban-
doned channels, oxbow lakes, and scroll bars, as revealed by 
lidar-derived relative elevation surface models. Additionally, 
these segments are bounded by discontinuities within longitu-
dinal water-surface profiles (elevation and gradient; fig. 3) and 
wetted channel width of the lower Yakima River (fig.4).

The floodplain and channel of the Yakima River vary in 
width and complexity throughout the study area depending on 
the sedimentary deposits and bedrock that underlie the river. 
The wide, alluvial floodplain of the Yakima River between 
the Sunnyside diversion dam and Mabton contains multiple 
relict side channels, oxbow lakes, and scroll bars indica-
tive of high rates of channel migration. In this section of the 
Yakima River, the width of the floodplain that is less than 2 
m above the Yakima River’s water surface is up to 1.6 km (1 
mile) (fig. 5). Mean width of the wetted channel between the 
Sunnyside diversion dam and Mabton was as low as 25.7 m 
and as high as 98.7 m (fig. 4), though numerous gravel bars 
were present, indicating a greater extent of the active chan-
nel at high flow. The modern floodplain of this segment of the 
Yakima River is largely bounded by terraces on its left bank 
to the north, which were formed by the modern Yakima River 
and Pleistocene glacial outburst flood deposits (Campbell, 
1983; Bentley and Campbell, 1993; Schuster, 1994). These 
sediments comprise the youngest and stratigraphically highest 
deposits in the Toppenish and Benton basins (Jones and others, 
2006; Vaccaro and others, 2009). In contrast, the Yakima River 
floodplain downstream of Mabton is constrained on both sides 
by terraces comprised of Touchet Beds and bedrock hillslopes 
of Saddle Mountains Basalt such that the area less than 2 m 
above the water surface is less and largely limited to the wet-
ted channel itself (figs. 6, 7). As a result of terraces constrain-
ing both sides of the river, channel migration and the resulting 
deposition of gravel bars, which are ubiquitous throughout the 
Yakima River between Sunnyside diversion dam and Mabton, 
are largely absent downstream. The widest wetted channel was 
measured within the segment between Mabton and the Prosser 
diversion dam, reaching an average width of over 170 m at 
RM 55 and 57 (fig. 4).
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Planform geomorphic changes of the Yakima River 
are accompanied by a break in the longitudinal profile of 
the water surface at RM 47.1 where the Prosser diversion 
dam, a 2.7-m-high (9-ft-high) concrete weir, separates the 
lower Yakima River into two distinct segments with separate 
convex longitudinal profiles (fig. 3). In the upstream segment 
of the lower Yakima River from Sunnyside diversion dam 
to Prosser diversion dam, the water-surface gradient of the 
convex profile of this segment of the Yakima River increas-
ingly decreases such that the water-surface gradient becomes 
less than 0.0001 meters per meter (m/m) downstream of 
Mabton. Between Mabton and Prosser diversion dam, only 
one riffle at RM 56.7 is present where bedrock of the Saddle 
Mountains Basalt crops out adjacent to the Yakima River’s 
channel forming a high-gradient section in an otherwise 
30-km (20-mile) low-gradient section of the river (figs. 6, 8). 
Downstream of the Prosser diversion dam, the Yakima River 

increases to its highest gradient in the lower Yakima River 
at the start of a separate convex longitudinal profile between 
Prosser diversion dam and the confluence of the Yakima and 
Columbia Rivers. Lateral movement of the Yakima River’s 
channel within this reach is constrained by basalt bedrock of 
the Saddle Mountains Basalt and Pleistocene glacial outburst 
flood deposits such that modern alluvium is confined to a nar-
row riparian corridor. The high gradient of this section of the 
river decreases at the backwater of the Horn Rapids diversion 
dam and at the Columbia River confluence where stage of 
the Yakima River is controlled by regulation of the Columbia 
River at the McNary Dam. Width of the Yakima River’s 
wetted channel downstream of Prosser diversion dam varies, 
generally decreasing from over 120 m to about 50 m before 
increasing to over 160 m at the confluence of the Yakima and 
Columbia Rivers (fig. 4).
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Thermal Profiles

Thermal profiles of nine reaches in the lower Yakima 
River measured in 2018 (Gendaszek and others, 2020) were 
analyzed in the context of geomorphic, hydrogeologic, and 
hydrologic conditions and compared to thermal profiles mea-
sured in 2001, 2002, 2008, and 2009 (table 1; Vaccaro and oth-
ers, 2008; Appel, 2011; Vaccaro, 2011). In order to compare 
thermal profiles measured during different years, each profile 
was referenced to river miles of the Yakima River. Due to 
channel changes between the establishment of river miles and 
the channel, particularly in the segment of the Yakima River 
between Sunnyside diversion dam and Mabton characterized 
by high channel migration rates, river miles for the thermal 
profiles were assigned by linear interpolation of the river mile 
nearest to the thermal profile. Differences in ambient river 
surface velocity during thermal profile surveys and the length 
of the profiles between established river miles resulted in vari-
able amounts of time between river miles.

Parker Reach (River Miles 103–92)
The Parker Reach, which includes 11.1 river miles 

of the Yakima River between RM 103.0 and 91.9, begins 
downstream of the Sunnyside diversion dam where water is 
diverted to the Sunnyside Canal and Sunnyside fish bypass. 
Throughout this reach, the river flows through a wide flood-
plain, and its channel is characterized by a complex, anasto-
mosing morphology with multiple channels and a mean water-
surface gradient of 0.0021 m/m, which is the highest gradient 
of any study reach upstream of Prosser diversion dam (fig. 3). 
The longitudinal profile consists of a sequence of pools and 
riffles characterized by low and high water-surface gradients at 
low streamflow, respectively (fig. 9). High channel-migration 
rates and frequent channel avulsions within this reach have 
contributed to low-lying, abandoned channels throughout this 
reach’s floodplain that are seasonally connected to surface-
water flow and conduct shallow sub-surface flow that emerges 
as spring brooks in several locations (fig. 5; Stanford and 
others, 2002). The Parker Reach was identified as a part of a 
priority restoration reach within the Yakima River Basin, in 
part because it contains the most extensive intact floodplain 
in the basin (Snyder and Stanford, 2001). Although the active 
channel is wide with extensive gravel bars and side channels, 
the low-flow wetted channel of the Parker Reach is among 
the narrowest within the lower Yakima River (fig. 4). This 
narrowing may reflect less streamflow because of diversion to 
the Sunnyside canal at the upstream end of the reach as well 
as losses of surface discharge to shallow alluvial aquifers. 
Seepage investigations between July 2003 and March 2006 
identified both gains and losses of streamflow net of surface-
water inflows and diversions with a large gain of 0.86 cubic 

meters per second per kilometer (m3/s/km) (49 cubic feet per 
second per mile [ft3/s/mi]) representing 10 percent of total 
streamflow between RM 98.0 and 93.1, the most downstream 
segment of the Parker Reach (Vaccaro, 2011).

The Parker Reach was profiled twice in 2001 by Vaccaro 
(2011) at channel center (fig. 10) and once in 2018 by 
Gendaszek and others (2020) at channel left, center, and right 
(figs. 11). Failure of the channel-center profile’s GPS unit in 
2018 resulted in an incomplete profile that was excluded from 
analysis in this report. During the 2018 survey, the station-
ary probe measured an average warming rate of 0.005 degree 
Celsius per minute (°C/minute) (0.31 degrees Celsius per hour 
[°C/hour]) at the upstream end of the reach during the survey. 
No stationary probe was deployed during the 2001 surveys, 
and the warming rate at the upstream end of the reach was not 
measured. The stationary probe in 2018 was deployed within 
a cold-water anomaly associated with groundwater discharge 
at the upstream end of the Parker Reach, and, therefore, water 
temperature reported in the detrended 2018 profiles shown 
in figs. 11B and 11D may overestimate detrended water-
temperature from the start of the reach. As a result, discrete 
cold-water anomalies were noted at RM 103.0, 95.4, and 92.7, 
despite showing an increase in water temperature relative to 
the start of the 2018 survey. No diffuse cold-water anomalies 
were noted, however, as the detrended water temperature mea-
sured during both the channel-right and channel-left surveys in 
2018 was greater than the start of the survey.

Vaccaro (2011) attributed several cold-water anomalies 
in the 2001 profiles to groundwater discharge from springs 
and spring brooks. An additional cold-water anomaly was 
present at RM 94.7 in the September 13, 2001, profile but 
not the August 28, 2001, profiles or any of the 2018 profiles. 
In addition, Vaccaro (2011) attributed a discrete cold-water 
anomaly at RM 98.0 seen in both the August 28, 2001, and 
September 13, 2001, profiles (fig. 10) to discharge from Roza 
Canal Wasteway No. 3. The cold-water anomaly at RM 98.0, 
however, is not evident in either of the 2018 profiles (fig. 11). 
Three other surface-water inflows were present within the 
Parker Reach but no cold-water anomalies were present 
at these locations during any of the 2001 or 2018 thermal 
surveys. Although this feature was not documented in either 
of the 2018 profiles, three additional cold-water anomalies 
were documented in 2018 channel-right profiles (fig. 11) at 
alcoves near the end of point bars at RMs 103.0 and 95.4, and 
92.7 where groundwater discharge does not mix readily with 
surface water and maintains its cold temperature. These three 
cold-water anomalies were not recorded by either of the 2001 
surveys but the location of the anomalies at RMs 95.4 and 
92.7 is consistent with broad cooling suggesting groundwater 
discharge to the Yakima River between RM 96.0 and RM 92.6 
identified by Vaccaro (2011) within both 2001 profiles.
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Table 1.  Summary of thermal profiles surveyed between 2001 and 2018, lower Yakima River, Washington.

[Date: Month/day/year]

Reach Lateral position Date Start time End time River mile start River mile end

Parker Right 6/28/2018 10:00:00 16:53:57 103.0 91.9
Parker Left 6/28/2018 10:02:33 16:26:51 103.0 92.8
Parker Center 9/13/2001 11:39:51 17:32:00 103.6 92.6
Parker Center 8/28/2001 10:21:02 16:17:46 103.6 92.6
Toppenish Right 7/5/2018 9:53:42 15:58:36 91.1 82.8
Toppenish Center 7/5/2018 9:53:33 15:58:24 91.1 82.8
Toppenish Left 7/5/2018 9:53:45 15:58:45 91.1 82.8
Toppenish Center 9/14/2001 8:43:00 12:39:24 92.4 82.8
Granger Right 7/12/2018 10:10:54 15:50:00 82.8 74.3
Granger Center 7/12/2018 10:10:45 15:56:57 82.8 74.3
Granger Left 7/12/2018 10:12:24 15:49:42 82.8 74.3
Granger Center 8/30/2001 10:34:00 14:36:00 82.8 75.9
Mabton Right 8/17/2018 10:54:51 17:52:33 74.2 58.8
Mabton Center 8/17/2018 10:54:45 13:28:15 74.2 68.3
Mabton Left 8/17/2018 10:55:18 18:02:45 74.2 58.8
Prosser Left 9/13/2018 10:13:57 16:06:21 46.6 37.6
Prosser Right 9/13/2018 10:13:21 17:10:48 46.6 36.0
Prosser Left 7/27/2009 10:30:03 17:51:15 46.6 36.0
Prosser Left 9/3/2008 10:30:00 16:22:00 46.6 36.0
Prosser Right 9/3/2008 10:30:00 16:10:57 46.6 35.9
Prosser Center 8/20/2002 8:41:42 13:42:56 46.7 35.8
Chandler Right 7/18/2018 9:32:48 14:18:24 36.0 29.6
Chandler Center 7/18/2018 9:34:18 14:21:18 36.0 29.6
Chandler Left 7/18/2018 9:34:18 14:23:51 36.0 29.6
Chandler Right 7/28/2009 10:30:00 14:32:30 36.0 29.7
Chandler Center 7/28/2009 10:30:03 14:32:36 36.0 29.7
Chandler Left 7/28/2009 10:30:03 14:31:03 36.0 29.7
Chandler Center 8/19/2008 10:12:00 13:05:30 35.8 29.8
Benton Right 7/27/2018 8:10:18 13:00:27 29.7 20.9
Benton Center 7/27/2018 8:10:21 13:02:39 29.7 20.9
Benton Left 7/27/2018 8:10:30 13:09:30 29.7 20.9
Benton Right 7/29/2009 10:00:00 15:58:27 29.7 19.5
Benton Center 7/29/2009 10:08:36 16:37:48 29.7 18.7
Benton Left 7/29/2009 10:00:03 16:09:42 29.7 19.1
Benton Right 8/12/2008 10:10:01 14:44:16 29.7 18.7
Benton Center 8/12/2008 10:10:03 14:44:58 29.5 18.7
Benton Left 8/12/2008 10:10:01 14:46:41 29.7 18.7
Snively Right 7/19/2018 9:31:33 15:23:18 16.3 8.8
Snively Center 7/19/2018 9:31:27 15:12:57 16.3 9.1
Snively Left 7/19/2018 9:31:24 15:22:42 16.3 8.8
Snively Right 7/30/2009 10:00:42 15:50:24 16.2 5.5
Snively Center 7/30/2009 10:00:42 16:01:03 16.3 5.5
Snively Left 7/30/2009 10:00:42 15:49:54 16.2 5.5
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Table 1.  Summary of thermal profiles surveyed between 2001 and 2018, lower Yakima River, Washington.—Continued

[Date: Month/day/year]

Reach Lateral position Date Start time End time River mile start River mile end

Snively Right 8/13/2008 10:37:50 15:17:55 16.2 5.6
Snively Center 8/13/2008 10:37:55 15:17:55 16.2 5.5
Snively Left 8/13/2008 10:37:55 15:19:40 16.2 5.5
Confluence right 7/20/2018 10:19:57 16:18:24 8.7 0.4
Confluence Center 7/20/2018 10:16:27 16:20:30 8.8 0.4
Confluence Left 7/20/2018 10:17:36 16:17:12 8.8 0.4
Confluence Right 7/31/2009 10:00:00 13:33:57 5.5 0.2
Confluence Center 7/31/2009 10:00:06 13:30:54 5.5 0.2
Confluence Left 7/31/2009 10:37:09 13:29:18 4.3 0.2
Confluence Right 8/14/2008 9:59:50 14:38:40 5.5 0.3
Confluence Center 8/14/2008 10:00:05 14:46:00 5.5 0.3
Confluence Left 8/14/2008 9:59:45 14:44:35 5.5 0.3
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Figure 9.  Longitudinal profiles of water-surface elevation and gradient between river 
miles 100 and 95 of the Yakima River, Washington, May–June 2015. Data derived from 
lidar imagery.
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Toppenish Reach (River Miles 92–83)
The Toppenish Reach of the Yakima River between RM 

92.4 and 82.8 was characterized by a multi-threaded chan-
nel similar to the Parker Reach immediately upstream, but 
mean reach water-surface gradient was lower (0.0013 m/m). 
Because of its wide, intact floodplain, the Toppenish Reach 
was also identified as part of a priority restoration reach like 

the Parker Reach (Snyder and Stanford, 2001). Large gravel 
bars, secondary channels, and abandoned channels within this 
reach have relatively high hydraulic conductivity compared 
to fine-grained overbank sediments deposited within the 
floodplain and may act as preferential flow paths for shallow 
groundwater within the reach. Eleven drains, wasteways, and 
canals enter the Toppenish Reach, which convey water to the 
Yakima River from agricultural fields, irrigation canals, and 
sewage treatment plants (Vaccaro, 2011).

A thermal profile of channel center measured in 2001 
by Vaccaro (2011), and a set of three profiles at channel left, 
center, and right in 2018 (Gendaszek and others, 2020) are 
presented in figures 12 and 13. During the 2018 survey, a 
stationary probe deployed at the upstream end of the reach 
measured an average warming rate of 0.010 °C/minute (0.60 
°C/hour). No stationary probe was deployed during the 2001 
surveys, and the warming rate at the upstream end of the reach 
was not measured. Seepage runs within the Toppenish Reach 
between 2003 and 2006 identified both seepage gains and 
losses net of surface-water inflows and diversions of between 
-0.21 and 0.44 m3/s/km (-11.7 and 24.8 ft3/s/mi; Magirl and 
others, 2009). Although measured streamflow gains were not 
consistent throughout the seepage runs, they may partly reflect 
the thinning of basin-fill aquifers at the eastern margin of the 
Toppenish structural basin that forces upward movement of 
groundwater in surficial aquifers and its discharge into the 
Yakima River (Vaccaro, 2011). Additionally, groundwater flow 
paths within surficial aquifers are relatively steep and perpen-
dicular to the Yakima River on its left bank (Vaccaro and oth-
ers, 2009), suggesting that most groundwater discharge to the 
Toppenish Reach originates from the uplands to the north.

Vaccaro (2011) attributed temperature variability in the 
2001 thermal profile to groundwater discharge from seeps, 
springs, and surface-water features, including wasteways 
and drains. Temperature stabilizes within the 2001 thermal 
profile between RM 84 to 83 where the alluvial floodplain also 
narrows and the channel abuts a terrace suggesting diffuse 
groundwater input to the river within this segment; however, 
water temperature was not measured at a stationary location in 
2001 and the temperature change of this stabilization relative 
to diurnal increases in temperature could not be evaluated. 
A discrete cold-water anomaly was also measured in this 
segment at RM 83.1 during the 2001 survey, which Vaccaro 
(2011) attributed to spring discharge. Several drains including 
Drainage Irrigation District 27, Sub-drain No. 35, and Granger 
Drain as well as outflow from the Granger Sewage Treatment 
Plant discharge into the Yakima River within one-half river 
mile of this anomaly contributing to elevated groundwater 
tables near this location.
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Large-scale channel migration occurred between 2001 
and 2018 in the Parker Reach, and cold-water anomalies were 
detected at different locations in the 2001 and 2018 profiles. 
Differences in thermal profiles between 2001 and 2018 may 
have also resulted from differential diurnal heating during the 
2018 surveys, which were conducted in July, and the 2001 
survey, which was conducted in September. For example, a 
large cold-water anomaly within an alcove at the downstream 
end of a point bar was measured at RM 91 at the start of the 
2018 survey, which is not present in the 2001 profile. In 2001, 
the main channel of the Yakima River was present upstream of 
the alcove where the 2018 cold-water anomaly was mea-
sured, but a point bar was subsequently deposited as the river 
channel migrated to its 2018 location. The former path of the 
Yakima River’s channel may provide a subsurface path for 
groundwater flow to discharge into the alcove before mixing 
with water conveyed from upstream. Additional discrete cold-
water anomalies present in 2018 but not in 2001 occurred at 

RM 90.6 in the channel-right profile, RM 89.3 in the channel-
center profile, RM 85.3 in the channel-left profile, RM 84.5 in 
the channel-center profile, and 83.9 in the channel-left profile. 
Each of these discrete cold-water anomalies occurred near the 
outlet of a secondary channel or an alcove at the end of a point 
bar, which suggests that the 2001 survey, which only measured 
channel-center temperature, may have missed these cold-water 
anomalies.

Granger Reach (River Miles 83–74)
The Granger Reach is an 8.5-mile section of the lower 

Yakima River from the City of Granger at RM 82.8 to 74.3. 
The Yakima River within this reach flows across a wide 
floodplain that is bounded to the north by terraces composed 
of Touchet Beds and bedrock of the Saddle Mountains Basalt. 
Mean water-surface gradient of the Granger Reach was 0.0008 
m/m, reflecting decreasing water-surface gradient relative to 
the upstream Parker and Toppenish Reaches. A thermal profile 
of channel center of the Granger Reach was measured in 2001 
from RM 82.8 to 75.9 (Vaccaro, 2011; fig. 14), and three 
profiles of channel left, center, and right were measured in 
2018 from 82.8 to 74.3 (Gendaszek and others, 2020; fig. 15). 
During the 2018 survey, the stationary probe measured an 
average warming rate of 0.010 °C/minute (0.59 °C/hour) 
at the upstream end of the reach; no stationary probe was 
deployed during the 2001 surveys. Similar to the Toppenish 
Reach immediately upstream, channel migration and avulsion 
between 2001 and 2018 contributed to differences in the loca-
tion of the channel at several locations throughout the Granger 
Reach, including the cutoff of a meander bend between RM 77 
and RM 76 at the downstream end of the reach. Three major 
surface-water inflows enter the Yakima River in the Granger 
Reach, which include Marion Drain (RM 82.6), Toppenish 
Creek (RM 80.0), and Coulee Drain (RM 77.0). A series of 
five seepage runs between 1988 and 2006 identified both 
streamflow gains and losses to Granger Reach net of surface-
water inflows and diversions. Seepage losses between -0.10 
and -0.35 m3/s/km (-5.5 and -19.7 ft3/s/mi) were identified dur-
ing seepage runs in 2003, 2005, and 2006 and seepage gains 
of 0.19 and 0.18 m3/s/km (11.0 and 10.4 ft3/s/mi) identified 
during 1988 and 2004, respectively (Magirl and others, 2009). 
Variability in seepage gains and losses within the Granger 
Reach may represent interannual and seasonal variability 
within hydrologic conditions.
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Figure 13.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A, B) and channel 
right (C, D), Toppenish Reach, Yakima River, Washington, June 5, 2018. 
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Relative to other reaches in the Yakima River down-
stream of Sunnyside diversion dam, discrete cold-water 
anomalies are largely absent in the 2001 thermal profile 
except for the most upstream part of the profile near RM 82.7 
(Vaccaro, 2011). The cold-water anomaly measured at the 
upstream part of the 2001 survey was not measured during any 
of the 2018 surveys, suggesting that this cold-water anomaly 
was not persistent through time. Although discrete cold-water 
anomalies are not present in the rest of the 2001 profile, two 
zones of thermal profile stabilization including RM 82.7 – RM 
81.5 and RM 79.5 – RM 78.2 were noted by Vaccaro (2011) 
and attributed to broad groundwater discharge. The magnitude 
of temperature stabilization within these locations relative to 
temperature at a stationary location at the upstream end of the 
reach was not known because no stationary temperature probe 
was deployed by Vaccaro (2011). These zones of temperature 
stabilization were not recorded during the 2018 surveys; how-
ever, large-scale geomorphic changes between 2001 and 2018 
in this area shifted the channel into an alcove that receives 
groundwater discharge and is the source of a large cold-water 
anomaly at RM 79.8 within the channel-left profile measured 
in 2018. Additional zones of cold water were measured by 
the channel-left and channel-center profiles at RM 76.7 at the 

location of a recently scoured pool, within a zone of tem-
perature stabilization between RM 76.7 and 77.3, and by the 
channel-right profile at RM 81.0.

Mabton Reach (River Miles 74–59)
Three thermal profiles were measured on channel left, 

right, and center of the Mabton Reach between RM 74.2 and 
58.8 in 2018 (fig. 16). Mean water-surface gradient of this 
reach (0.0001 m/m) was the lowest water-surface gradient of 
all nine surveyed reaches and groundwater gradients within 
surficial aquifers were correspondingly low (Vaccaro and 
others, 2009). As a result, the hydraulic gradients between 
groundwater and surface water were likely less within the 
Mabton Reach compared to other study reaches. Three seep-
age runs between 1988 and 2006 identified both streamflow 
gains and losses to Mabton Reach net of surface-water inflows 
and diversions with seepage losses between -0.04 and 0.16 
m3/s/km (-2.2 and 8.9 ft3/s/mi; Magirl, 2009). The planform 
channel was highly sinuous as the Yakima River meandered 
across a wide, low-gradient floodplain and did not contact 
any terraces at the margins of the floodplain like the Parker, 
Toppenish, and Granger Reaches upstream. Because station-
ary probes deployed at the upstream and downstream ends of 
the survey were stolen and not recovered, water temperature 
measured at USGS Gage at Prosser (12509489) was used and 
is plotted in fig. 16. Water temperature at the Prosser Gage was 
several degrees higher than temperatures recorded during the 
longitudinal survey, and increased at an average warming rate 
of 0.002 °C/minute (0.14 °C/hour) during the survey.

Deviations from the diurnal warming were largely absent 
from the channel left, right, and center profiles except for a 
cold-water anomaly measured in the channel-left and channel-
center profiles at RM 61.0, the outlet of the Sulphur Creek 
Wasteway, which conveys irrigation returns to the Yakima 
River. Cooling is greatest at the outlet of the Sulphur Creek 
Wasteway; water temperature stabilizes for the rest of the 
survey to RM 58.5 within all three profiles. This stabiliza-
tion may reflect groundwater discharge to the reach or may 
reflect a decrease in the rate of diurnal warming as recorded 
by the stationary temperature probe located at the USGS Gage 
at Prosser. Eight other drains plus Satus Creek contributed 
water during the surveys to the Mabton Reach, but associated 
cold-water anomalies were not measured during the thermal 
surveys. At some inflows, water temperature was higher than 
the main channel of the Yakima River (for example, Satus 
Drain no. 3 at RM 62.4) and at other inflows no difference in 
water temperature between the inflow and main channel of the 
Yakima River was discernable (for example, Satus Creek at 
RM 69.6).
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Figure 16.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A and B), channel 
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Prosser Reach (River Miles 47–36)
The Prosser Reach between Prosser (RM 46.6) and the 

Chandler Power Plant (RM 35.8) begins immediately down-
stream of the Prosser diversion dam where the Yakima River 
increases in gradient to 0.002 m/m, the highest gradient of 
the nine study reaches (fig. 3). The water-surface gradient of 
this reach is controlled by near-surface bedrock of the Saddle 
Mountains Basalt at the margin of the Benton basin, and rela-
tive to upstream reaches, the alluvial aquifer of the Prosser 
Reach is correspondingly thin and limited in extent (Jones and 
others, 2006). The Prosser diversion dam diverts water to the 
Chandler Canal, which follows the left bank of the Prosser 
Reach until it returns to the Yakima River at the Chandler 
Powerhouse at the downstream end of the reach.

Thermal profiles of the Prosser Reach were first measured 
in 2002 and were repeated in 2008, 2009, and 2018 (figs. 
17, 18, 19, 20). During the 2018 survey, the stationary probe 
measured an average warming rate of 0.0019 °C/minute (0.11 
°C/hour) at the upstream end of the reach. The average rate 
of warming measured by the stationary probe deployed at the 
upstream end of the reach during the 2009 survey was 0.0021 
°C/minute (0.13 °C/hour). No stationary probes were deployed 
during the 2002 or 2008 surveys, and the rate of warming 
was not calculated. Two profiles of channel left and chan-
nel right from 2018 largely track diurnal increases in stream 
temperature measured at the stationary water-temperature 
probe at the upstream end of the reach at USGS Gage at 
Prosser (12509489); however, the detrended water temperature 
between RM 43 and 42 is less than the start of the channel-left 

and channel-right profiles (figs. 20B, 20D), suggesting cold-
water discharge to this part of the Prosser Reach. Additionally, 
the temperature increase in the Prosser Reach was small, 
indicating diffuse groundwater inflow, which is consistent with 
large groundwater gains measured during 1999 and 2004 seep-
age runs of 0.23 and 0.56 m3/s/km (13.3 and 32.2 ft3/s/mi), 
respectively (Magirl and others, 2009). The small increase in 
temperature may also reflect the steep water-surface gradi-
ent of the Prosser Reach and correspondingly short residence 
time of water within the reach. Several departures from the 
diurnal warming were measured during both the channel-left 
and channel-right surveys in 2018; however, no cold-water 
anomalies were noted at the effluent of the Prosser Wastewater 
Treatment Plant or Prosser Fish Hatchery immediately down-
stream of the Prosser diversion dam. The first large decrease in 
water temperature was measured at RM 44.7 during the 2018 
channel-right survey within a large riffle, but this cold-water 
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anomaly was not measured during the 2002, 2008, or 2009 
surveys. Several additional cold-water anomalies associated 
with bank seeps were measured during the 2018 channel-left 
survey at RMs 43.7, 43.1, 41.0, and 38.6. An additional cold-
water anomaly occurred at the outlet of Snipes and Spring 
Creeks at RM 41.6. Several of these cold-water anomalies 
were measured during the 2009 thermal survey, but they were 
largely absent from the 2008 and 2002 profiles.

Chandler Reach (River Miles 36–30)
The Chandler Reach between RM 36.0 at the Chandler 

Power Plant and RM 29.7 at Benton City is largely bedrock 
controlled with a mean water-surface gradient of 0.0012 m/m. 
Like the Prosser Reach immediately upstream, the Chandler 
Reach is bounded to the south by bedrock of the Saddle 
Mountains Basalt and the overlying alluvial aquifer is thin and 
limited in extent. A thermal profile of channel center of the 
Chandler Reach was measured in 2008 (fig. 21), and thermal 
profiles of channel center, left, and right were measured in 
2009 and 2018 (figs. 22, 23). During both the 2009 and 2018 
surveys, stationary probes at the upstream end of the reach 
measured an average warming rate of 0.009 °C/minute (0.54 

°C/hour). No stationary probes were deployed during the 
2008 survey and the corresponding rate of warming was not 
calculated.

In contrast to thermal profiles measured in 2008 and 
2009, no discrete cold-water anomalies were measured during 
the 2018 surveys (fig. 23). Diffuse groundwater discharge to 
the Chandler Reach, however, was supported by the detrended 
water temperatures of less than the start of the survey for 
much of the 2009 and 2018 thermal profiles (figs. 22, 23) and 
groundwater gains of 0.23 and 0.57 m3/s/km (13.3 and 32.2 
ft3/s/mi) recorded by 1999 and 2004 seepage runs (Magirl and 
others, 2009). In addition to diffuse groundwater discharge 
throughout the reach, several discrete cold-water anomalies 
associated with inputs such as Knox Creek (RM 34.4) and 
Corral Canyon Creek (RM 33.6), which convey water from 
irrigated uplands to the north of the Chandler Reach, were 
measured during the 2008 and 2009 surveys; however, these 
river sections were not measured during the 2018 survey, 
potentially because the temperature sensor was not close to 
these locations. An additional cold-water anomaly associated 
with a groundwater seep was measured at RM 32.4 during the 
2009 survey.
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Benton Reach (River Miles 30–19)
Thermal profiles of the Benton Reach, which begins at 

Benton City (RM 29.7) and ends at Horn Rapids diversion 
dam (RM 18.7), were surveyed in 2008, 2009, and 2018 (figs. 
24, 25, 26). Like the Prosser and Chandler Reaches immedi-
ately upstream, the Benton Reach had a high water-surface 
gradient (0.0008 m/m) that was controlled by near-surface 
basalt bedrock of the Saddle Mountain Basalt. The channel 
and alluvial aquifer are largely limited to a narrow corridor by 
terraces formed by Touchet Beds and basalt bedrock (fig. 7). 
A series of high-gradient rapids separate low-gradient pools 
within the Benton Reach (fig. 27). Vaccaro and others (2009) 
documented river stage above the water table within most 
of this reach, which was consistent with seepage losses net 
of surface-water inflows and diversions of -0.32 m3/s/km 
(-18.2 ft3/s/mi) measured in 2004 (Magirl and others, 2009). 
Stationary probes at the upstream end of the reach measured 
an average warming rate of 0.0040 °C/minute (0.24 °C/hour) 
during the 2009 survey and an average warming rate of 0.015 

°C/minute (0.91 °C/hour) during the 2018 survey. No station-
ary probes were deployed during the 2008 survey and the 
corresponding rate of warming was not calculated.

Evidence of diffuse cold-water anomalies was largely 
absent from the 2009 thermal profiles of the Benton Reach and 
except between RM 27.2 and 26.8, detrended water tempera-
tures were higher than the start of the 2009 survey (fig. 25F). 
In contrast, detrended water temperatures were lower than the 
start of the survey, and decreasing, during the 2018 surveys 
downstream of RM 28 (fig. 26), suggesting diffuse cold-water 
anomaly for much of the reach. The detection of these diffuse 
cold-water anomalies in 2018 may partly reflect a higher rate 
of diurnal warming in 2018 versus 2009, resulting in increased 
contrast between groundwater and surface water in 2018. 
Discrete cold-water anomalies were largely absent from the 
Benton Reach except for a side channel at RM 28.0, which 
was measured in all 3 years of surveys, suggesting a consistent 
source of groundwater discharge at this location through a 
spring or seep. An additional cold-water anomaly was mea-
sured during the 2008 and 2009 surveys at RM 26.1, which 
was associated with a small, unnamed tributary where cool 
surface water and associated groundwater may discharge into 
the Yakima River.

Snively Reach (River Miles 16–6)
The Snively Reach begins about 1.8 miles downstream of 

Horn Rapids diversion dam at RM 16.2 and flows through an 
alluvial floodplain that is less constrained by bedrock com-
pared to the Benton Reach immediately upstream. Mean gradi-
ent of the Snively Reach was 0.0007 m/m. Although several 
vegetated islands divide the channel in the Snively Reach, few 
exposed gravel bars occur within the active channel. Evidence 
of former channel migration and avulsion, including aban-
doned channels and scroll bars, is present within the flood-
plain, but recent channel migration was limited compared to 
the most upstream reaches of the study area such as the Parker, 
Toppenish, and Granger Reaches. The margins of the allu-
vial floodplain are mostly terraces formed by glacial outburst 
flood deposits (Reidel and Fecht, 1994). Rural and suburban 
residential development and irrigated agricultural lands are 
the predominant landcovers adjacent to the Snively Reach 
and the Columbia Irrigation District Canal, which begins at 
Horn Rapids diversion dam and follows the right bank of the 
Yakima River throughout the Snively Reach.
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Figure 22.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A and B), channel center 
(C and D), and channel right (E and F), Chandler Reach, Yakima River, Washington, July 28, 2009. 
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Figure 23.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A and B), channel 
center (C and D), and channel right (E and F), Chandler Reach, Yakima River, July 18, 2018. 
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Thermal profiles of the Snively Reach were measured in 
2008, 2009, and 2018 (figs. 28, 29, 30). Stationary probes at 
the upstream end of the reach measured an average warming 
rate of 0.0085 °C/minute (0.51 °C/hour) during the 2009 sur-
vey and an average warming rate of 0.0096 °C/minute (0.57 
°C/hour) during the 2018 survey. No stationary probes were 
deployed during the 2008 survey and the corresponding rate 
of warming was not calculated. Although streamflow losses 
net of surface-water inflows and diversions were identified by 
2004 and 1988 seepage runs between RM 29.9 and RM 8.4 
(Magirl and others, 2009), which includes the Snively and 
Benton Reaches, several localized zones of discrete cold-water 
anomalies were measured during the thermal surveys. Most 
discrete cold-water anomalies occurred within the channel-left 
and channel-right profiles where groundwater seepage and 
other cold-water inputs mixed more slowly with upstream 
water. A discrete cold-water anomaly was present at the start 
of each profile at RM 16.2 during all 3 years of surveys (figs. 
28, 29, 30); while this anomaly persisted in the channel left 
profile of the 2018 survey, the channel-center and -right pro-
files of the 2018 surveys warmed immediately downstream as 
warm upstream water mixed with colder groundwater dis-
charge. A second discrete cold-water anomaly was measured 
during the 2018 channel-left survey from RM 15.4 to 15.1 
and also occurs, to a lesser degree, in the channel-center and 
-right profiles of the 2018 survey. Several seeps were observed 
during the surveys at these locations contributing groundwater 
discharge to the river. These seeps may have been associ-
ated with recharge from irrigation canal leakage and irrigated 
agricultural land in the river corridor. Water from a small 
wasteway that collected colder groundwater discharge from 
adjacent irrigated fields contributed to a cold-water anomaly 
on channel right RM 14.5 that was measured during all survey 
years. Additional cold-water anomalies were delineated from 
the 2018 surveys at RM 14.9, 14.5, 14.2, 13.9, and 11.1, but 
they were not present in surveys from other years. Diffuse 
cold-water anomalies were absent from the 2009 thermal sur-
veys but detrended water temperatures from the 2018 surveys 
downstream of RM 15 were lower than the start of the survey 
suggesting diffuse cold-water anomaly for much of the reach 
(fig. 30).
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Figure 24.  Thermal profiles of channel left (A), channel 
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Confluence Reach (River Miles 9–0)
The Confluence Reach, which extends from RM 8.7 to 0, 

flows through suburban and urban areas of Richland and West 
Richland where development is mostly present on terraces 
above both sides of the modern floodplain. The Columbia 
Irrigation District Canal and irrigated agricultural land are also 
present adjacent to the river and within the floodplain as in the 
Snively Reach immediately upstream. The downstream end 
of the Confluence Reach flows through an undeveloped delta 
managed by the U.S. Army Corps of Engineers at the conflu-
ence of the Yakima and Columbia Rivers. Although evidence 
of historical channel migration such as former meander bends 
is present in the present floodplain of the Confluence Reach, 
modern channel migration is restricted by levees and revete-
ments as well as a low water-surface gradient that averaged 
0.0006 m/m, partly due to backwater of the Columbia River, 
which is locally regulated by McNary Dam. Additionally, 
the Bateman Island Causeway, an engineered earthen berm, 
connects Richland to Bateman Island and forms a complete 
barrier to flow between the Yakima and Columbia Rivers 
at the southern end of Bateman Island that contributes to 
elevated water temperature in the immediate vicinity of the 
confluence of the Yakima and Columbia Rivers (Holroyd, 
1998). Modification of the Bateman Island Causeway to allow 
mixing and to decrease water temperatures in the Yakima 
River delta is currently under review by the U.S. Army Corps 
of Engineers as part of a larger environmental restoration 
project in the delta with a primary goal of habitat enhancement 
for salmonids. Although few gravel bars exist in this reach, 
several stable, vegetated islands divide the Yakima River’s 
channel in the Confluence Reach. No information about seep-
age gains and losses were available for this reach.
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Figure 28.  Thermal profiles of channel left (A), channel 
center (B), and channel right (C), Snively Reach, Yakima River, 
Washington, August 13, 2008. 
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Figure 29.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A and B), channel 
center (C and D), and channel right (E and F), Yakima River, Washington, July 30, 2009. 
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Figure 30.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A and B), channel 
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Thermal profiles of the left, center, and right channel 
of the Confluence Reach were measured in 2008, 2009, and 
2018 (fig. 31, 32, 33). Stationary probes at the upstream end 
of the reach measured an average warming rate of 0.0095 °C/
minute (0.54 °C/hour) during the 2009 survey and an aver-
age warming rate of 0.0088 °C/minute (0.53 °C/hour) during 
the 2018 survey. No stationary probes were deployed dur-
ing the 2008 survey and the corresponding rate of warming 
was not calculated. Numerous discrete cold-water anomalies 
were measured during the 2018 surveys, and most occurred 
along channel right where cold-water inputs from irrigation 
returns and groundwater discharge were present. Groundwater 
discharge on the right bank may result from the elevated 
groundwater levels in surficial aquifers due to leakage from 
the irrigation canal and residential irrigation along the right 
bank (Vaccaro, 2011). Steep groundwater gradients toward the 
Yakima River within the Confluence Reach were interpreted 
from measured groundwater levels within both the surficial 

aquifer and the Saddle Mountains Basalt by Vaccaro and 
others (2009). Several discrete cold-water anomalies were 
associated with alcoves formed at the downstream end of 
gravel bars where groundwater discharge does not readily mix 
with upstream water and remains cold (for example, RM 8.5, 
RM 7.4, RM), others are located at bank seeps and springs (for 
example, RM 6.2 and RM 4.7), or at the outlet of wasteways 
that convey irrigation returns (for example, RM 2.6 at the 
Amon Wasteway). These sites are of particular importance as 
potential cold-water refuges for migrating salmonids because 
they are the most downstream cold-water anomalies surveyed 
in the lower Yakima River. In addition to discrete cold-water 
anomalies within the Confluence Reach, several diffuse cold-
water anomalies were present in the 2009 and 2018 thermal 
profiles downstream of between RM 5 and RM 1.5 as evi-
denced by detrended water temperatures that were lower than 
the start of the survey.
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Figure 32.  Thermal profiles and detrended temperature change, since the start of survey, of channel left (A and B), channel 
center (C and D), and channel right, Confluence Reach, Yakima River, Washington, July 31, 2009. 
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Figure 33.  Thermal profiles and detrended temperature change, since the start of survey, of channel right (A and B), channel 
center (C and D), and channel left (E and F), Confluence Reach, Yakima River, Washington, July 20, 2018. 
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Discussion
Advective heat fluxes to the lower Yakima River, which 

include groundwater discharge and tributary inputs, are 
important components of the river’s heat budget that deter-
mine the occurrence and magnitude of cold-water anomalies 
that deviate from ambient water temperatures. Groundwater 
discharge, which is cooler than surface water during the 
summer, enters the Yakima River through the streambed, 
springs, and seeps as well as tributaries and irrigation returns 
that convey groundwater discharge to the Yakima River. Due 
to changes in hydrologic conditions including streamflow 
and groundwater recharge from precipitation and irrigation, 
groundwater/surface-water exchanges vary in time and space. 
These exchanges reflect the complexity of the Yakima River’s 
floodplain, channel, and groundwater-flow system (Vaccaro, 
2011). Additionally, a complex network of dams, reservoirs, 
canals, and wasteways that were developed to convey irriga-
tion water for agriculture within the Yakima Valley fundamen-
tally altered the spatial and temporal distribution of recharge 
to surficial aquifers and groundwater discharge to the Yakima 
River. As a result of irrigation within the Yakima Valley, most 
groundwater discharge to the Yakima River within the study 
area originated, particularly during the summer irrigation 
season, as surface-water irrigation as evidenced by its stable 
isotope signature (Vaccaro, 2011).

Some cold-water anomalies within the lower Yakima 
River were present in all years of the thermal profile surveys, 
whereas others were not. This pattern of anomalies may 
reflect temporal changes in hydrologic conditions in the river 
and its relation to underlying hydrogeologic units created by 
changes in streamflow of the Yakima River as well as changes 
in recharge due to seasonal and interannual variation of the 
irrigation water application and precipitation. These temporal 
differences are also reflected in changes in streamflow gains 
and losses net of surface-water inflows and diversions in the 
lower Yakima River compiled by Magirl and others (2009). 
Additionally, differences in the relative temperature between 
groundwater and surface water may have enhanced or dimin-
ished the magnitude and extent of cold-water anomalies 
measured during thermal profile surveys. For example, within 
the Prosser Reach, the 2009 profile was surveyed in July when 
surface-water temperatures were greater than other surveys in 
late August or early September. Some cold-water anomalies 
that were present in July 2009 were not present during August 
and September of the other years of surveys. The lateral 
extent of sampling may have also contributed to the detection 
of cold-water anomalies in some surveys but not in others 
because some cold-water patches were restricted to particular 
features such as bank seeps, outlets of secondary channels, 
or alcoves at the downstream end of point bars that may have 
been missed by the center profile.

At the valley scale, several hydrogeologic and geomor-
phic features create the hydraulic conditions for groundwater/
surface-water exchanges. These features include longitudinal 
changes in aquifer thickness and extent, permeability contrasts 

in hydrogeologic units, channel forms that increase the 
hydraulic gradient between surface water and groundwater or 
the cross-sectional area of the channel that intersect ground-
water flow paths, and other factors that define the relation 
between a river and its underlying aquifer (Konrad, 2006). 
For example, thinning of the basin-fill sediments occurs at 
the margins of the Benton basin (Jones and others, 2006) near 
the upstream end of the Prosser Reach at RM 47. Detrended 
thermal profiles of parts of the Prosser Reach were less than 
the start of the profile, which is consistent with the thinning 
of underlying aquifers within the basin-fill sediments and the 
discharge of groundwater recorded by seepage runs within this 
reach. In addition to longitudinal changes in aquifer thickness, 
a break in the longitudinal profile and an increase in water-
surface gradient of the Yakima River at the Prosser diversion 
dam creates a hydraulic gradient conducive to groundwater 
discharge from underlying aquifers to the river. By contrast, 
diffuse groundwater seepage is not recorded in the Mabton 
Reach, which is located at the upstream end of the Benton 
basin, where the underlying aquifer thickens in the down-
stream direction. The potential for hydraulic gradient between 
groundwater and surface water was minimized within the 
Mabton Reach, which had the lowest water-surface gradient of 
the nine study reaches further reducing the potential for river-
aquifer exchange.

Groundwater gradients and flow paths in unconsolidated 
and bedrock aquifers vary spatially throughout the study 
area in response to the spatial distribution of groundwater 
recharge and the distribution of hydrogeologic units (Vaccaro 
and others, 2009). Within the Parker, Toppenish, and Granger 
Reaches between RM 103 and 74, the Yakima River flows 
along the northern margin of the Yakima Valley where the 
river is generally oriented perpendicular to groundwater flow 
paths delineated by Vaccaro and others (2009) such that the 
left bank of the Yakima River intercepts groundwater from 
the adjacent uplands of the Yakima Valley as diffuse seepage 
as well as discrete springs located at the base of terraces on 
the left bank (for example, RM 79.8). In addition to direct 
groundwater seepage to the left bank of the northern margin 
of the Yakima Valley, groundwater discharges to irrigation 
returns such as the Sulphur Creek Wasteway, which forms 
a large cold-water anomaly at RM 61.0 within the Mabton 
Reach in which cold-water anomalies are largely absent 
otherwise. Downstream of the Prosser diversion dam, steep 
groundwater gradients within both the basin-fill aquifers and 
underlying basalt bedrock aquifers result in direct groundwater 
discharge into the Yakima River, which results in numerous 
cold-water anomalies measured within the Prosser Reach to 
the Confluence Reach. An exception occurs within the Benton 
Reach and the Snively Reach where the Yakima River flows 
over the relatively porous basalt of the Saddle Mountains 
Basalt in which groundwater levels were mapped by Vaccaro 
and others (2009) to be below the streambed resulting in 
streamflow losses documented by Magirl and others (2009) 
from RM 29.9 to 8.4. Several cold-water anomalies, however, 
do occur in these reaches (figs. 24-26, 28-30), which may be 
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the result of irrigation in the riparian upland and losses from 
irrigation canal leakage. Cold-water anomalies within the 
Snively and Confluence Reaches generally occur along the 
right bank, which is consistent with generalized groundwater 
flow paths from the south interpreted by Vaccaro and others 
(2009) within both basin-fill aquifers and bedrock aquifers of 
the Saddle Mountains Basalt. To the north of the Snively and 
Confluence Reaches, groundwater flow paths are oriented to 
the east and are therefore not intercepted by the left bank of 
the Yakima River within the Snively and Confluence Reaches.

In addition to hydrogeologic controls, geomorphic 
controls such as channel gradient and floodplain morphol-
ogy contribute to groundwater/surface-water exchange and 
the creation of cold-water anomalies observed within thermal 
profiles. In the wide floodplains of the Parker, Toppenish, and 
Granger Reaches, frequent channel migration creates planform 
fluvial features revealed by relative elevation model surface 
model maps (for example, fig 5). Features within the flood-
plains and channels of these reaches including side channels, 
spring brooks, deep pools, and gravel bars and alcoves, create 
conditions within the channel conducive to groundwater dis-
charge and prevent such discharge from mixing with warmer 
water upstream. At the start of the Toppenish Reach at RM 
91, for example, a cold-water anomaly was measured dur-
ing the 2018 survey at the outlet of a spring brook. In 2001, 
the location of this spring brook was the primary channel of 
the Yakima River and no cold-water anomaly was present. 
This observation suggests that groundwater emerging within 
the spring brook may be following the subsurface path of the 
former path of the Yakima River’s channel as it existed in 
2001 and allowed to discharge before mixing with water con-
veyed from upstream. Similarly, several cold-water features 
(for example, at RM 103.0 and 95.4 within the Parker Reach, 
fig. 11) were measured within alcoves at the downstream 
end of gravel bars where groundwater discharge remained 
cold because it did not readily mix with warmer water from 
upstream. Channel changes that resulted in the scour of pools 
(for example, RM 76.7 within the Granger Reach) also con-
tributed to the formation of cold-water anomalies due to low-
ering of the streambed below the water-table elevation and the 
potential for increased thermal stratification within the pool. 
Planform geomorphic features that were conducive to ground-
water discharge were abundant within the wide floodplain of 
the Parker, Toppenish, and Granger Reaches. In the predomi-
nantly stable and single-threaded channels within narrow 
floodplains downstream (figs. 6, 7), side channels and alcoves 
created the conditions for several cold-water anomalies that 
were surveyed. For example, a discrete cold-water anomaly 
at RM 4.7 in the Confluence Reach measured across multiple 
years of thermal profiles received cold groundwater discharge 
and was largely limited to the right side of the channel where 
the groundwater discharge occurred.

Identification of the location and temporal stability of 
cold-water anomalies is a first step in understanding thermal 
complexity in the lower Yakima River and how it supports 
habitat for aquatic biota. Further investigations are warranted 

to determine the suitability and function of individual cold-
water anomalies identified within this report as cold-water 
refuges for salmonids and other fish. Information about the 
location of spawning and spawning fish in relation to these 
cold-water anomalies could help managers understand their 
function and relative importance as cold-water refuges in the 
lower Yakima River. The quality of physical habitat for fish 
during various life-history stages was not assessed within 
this report; however, the prioritization of habitat restoration 
projects could be informed by determining where thermally 
suitable conditions exist, but physical structure is absent. 
Additionally, these surveys delineated cold-water anomalies 
during discrete periods of time, but intra-annual variabil-
ity of individual cold-water anomalies is largely unknown. 
Therefore, monitoring of changes in the magnitude and extent 
of cold-water refuges would be beneficial to understanding 
their function and importance.

Summary
Longitudinal thermal profiles of nine reaches in the 

lower Yakima River revealed the distribution of discrete 
and diffuse cold-water anomalies created and maintained by 
hydrogeologic, geomorphic, and hydrologic conditions in 
the Yakima River’s channel, its floodplain, and the adjacent 
uplands. Hydrogeologic conditions documented by previous 
investigations, including groundwater-flow directions and 
changes in the lateral and vertical extent of hydrogeologic 
units, contributed to diffuse zones of groundwater discharge 
as basin-fill aquifers thinned such as at the downstream end 
of the Granger Reach as well as throughout the Prosser and 
Chandler Reaches, a finding consistent with previous seep-
age runs. Cold-water anomalies measured at many of these 
areas are consistent with groundwater discharge. Within 
the Mabton Reach, by contrast, basin-fill aquifers thicken 
downstream contributing to seepage losses and the absence 
of diffuse groundwater discharge. Nevertheless, even within 
reaches like the Mabton Reach, where groundwater gains are 
largely absent, cold-water anomalies occur in discrete areas 
associated with several irrigation returns that collect discharg-
ing groundwater that originated from irrigation recharge. 
Geomorphic conditions, including channel and floodplain 
complexity, also contribute to the occurrence of cold-water 
anomalies by lowering the streambed below the water table 
enabling groundwater discharge to spring brooks within the 
floodplain that occupy abandoned channels and deep pools 
scoured within alluvium. Some previously delineated cold-
water anomalies were also measured in 2018 during this study, 
but others were not remeasured because of channel migration 
or because they were obscured by seasonal changes in the rela-
tive differences between groundwater and surface-water tem-
peratures; however, channel migration also contributed to the 
formation of features, like the scouring of deep pools, where 
cold-water anomalies were measured for the first time in 2018. 
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Collectively, interactions between Yakima River, underlying 
aquifers, and a complex irrigation network within the Yakima 
Valley comprised of canals, wasteways, and diversions form 
important controls on the temperature of the lower Yakima 
River and the occurrence of cold-water anomalies. Further 
investigations are needed to understand the function of these 
cold-water anomalies as cold-water refuges for migrating, 
spawning, and resident fish within the lower Yakima River.
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