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I. Introduction 1 

A. Background 2 

In 2005, the Bureau of Reclamation (Reclamation) completed a Natural Flow Study (NFS) of the 3 
Upper Klamath River Basin above Keno, Oregon (Reclamation 2005). The purpose of that study 4 
was to provide monthly natural streamflow estimates of the Klamath River at Keno, Oregon, 5 
where natural streamflow was defined as ‘typical flow without agricultural development in the 6 
Upper Klamath River Basin, including its tributaries’. Following this NFS, the National 7 
Research Council (NRC) provided comments and suggestions for improving upon these natural 8 
flow estimates (National Research Council 2008). These suggestions ranged from increasing the 9 
timestep from monthly to daily, to including changes in land use from activities such as forest 10 
fire suppression and logging. In response to the NRC report, Reclamation’s Technical Service 11 
Center (TSC) was tasked with estimating refined natural streamflow estimates throughout the 12 
Klamath River Basin in a comprehensive NFS. For this study, natural streamflow is defined as 13 
the streamflow that would have occurred in the absence of land use changes (e.g., agriculture, 14 
forestry, etc.), major development (e.g., roads, railroads, municipalities, etc.), and water 15 
management (e.g., dams, hydroelectric plants, etc.). The overarching goal of this study is to 16 
advance science in the Klamath Basin, and thereby support future analyses and studies 17 
throughout the basin. Primarily, this study leverages current science, methods, and tools to 18 
develop revised natural streamflow estimates for the Klamath River Basin, while improving 19 
upon limitations of previous estimates (Reclamation 2005) and incorporating comments provided 20 
by the NRC (National Research Council, 2008). The resulting natural streamflow estimates may 21 
be of use in habitat studies, drought planning, water supply decision making, and other water 22 
resource studies. 23 

B. The Klamath Basin 24 

The Klamath River flows east to west from its headwaters near Crater Lake in southern Oregon 25 
to its outflow at the Pacific Ocean in northern California (figure 1). The Klamath River Basin has 26 
a diverse environment, spanning multiple distinct climate zones and ecological habitats, and is 27 
typically divided into two portions: Upper and Lower Klamath Basins. The Upper Klamath 28 
Basin (UKB) drains all catchments above Iron Gate Dam, California. Located in the rain shadow 29 
on the eastern side of the Cascade Mountain Range, this portion of the basin has an arid climate. 30 
Vegetation within the UKB is primarily drought-tolerant trees, such as lodgepole and ponderosa 31 
pines, along with shrubs, grasslands, and even wetlands in the lower elevations and near lakes. 32 
However, despite its aridity, the UKB features Oregon’s largest natural lake by surface area—33 
Upper Klamath Lake (UKL)—and extensive urban and agricultural development. In contrast, the 34 
Lower Klamath Basin (LKB), which is located in the Pacific Coastal Range, receives ample 35 
precipitation. The LKB is well forested by a palette of northern California and Pacific Northwest 36 
conifers and hardwoods. The LKB has no major natural lakes and less urban and agricultural 37 
development than in the UKB. 38 
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Indigenous people have inhabited the Klamath River Basin since time immemorial (Beckham 39 
2006). Presently, the basin is home to six federally recognized Indian Tribes: the Yurok Tribe; 40 
Hoopa Valley Tribe; Karuk Tribe; the Klamath Tribes, comprised of Klamath, Modoc, and 41 
Yashooskin; Quartz Valley Indian Community; and Resighini Rancheria (77 FR 47868). 42 
Numerous native groups not federally recognized, such as the Shasta people, inhabit parts of 43 
northern California and southern Oregon. Although they are not federally recognized, some of 44 
them have been inducted into the Karuk Tribe (Beckham 2006). The Klamath River and canyon 45 
are considered sacred by the native tribes (Bureau of Land Management 1990). Management 46 
practices of the native people left much of the natural landscape unchanged prior to non-native 47 
settlement. 48 
 49 
Early non-native settlers began entering the region in the early 1800s. Early settlers focused on 50 
agricultural production including farming and ranching. The abundance of large, flat, grassy 51 
meadows with plenty of lakes and marshy areas to provide water encouraged the expansion of 52 
grazing in the UKB (Stene 1994). In 1905, Congress authorized Reclamation to begin the 53 
Klamath Project, a project designed to locate and construct irrigation networks designed to 54 
support productive agricultural communities. The Klamath Project was unique to other federal-55 
sponsored projects in the arid west due to the nature of the landscape. Rather than transform arid 56 
lands into farmlands, Reclamation sought to drain the wetlands located around the natural 57 
lakes—UKL, Lower Klamath Lake (LKL), and Tule Lake—and transform them into reclaimed 58 
agricultural lands. To accomplish this vision, over the next 20 years Reclamation constructed a 59 
labyrinth of canals, dams, and drainage canals to facilitate the transition of the UKB into a 60 
productive agricultural community. In addition to the Klamath Project, and with the arrival of the 61 
railroad in 1909, timber harvesting activities grew in the basin. 62 
 63 
By 2022, the Klamath River Basin was much altered from its natural state, with land use, 64 
development, and water management practices directly impacting the UKB, and affecting the 65 
flow regime and ecology of the LKB. The current streamflow regime is fundamentally different 66 
than the natural streamflow that would exist without these changes to the basin. 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
 77 
 78 
 79 
 80 
 81 
 82 
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Figure 1.—The Klamath River Basin. 83 
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C. Project Purpose and Overall Approach 84 

The purpose of the current NFS is to use modern science, methods, and tools to develop revised 85 
natural streamflow estimates for the Klamath River Basin from water years (WY) 1981 through 86 
WY 2020. This study will estimate streamflow for current conditions and for pre-development 87 
conditions: 88 
 89 

• Pre-development Conditions are defined as the landscape and hydrologic conditions 90 
that existed around 1900, prior to major development of the region for irrigated 91 
agriculture, forestry, and other purposes. 92 

 93 
• Current Conditions are defined as the landscape and water demand conditions that 94 

occurred throughout the past four decades, as a result of land use, development, and 95 
water management practices. 96 
 97 

Although natural streamflow is often defined as that which occurs in the absence of human 98 
intervention, for the purposes of this study, natural streamflow estimates are defined as those 99 
flows that would occur if pre-development conditions existed from WY 1981 through WY 2020. 100 
To this end, this study estimates daily natural streamflow from WY 1981 through WY 2020 at 12 101 
locations within the Klamath River Basin under both pre-development and current conditions 102 
(table 1). For the purposes of this study, the Klamath River Basin was divided into three 103 
geographic regions, referred to as Phases (figure 1). The Phases are established based on current 104 
geographic domains of available surface and groundwater models. UKB comprises two of the 105 
three phases. Phase 1 includes all inflows to UKL such as the Wood River, Sprague River, and 106 
Williamson River, with the downstream boundary being Link River Dam. Phase 2 includes the 107 
UKB between Link River Dam and Iron Gate Dam. Phase 3 includes most of the Lower Klamath 108 
Basin, encompassing the contributing areas downstream of Iron Gate Dam to the Klamath River 109 
upstream of its confluence with the Trinity River. Table 1 includes a list of each of the natural 110 
flow locations defined by phase of their corresponding U.S. Geological Survey (USGS) gage 111 
site. 112 
 113 
To develop natural streamflow estimates at the designated 12 locations, the NFS integrates six 114 
numerical modeling components through implementation of a mass balance model in RiverWare. 115 
A conceptualization of these different hydrologic processes and the modeled components of the 116 
NFS can be seen in figure 2. A basic description of each modeled hydrologic component is as 117 
follows: 118 
 119 

1. The surface hydrology model quantifies recharge that results from distributed 120 
precipitation and the runoff component of streamflow. The distributed recharge and 121 
surface runoff output from the surface hydrology model is used as input into the 122 
groundwater model.  123 

2. The groundwater modeling focuses on areas with substantial groundwater and surface 124 
water interaction and where groundwater pumping is known to occur. In the UKB, the 125 
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model simulates groundwater conditions and estimates groundwater levels, storage, 126 
pumping, drainage flow to tile drains, evapotranspiration, and flow between the UKB and 127 
neighboring basins. The baseflow to streams and seepage to and from lakes and 128 
reservoirs is used as inputs to the RiverWare mass balance model. In the LKB, 129 
groundwater modeling is focused on groundwater and surface water interactions in the 130 
Scott and Shasta River basins. 131 

3. The evapotranspiration (ET) demands modeling estimates net ET (evapotranspiration 132 
minus precipitation), deep percolation recharge by agricultural users, and ET rates for 133 
groundwater dependent vegetation. The resulting ET estimates are added to or subtracted 134 
from the water budget in the corresponding models (i.e., deep percolation recharge is 135 
connected to the groundwater model). Consumptive use estimates are also used to 136 
calibrate the surface hydrology model.  137 

4. The open water evaporation modeling quantifies open water evaporation rates and 138 
volumetric evaporation from lakes and reservoirs. These evaporation rates are used in 139 
modeling lakes and reservoirs in the RiverWare mass balance model and evaporation 140 
from UKL is used during calibration of the surface hydrology model. 141 

5. Hydraulic modeling in the NFS analyzes the natural storage capacities, hydraulic 142 
controls, and interconnectedness of rivers, lakes, and wetlands in the basin after the 143 
removal of dams, railroads, etc. The hydraulic information will be used to represent these 144 
features in the RiverWare mass balance model and was also used to estimate average 145 
depths and pre-project open water surface areas in the open water evaporation modeling 146 
component. 147 

6. The RiverWare mass balance modeling incorporates streamflow observations, direct 148 
output from the other models (e.g., baseflow contributions to streams, evaporation from 149 
lakes, etc.), hydraulic controls, lake and reservoir capacities, and other physical features 150 
of the river system to estimate natural streamflow at specific locations. 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 
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Table 1.—List of Klamath NFS natural streamflow study locations (map of all USGS gages 
found at https://waterdata.usgs.gov/nwis/rt) 

Phase USGS site Description 

1 11501000 Sprague River near Chiloquin, OR 

11502500 Williamson River below Sprague River near Chiloquin, OR 

11507500 Link River at Klamath Falls, OR 

11504115 Wood River near Klamath Agency, OR 

2 11509500 Klamath River at Keno, OR 

11510700 Klamath River below JC Boyle Powerplant near Keno, OR 

11516530 Klamath River below Iron Gate Dam, CA 

3 11517500 Shasta River near Yreka, CA 

11519500 Scott River near Fort Jones, CA 

11520500 Klamath River near Seiad Valley, CA 

11523000 Klamath River at Orleans, CA 

Not Applicable Klamath River at Weitchpec, CA 
 160 
 161 

Figure 2.—A conceptualization of the different hydrologic processes that are modeled 162 
in the Klamath Natural Flow Study. 163 
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D. Focus of Current Document 164 

Given the complexity and numerous models that the NFS uses, each modeling component has an 165 
individual Technical Memorandum (TM) devoted to detailing the methodologies used to develop 166 
that component. This TM focuses on the development of daily open water evaporation rates and 167 
volumes from all lakes and reservoirs that have changed between pre-development and current 168 
conditions in Phase I and Phase II of the Klamath NFS. The processes represented in the open 169 
water modeling component are shown in figure 3 where they are highlighted in color while the 170 
rest of the conceptual image is in black and white. 171 
 172 
 173 

Figure 3.—A conceptualization of the open water evaporation processes detailed in this report are 174 
shown in color while the remaining hydrologic processes modeled for the Klamath NFS are in black 175 
and white. 176 
 177 
 178 
UKB covers approximately 8,300 square miles (mi2) and contains 12 different reservoirs or lakes 179 
and one conglomerate of reservoirs, that are modeled for the NFS (figure 4). These 12 180 
waterbodies include four water supply reservoirs for the Klamath Project: UKL, Lake Ewuana, 181 
Clear Lake Reservoir, and Gerber Reservoir; two wildlife refuges: Lower Klamath and Tule 182 
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Lake National Wildlife Refuges (NWR); three Pacific Power Corporation (PacifiCorp) 183 
hydropower reservoirs: JC Boyle Reservoir, Copco 1 and 2, and Iron Gate Reservoir; and three 184 
reservoirs that are part of the trans-basin diversions from UKB to the Rogue Basin: Fourmile 185 
Lake, Hyatt Reservoir, and Howard Prairie Reservoir. In addition to these 12 larger waterbodies, 186 
the Lost River Basin contains many smaller reservoirs (e.g., Willow Valley Reservoir and 187 
Strawberry Reservoir) that are lumped together and modeled as one evaporative loss from that 188 
Basin. 189 
 190 
UKL is the largest natural freshwater lake in Oregon at about 25 miles long and approximately 3 191 
to 12 miles wide. In this study, Agency Lake, located north of UKL and connected by a narrow 192 
channel to UKL, is also considered part of UKL. The water level is regulated by a low dam that 193 
was constructed in 1917 which maintains water surface elevations between 4,136 feet (ft) and 194 
4,143 ft (USBR datum). Water from UKL is used for irrigation of reclaimed agricultural land, 195 
regulated to enhance power generation farther downstream on the Klamath River, and used 196 
extensively by waterfowl. The maximum depth of UKL is around 50 ft in small, confined areas; 197 
however, most of the lake is shallower than 20 ft (Johnson 1985). 198 
 199 
During the first half of the 20th century, extensive areas of wetlands associated with UKL and 200 
Agency Lake were diked, drained, and converted to agricultural uses (Boyle 1976). During the 201 
period of record considered in this study the open water extent and storage capacity of UKL 202 
changed several times (table A-1). On July 8, 2006, a dike along the southern extent of Wocus 203 
Bay failed, re-flooding the area once known as Caledonia Marsh. The area remained flooded 204 
until the dike was repaired on December 31, 2006. Other dikes were intentionally breached to 205 
restore ecological function in the Williamson River delta. On October 30, 2007, The Nature 206 
Conservancy breached dikes around the periphery of that portion of the Williamson River delta 207 
lying north of the Williamson River, and subsequent restoration efforts breached dikes around 208 
the delta lying south of the Williamson River in the fall of 2008 (Erdman, Hendrixson, and Rudd 209 
2011). Each of these events changed the relationship between lake surface elevation and lake 210 
storage volume, which is accounted for in the computation of the UKL average depth estimates 211 
as explained below. 212 
 213 
Gerber Reservoir was constructed as part of the Klamath Project in 1925 with the completion of 214 
a dam across Miller Creek. It provides water for irrigation, flood control, recreation, and fish and 215 
wildlife benefits. The reservoir is deep enough to develop a thermocline in the warmer summer 216 
months when stratification occurs (Johnson 1985). 217 
 218 
Clear Lake Reservoir was also constructed as part of the Klamath Project in 1910 and resides in 219 
northern California. The reservoir was formed through the construction of Clear Lake Dam on 220 
the Lost River which subsequently reduced flows into Tule Lake for the purpose of agriculture. 221 
While Clear Lake Reservoir has a very large surface area of around 100 square kilometers (km2), 222 
it is relatively shallow in depth and thus has a high rate of evaporation (Reclamation n.d.). 223 
 224 
Howard Prairie Lake and Hyatt Reservoir are part of the Rogue River Basin Project which stores 225 
and transfers water to the Medford area for agricultural purposes. Hyatt Reservoir was 226 
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constructed in 1923 after the development of a dam on Keene Creek. Hyatt Reservoir is 227 
relatively shallow with well mixed waters. Howard Prairie Lake is larger than Hyatt Reservoir 228 
and was created in 1958 by damming Grizzly Creek in the Klamath River watershed. The surface 229 
area of Howard Prairie is around 8 km2 with a maximum depth of 80 ft and the reservoir can 230 
develop a deep thermocline during the warmer months (Johnson 1985). 231 
 232 
Tule Lake NWR has two sumps that contain open water most years. Sump 1A is maintained as a 233 
permanent open-water body with minimum and maximum water elevations of 4,034 ft and 234 
4,037 ft (USBR datum), respectively, due to the Endangered Species Act guidelines for Lost 235 
River and shortnose sucker habitat protection (Risley and Gannett 2006). Sump 1B is 236 
hydrologically connected to Sump 1A by a narrow, gated canal. Prior to the early 2000s, it was 237 
also managed as a permanent open-water body; however, in the 21st century it has been managed 238 
as both a seasonal wetland and a permanent open-water body (Risley and Gannett 2006). Even 239 
though Sump 1A and 1B are hydrologically connected, the water level in each sump can vary. It 240 
is important to note that periodic drying events and persistent groundwater depletion have also 241 
caused subsidence in the area and some areas the sumps might be slightly deeper than recorded 242 
in the area-capacity data. 243 
 244 
Lower Klamath NWR is composed of five different land types: croplands, permanent wetlands, 245 
seasonal wetlands, uplands, and parcels that rotate between the previous four designations (U.S. 246 
Fish and Wildlife Service 2016). Croplands consist mostly of fields of grain and grass hay. 247 
During the winter these fields are flooded for pre-irrigation. Permanent wetlands are flooded 248 
year-round and depending on the year occupy up to 10,000 acres of the refuge. Three types of 249 
vegetation grow in these wetlands: some are rooted at the bottom of the wetland and have 250 
protruding vegetation above the water surface, other vegetation is floating plants, and the third 251 
type of vegetation is rooted in the bottom of the wetland with no protruding parts above the 252 
water surface. Seasonal wetlands contain similar vegetation as the permanent wetlands, but they 253 
are not flooded year-round. Flooding of seasonal wetlands occurs for at least 6 months of the 254 
year with two of those months during the growing season. Seasonal wetlands can occupy up to 255 
16,000 acres of the refuge. Uplands consist mostly of sparse vegetation similar to a high desert, 256 
as only 850 acres out of 6,500 acres are allowed to receive irrigation (U.S. Fish and Wildlife 257 
Service 2016). 258 
 259 
Fourmile Lake is a large natural lake located at the foot of Mount McLoughlin near the divide 260 
between the Rogue and Klamath River Basins. Fourmile is a very deep lake with minimal 261 
shallow areas and was enlarged after the construction of a dam in 1922. Natural outflow from the 262 
lake is into Fourmile Creek, but currently a considerable portion is diverted via the Cascade 263 
Canal over the divide towards Fish Lake. 264 
 265 
The three PacifiCorp hydropower reservoirs (JC Boyle Reservoir, Copco 1 and 2, and Iron Gate 266 
Reservoir) were all built between 1912 and 1964 to enhance hydropower generation on the 267 
Klamath River, with smaller flood control objectives. JC Boyle is a small narrow reservoir of 268 
approximately 23 acres with a narrow southern end with depths over 40 ft and a much wider 269 
northern end with depths of 10 ft or less. Iron Gate Reservoir is much deeper and larger (~1000 270 
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acres) than JC Boyle and resides at the southern-most end of the hydropower reservoirs on the 271 
Klamath River. Copco 1 is similar in size to Iron Gate Reservoir and also contains deeper 272 
portions which can develop some stratification in summer months (PacificCorp 2004). All the 273 
PacifiCorp hydropower reservoir dams are slated to be removed in 2023 and the subsequent 274 
years to restore fish passage to the Klamath River. 275 
 276 
The Lost River Basin has hundreds of small, independently owned reservoirs throughout the 277 
basin. It is not feasible to model each of these reservoirs individually; however, their lumped 278 
evaporative contribution is significant. In order to account for these reservoirs and their impact 279 
on current conditions’ evaporation, their remotely sensed area is summed together and Willow 280 
Valley Reservoir is used as a representative reservoir for modeling purposes, as further described 281 
below. 282 
 283 
The overall objective of the open water evaporation modeling component is to provide daily 284 
open water evaporation rates and volumes for both pre-development and current conditions from 285 
WY 1981 through WY 2020 at selected reservoirs and lakes in Upper Klamath Basin. This 286 
objective is accomplished using the Daily Lake Evaporation Model (DLEM; Bingjie Zhao et al. 287 
2023), which calculates open water evaporation on a daily timestep using a modified Penman 288 
Monteith approach to account for heat storage effects as a function of mean reservoir depth. 289 
Discussion on the methods used can be found in Section II, results focusing on current and pre-290 
project conditions can be found in Section III, model sensitivities and uncertainties are explored 291 
in Section IV and V, and conclusions drawn from the study are available in Section VI. 292 
 293 
 294 
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Figure 4.—The modeled reservoirs and lakes in the Klamath Natural Flow Study. Waterbody areas are 295 
from the NHDPlus database and only include areas designated as ‘perennial’. These areas are used in 296 
fetch estimates, not in surface area timeseries used to estimate current conditions evaporative 297 
volumes. 298 
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E. Excluded from Study 299 

There are a handful of smaller constructed reservoirs in the Sprague River Basin such as Hyde 300 
Reservoir and Campbell Reservoir that were initially considered in this study. The extent of 301 
these reservoirs, assuming full capacity, is approximately 2.13 km2 (Buto and Anderson 2020). 302 
Assuming the highest annual evaporative loss of any modeled reservoir in the Klamath Basin 303 
(approximately 4.5 ft per year; see Results section below), the evaporation from the combined 304 
extent of these Sprague River Basin reservoirs only accounts for 0.001 percent of the average 305 
annual outflow from the Sprague River. Therefore, the evaporation from these reservoirs is not 306 
significant in the estimation of natural flows and is not considered in this study. In addition, 307 
natural lakes like Crater Lake are not modeled as they did not significantly change in their extent 308 
between pre-development and current conditions. 309 
 310 
Average depth when simulating the evaporative losses from Tule Lake NWR is only determined 311 
from Tule Lake NWR Sump 1A area-capacity and long-term elevation data. While area-capacity 312 
information is available for Tule Lake Sump 1B, long-term elevation data is not. Therefore, the 313 
average depth used in simulations is only estimated from Sump 1A; however, open water areas 314 
from both sumps are used in the estimation of evaporation volumes from the NWR. Historically, 315 
the gate between Sump 1A and 1B is open and water surfaces in both sumps are approximately 316 
equal. 317 
 318 
Before a dike was built, during spring runoff season, overflow from the Klamath River spilled 319 
southward into Lower Klamath Lake, creating 94,000 acres of marshlands and open-water that 320 
were ideal for waterfowl breeding (Robbins 2022). Pre-development open water evaporation 321 
modeling of Lower Klamath Lake does not include this overflow that created a vast expanse of 322 
marshland. Evaporation and transpiration from marshlands are different from open water 323 
evaporation and cannot be modeled appropriately with the DLEM model or any open-water 324 
evaporation model. Evaporation and transpiration from the overflow from Klamath River into 325 
Lower Klamath Lake during pre-development conditions is included in the evapotranspiration 326 
(ET) modeling component of the NFS and details on how those ET rates are estimated can be 327 
found in the respective report. 328 
 329 
To give continuity between modeling components, one daily gridded dataset is chosen for all 330 
modeling components. GridMET (Abatzoglou 2013) is used as the daily climate dataset for all 331 
components of the study given its historical duration, resolution, and number of different 332 
available climate variables needed for specific models. The NFS will not investigate the 333 
uncertainty related to choice of gridded climate dataset by running each model with a separate 334 
set of gridded climate forcings. However, the sensitivity of the open water evaporation models to 335 
specific climate variables is investigated in Section IV below. 336 
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II. Methods 337 

Open water evaporation is an important component of the terrestrial water and energy balance, as 338 
lakes and reservoirs cover approximately 5 million km2 of Earth’s land area (Zhao, G., Li, Y., 339 
Zhou, L., Gao 2022). Lakes and reservoirs can lose a lot of water to evaporation due to the strong 340 
vapor pressure gradient at the water-atmosphere interface. The amount of water lost through 341 
evaporation depends on factors such as the surface area of the lake, the surrounding climate, and 342 
the bathymetry of the lake, among others. 343 
 344 
Open water evaporation is difficult to measure in the field, and in-situ measurements typically 345 
rely on Class A pan-based measurements or eddy covariance (EC) flux stations (Friedrich et al. 346 
2018). As Class A pan measurements lack heat storage dynamics and the complexities and cost 347 
associated with EC measurements can be limiting, modeling evaporation rates using physically 348 
based evaporation models has become useful for water management scenarios. 349 
 350 
Many open water evaporation models are based on the Penman equation, which accounts for the 351 
effects of radiative and advective energy on evaporation rates (Penman 1948; Friedrich et al. 352 
2018). However, lakes and reservoirs are able to store a substantial amount of energy during 353 
spring and summer due to the large specific heat capacity of water, which is then released during 354 
the fall and winter. These large fluctuations in heat storage impact the amount of energy 355 
available for evaporation. Recent advances in using the Penman equation to estimate open water 356 
evaporation include Zhao and Gao’s (2019) ‘equilibrium temperature’ algorithm which estimates 357 
heat storage as a function of average reservoir depth. This new algorithm is implemented in what 358 
is termed the ‘Lake Evaporation Model (LEM)’ and also considers reservoir geometry, fetch, 359 
wind direction, and near-surface humidity to develop more accurate estimates of monthly open 360 
water evaporation rates. 361 
 362 
In the LEM, evaporation is estimated using the Penman Combination equation, which is defined 363 
as: 364 

𝐸𝐸 =  𝑠𝑠(𝑅𝑅𝑛𝑛− ∆𝑈𝑈)+ 𝛾𝛾𝛾𝛾(𝑢𝑢)(𝑒𝑒𝑠𝑠− 𝑒𝑒𝑎𝑎 )
𝜆𝜆𝑣𝑣(𝑠𝑠+ 𝛾𝛾)

   [Eqn. 1] 365 

where E is the open water evaporation rate (mm·d−1); s is the slope of the saturation vapor 366 
pressure curve (kPa·°C−1); Rn is the net radiation (MJ·m−2·d−1); ΔU is the heat storage changes 367 
of the water body (MJ·m−2·d−1); f(u) is the wind function (MJ·m−2·d−1·kPa−1); es is the 368 
saturated vapor pressure at air temperature (kPa); ea is the vapor pressure at air temperature 369 
(kPa); λv is the latent heat of vaporization (MJ·kg−1); and γ is the psychrometric constant 370 
(kPa·°C−1). Please see (G. Zhao and Gao 2019) for further derivation of the equations used to 371 
estimate evaporation. 372 
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A. Model 373 

For this study, we are using a version of the LEM that considers daily fluctuations in lake depth 374 
and the subsequent impact on heat storage and calculates Equation 1 above on a daily timestep 375 
(Bingjie Zhao et al. 2023). The model is referred to as the ‘Daily Lake Evaporation Model 376 
(DLEM)’. The two largest modifications to LEM involve how DLEM estimates fetch length (a 377 
term in the wind function, f(u)) and heat storage at a daily timestep. The fetch effect is the 378 
gradual humidification of air that occurs when a parcel of air moves from dry land across a water 379 
body due to the readily evaporating body of water beneath the air mass (Woolway et al. 2020). 380 
Fetch length is defined as the distance between two tangent lines on the outer edges of the 381 
reservoir that are parallel to wind direction (see figure 2 of Zhao and Gao 2019). Thus, fetch 382 
length can change drastically in irregular shaped reservoirs based on changes in wind direction. 383 
In DLEM, the daily fetch length, as estimated by the wind direction, is used in combination with 384 
the daily average wind speed to represent the effect of fetch on evaporation rates. 385 
 386 
DLEM also considers daily changes in heat storage in addition to daily changes in fetch length. 387 
In DLEM, heat storage is directly proportional to lake depth, which fluctuates on a daily 388 
timescale. When the lake or reservoir is deeper than approximately 20 meters (m) or 65 ft, a 389 
constant depth of 20 m is used as incoming radiation does not penetrate below that depth. This 390 
allows for evaporation rates to vary based on daily changes in lake or reservoir depth, which can 391 
occur due to variable inflows, management strategies, or weather events. 392 
 393 
As with any numerical model, it is important to note the limitations of the DLEM. The current 394 
version of DLEM computes daily changes in heat storage based on the current day's depth only. 395 
This means that large changes in daily depth, say related to operations, are not accounted for in 396 
the change in heat storage (because water depth in this equation is for a single day). One 397 
alternative to this approach would be to estimate daily changes in heat storage using the previous 398 
day's depth and water temperature with the current day's depth and water temperature. This 399 
advective heat storage limitation is not exclusive to DLEM; other modeling frameworks suffer 400 
from similar challenges. Future DLEM development will explore ways to make these 401 
adjustments to the change in heat storage term. 402 
 403 
In this study, DLEM is run using reservoir characteristics derived from current and pre-404 
development conditions from January 1, 1979 through September 30, 2020, where results from 405 
January 1, 1979 to September 30, 1980 are treated as model spin up and used to create initial 406 
conditions. Results from the DLEM runs focus on WY 1981 through WY 2020. A flow chart of 407 
all DLEM inputs can be found in Appendix A, figure A-1. 408 

B. Reservoir Characteristics 409 

DLEM requires physical characteristics the lake or reservoir to represent site-specific conditions. 410 
These physical characteristics include reservoir elevation, average reservoir depth, and a 411 
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shapefile outlining the lake or reservoir extent to estimate fetch. In this section, we describe how 412 
these physical properties are defined during current and pre-development conditions. 413 

1. Current Conditions 414 

a. Water Surface Area 415 
Constant water surface areas of each lake or reservoir under current conditions are pulled from 416 
the National Hydrography Plus High Resolution (NHDPLUS HR) dataset (Buto and Anderson 417 
2020). These water surface areas are only used to determine the fetch length across each 418 
waterbody and are not used in evaporative volume estimations. Timeseries of water surface areas 419 
used in the estimation of current conditions evaporation volumes are describe in section II.1.c 420 
below. For the surface areas associated with the estimation of fetch, the lakes that have multiple 421 
sections such as Tule NWR and Lower Klamath NWR are subsetted according to the ‘FCode’ 422 
attribute of the NHDPLUS HR dataset, where the FCode defines whether the waterbody is 423 
intermittent or perennial. Only parts labeled as ‘perennial’ are included in the surface area of 424 
Tule and Lower Klamath NWRs. The NHDPLUS HR boundary of Willow Valley Reservoir is 425 
used to estimate fetch length for the Lost River Basin Reservoirs. As UKL has undergone four 426 
different lake configurations over the modeled duration, four different fetch lookup tables are 427 
generated based on the different configuration references in table A-1. In figure 4, UKL is shown 428 
in the ‘UKL w/o Caledonia, Tulana, or Goose Bay’ configuration. All other current conditions 429 
boundaries are shown in figure 4 and used to calculate fetch as a function of wind direction. 430 

b. Average Depths 431 
Daily average depth for each reservoir is determined from a combination of area-capacity curves 432 
(ACAPs), observed water elevation timeseries if available, hydraulic modeling, and/or 433 
operational limits (table 2). Average depth is estimated by dividing the volume of the lake by the 434 
area for each observed water elevation if the appropriate data is available. The source of each 435 
ACAP that is used in this study can be found in table 2. All ACAPs are considered constant 436 
throughout the modeled duration except for UKL as the configuration of UKL has undergone 437 
significant changes over time. Four different UKL ACAPs are used to represent the different 438 
time periods of the lake extent (Appendix A, table A-1). In addition, dead storage below 4038.01 439 
ft from the 2022 survey (Hollenback et al. 2023) was added back into the ACAP associated with 440 
each of the four historic UKL configurations. 441 
 442 
Observed water elevation timeseries are available for UKL, Tule Lake NWR, Clear Lake 443 
Reservoir, Gerber Reservoir, and Howard Prairie and Hyatt Reservoirs. Observed daily elevation 444 
data from October 1,1980 to December 25, 2010 for Gerber Reservoir and Clear Lake Reservoir 445 
was recorded by Reclamation’s Klamath Basin Area Office (KBAO) in daily operation reports 446 
(DOR; KBAO 1980). The elevation of each reservoir was recorded on an approximately monthly 447 
basis in the DORs with increased frequency starting around 1988. To create a continuous 448 
elevation timeseries, linear interpolation was used to fill in days between observations for any 449 
gaps. After December 25, 2010, continuous electronic daily records of reservoir elevation are 450 
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available and can be downloaded from Reclamation’s Hydromet website (Reclamation 2021c). 451 
Observed water elevations at Tule Lake NWR are recorded for Sump 1A in DORs by the 452 
Tulelake Irrigation District (TID; Tulelake Irrigation District 1986) and date back to 1986. Prior 453 
to 1986, DORs recorded by KBAO summarize Sump 1A observed water elevations. Water 454 
elevation timeseries from Sump 1B are not available and average depths for both Tule Sumps are 455 
estimated only from Sump 1A data. Observed water surface elevation timeseries for Howard 456 
Prairie and Hyatt Reservoirs were downloaded from Reclamations’ Hydromet database 457 
(Reclamation 2022a). Observed water elevations from UKL were also recorded in DORs by 458 
Reclamations’ KBAO and date back to 1980 (KBAO 2017). For these reservoirs that have 459 
known observed water elevation timeseries, only one current condition run is completed, as there 460 
is very little uncertainty surrounding the delineation of average depth. 461 
 462 
Observed water elevation timeseries are not available for the PacificCorp reservoirs (JC Boyle, 463 
Copco 1, and Iron Gate). Instead, operational constraints are used to bound possible average 464 
depths for each reservoir (PacificCorp 2004). Three model runs are completed for each of the 465 
PacificCorp reservoirs to help understand the uncertainty associated with unknown average 466 
depth estimates. Each of these runs holds either the minimum, mean, or maximum average depth 467 
constant for the entire duration of the model run. 468 
 469 
Similar to the PacificCorp reservoirs, there is no known observed water elevation timeseries for 470 
Lower Klamath NWR. Lower Klamath NWR is managed based on objective water levels for 471 
each area of the refuge (U.S. Fish and Wildlife Service 2016) which are targets the refuge tries to 472 
achieve depending on annual water deliveries. An area-weighted depth for the total refuge is 473 
determined based off the objective water level and total acres across the refuge for each section. 474 
Mean depth is then estimated for each parcel in the refuge based on translation of staff gage 475 
heights to North American Vertical Datum of 1988 (NAVD88) and then computed via LiDAR 476 
analysis with ArcGIS. Each parcel in the refuge is assigned to one of the five land types: grain, 477 
seasonal wetland, permanent wetland, upland, or rotating. Only the seasonal and permanent 478 
wetland areas and depths are used in the calculation of the mean area-averaged depth. The 479 
maximum and minimum depths of these areas are also used to bound the depth analyses for 480 
Lower Klamath. 481 
 482 
Lake Ewauna also does not have observed water elevation timeseries and thus, depth ranges for 483 
Lake Ewauna are based off a hydraulic modeling effort conducted in 2021 that modeled high 484 
(1000 ft3/s) and low (100 ft3/s) flows into the lake (Reclamation 2021b). Water elevations are 485 
determined from these flows and a 2018 bathymetric survey of the lake. The recorded 2018 486 
water level during the bathymetric survey was used to determine the mean average depth, while 487 
the high and low flow water elevations from the hydraulic modeling effort were used for 488 
maximum and minimum modeled water depths. 489 
 490 
Water surface elevations are also not recorded for Fourmile Lake and the average depths used in 491 
this study are determined from bathymetry provided in the 1985 Atlas of Oregon Lakes (Johnson 492 
1985) and the Standing Operating Procedures of Fourmile Lake (Reclamation 2012) which 493 
specified the heights at which the lake is maintained at during operation. The ‘50th percentile’ or 494 
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main model run assumed a full lake and sensitivity runs are then completed assuming a 10 ft and 495 
a 35-ft drop in water surface elevation. Given the deep contours of the lake, average depth does 496 
not change substantially, even with large decreases in lake levels. However, it is important to 497 
note that as the water level drops at Fourmile Lake, the average depth actually increases. This is 498 
due to the shallower contours of the lake residing along the outer edges, and as the lake drops in 499 
level, those shallower portions of the lake are no longer filled with water and thus the average 500 
depth of the lake increases despite a lower water level. This leads to the ‘full’ lake having the 501 
lowest average depth as compared to when the lake is 10 or 35 ft lower than full. 502 
 503 
The smaller Lost River Basin Reservoirs are modeled with a shallow range of average depths 504 
given their size and classification as both intermittent and perennial reservoirs in the NHDPLUS 505 
HR database. There is little to no information on bathymetry or depths for these reservoirs and it 506 
is unlikely they are deep enough to develop stratification in the summer, a process that is known 507 
 to influence reservoir evaporation rates. Given these limitations, the Lost River Basin Reservoirs 508 
are modeled with a range in average depths from 1 to 15 ft to incorporate the inherent variability 509 
among all these smaller reservoirs. 510 
 511 

Table 2.—Lake and reservoir characteristics under current conditions 

Lake or reservoir State 
Observation 

period 
Current conditions 

depth run(s) 
Depth 
(ft)** Area (ac) 

Elevation 
(ft) 

ACAP 
source 

Water surface 
elevation source 

Clear Lake 
Reservoir CA 1980–2020 Observed Daily 

Timeseries 7.7 19,055 4,480 Ferrari 
[2009] 

1980 - 
12/25/2010: 

DORs; 
Reclamation 
Hydromet 
thereafter 

Copco 1 CA N/A 

Low = Min Op. Elev. 36.2 905 

2,604 

PacificCorp. 
(2004). 
FERC 

Project No. 
2082. 

PacificCorp. 
(2004). FERC 

Project No. 2082. 
Mean = Mean Op. Elev. 38.7 945 

High = Max Op. Elev. 40.8 980 

Fourmile Lake OR N/A 

Low^ = Full 45.1 960 

5,744 

Johnson, D. 
(1985). Atlas 
of Oregon 

Lakes 

Johnson, D. 
(1985). Atlas of 
Oregon Lakes 

and Reclamation 
SOP 2012 

High = 35 ft below full 50.7 380 

Highest = 10 ft below 
full 53.8 567 

Gerber Reservoir  OR 1980–2020 Observed Daily 
Timeseries 18.6 2,455 4,821 

1925 
Reservoir 

Survey 

1980 - 
12/25/2010: 

DORs 
Reclamation 
Hydromet 
thereafter 

Howard Prairie 
Reservoir OR 1980–2020 Observed Daily 

Timeseries 25.8 1,570 4,527 

Reclamation 
CPN region 

office 
[2022] 

Bureau of 
Reclamation 

Columbia-Pacific 
Northwest 

Region 
Hydromet. 
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Table 2.—Lake and reservoir characteristics under current conditions 

Lake or reservoir State 
Observation 

period 
Current conditions 

depth run(s) 
Depth 
(ft)** Area (ac) 

Elevation 
(ft) 

ACAP 
source 

Water surface 
elevation source 

Hyatt Reservoir OR 1980–2020 Observed Daily 
Timeseries 14.8 738 5016 

Reclamation 
CPN region 

office 
[2022] 

Bureau of 
Reclamation 

Columbia-Pacific 
Northwest 

Region 
Hydromet. 

Iron Gate 
Reservoir CA N/A 

Low = Min Op. Elev. 55.0 900 

2,326 

PacificCorp. 
(2004). 
FERC 

Project No. 
2082. 

PacificCorp. 
(2004). FERC 

Project No. 2082. 
Mean = Mean Op. Elev. 56.6 910 

High = Max Op. Elev. 62.3 944 

JC Boyle 
Reservoir OR N/A 

Low = Min Op. Elev. 9.4 160 

3,792 

PacificCorp. 
(2004). 
FERC 

Project No. 
2082. 

PacificCorp. 
(2004). FERC 

Project No. 2082. 
Mean = Mean Op. Elev. 9.8 205 

High = Max Op. Elev. 12.3 220 

Lake Ewauna  OR 

Hydraulic 
modeling 

Low = 1,000 ft3/s water 
level 6.5 299 

4,088 
2018 

bathymetric 
survey 

Reclamation. 
(2021b) 2018 Mean = 2018 water 

level 8.1 308 

Hydraulic 
modeling 

High = 10,000 ft3/s 
water level 11.6 319 

Lower Klamath 
NWR CA 

Depth: 2010–2016 
GLEV area: 1984–

2018 

Low = min. depth 0.5 approx. 
2,000 to 
9,000* 

4,078 

U.S. Fish 
and Wildlife 
Service, D. 

(2016)  

U.S. Fish and 
Wildlife Service, 

D. (2016)  
Mean = mean depth 1.9 

High = max. depth 3.6 

Tule Lake NWR  CA 1980–2020 Observed Daily 
Timeseries 4.6 242 4032 

Topo Maps 
12-D-983 & 
984 (1986) 

Klamath Basin 
Reclamation Area 
Office; Tulelake 

Irrigation District 

Upper Klamath 
Lake  OR 1980–2020 Observed Daily 

Timeseries 7.6 81,749 4,141 

Klamath 
Basin 

Reclamation 
Area Office 

[2017] 

Klamath Basin 
Reclamation Area 

Office  

Willow Valley 
Reservoir: AKA - 

Lost River 
Reservoirs 

OR & 
CA 2020 

Low  1.0 

3,954* 4526 
Area Source: Buto, S. G., & 

Anderson, R. D. (2020). NHDPlus 
High Resolution. 

Mean  7.5 

High  15.0 

     *Area derived from GLEV dataset (B. Zhao et al. 2023). 
     ^’Low’ depth that represents the average Fourmile Lake depth when at full capacity, is the depth used in the main/best run. 
     **Depths and Areas for 'observed daily timeseries' are median depths and areas from WY 1981 to WY 2020. Note that ‘Observed Daily timeseries depths 

vary on a daily basis, while low, mean, and high depth runs have a constant depth throughout the entire run. 
     ***NWR = National Wildlife Refuge; Op. Elev. = operating elevation; min. = minimum; max. = maximum; ac. = acres; ft. = feet; ft3/s = cubic feet per 

second. 
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c. Area Timeseries 512 
Volumetric evaporation under current conditions is estimated by multiplying the simulated daily 513 
evaporation rate by a daily waterbody area. Daily timeseries of reservoir area are available for all 514 
the reservoirs that have observed daily depth data; however, the daily area observations do not 515 
account for ice cover during the winter months. Turbulent fluxes such as evaporation from lakes 516 
cease during ice-covered durations, even though conductive heat flow continues through the 517 
snow and ice (Brown and Duguay 2010). Therefore, for all reservoirs, an average monthly 518 
waterbody area is determined from the Global Lake Evaporation Volume (GLEV; Zhao, G., Li, 519 
Y., Zhou, L., Gao 2022) dataset, which runs from 1985 to 2018. Zhao et al. (2022) estimate 520 
average monthly waterbody area using a Landsat-based global surface water dataset (GSWD; 521 
Pekel et al. 2016) for all lakes in the HydroLakes database (Messager et al. 2016). Ice covered 522 
area is accounted for within the GWSD dataset and removed from the monthly surface areas by 523 
modeling the monthly fraction of ice duration using reanalysis air temperature and freeze/thaw 524 
lags. 525 
 526 
The GLEV areal dataset accounts for different lake configurations over time, such as those 527 
observed at UKL. For example, each part of UKL, that at times is connected to the overall lake, 528 
has a different identification number in the HydroLakes dataset (Messager et al. 2016) and a 529 
monthly area timeseries associated with that portion of the lake. All area timeseries associated 530 
with UKL are then added together to calculate the overall areal extent of UKL. This is also the 531 
case with Lower Klamath NWR. The surface area from Tule Lake NWR includes surface areas 532 
from both Sump 1A and Sump 1B. 533 
 534 
As waterbody area is needed from WY 1981 to WY 2020 and the GLEV dataset begins in 1985 535 
and ends in 2018, monthly averages are estimated from the adjacent five years of data due to the 536 
high interannual variability observed in waterbody areas (figure A-3). For instance, to fill in 537 
monthly waterbody area from 2019 through WY 2020, monthly averages are determined from 538 
the previous five years of data (2014 through 2018). To fill in WY 1980 through 1984, monthly 539 
averages from 1985 through 1989 are assigned. Disaggregation from monthly waterbody area to 540 
daily waterbody area is accomplished by assuming waterbody area is constant for each day of the 541 
month. 542 
 543 
Given the aggregated nature of modeling evaporation loss from the Lost Basin reservoirs, a 544 
constant daily average area is used to estimate the daily volumetric evaporation loss from these 545 
waterbodies. It is not possible to use the GLEV area dataset (Zhao, G., Li, Y., Zhou, L., Gao 546 
2022) for all of the waterbodies in the Lost Basin as GLEV only incorporates waterbodies over 547 
10 hectares in area; many of the 132 reservoirs identified in the Lost Basin were less than 10 548 
hectares. Using the NHDPlus High Resolution dataset (Buto and Anderson 2020) it is 549 
determined that the total area of the 132 small independent reservoirs in the Lost Basin is 550 
approximately 33 km2. Out of the 132 reservoirs, perennial reservoirs covered 16 km2; 551 
intermittent reservoirs covered 13 km2, and marsh/swamp waterbodies covered 4 km2. For the 552 
volumetric calculations, only the area of the perennial reservoirs is used due to the unknown 553 
nature of the intermittent reservoirs. As there was no information as to the fluctuations in water 554 
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surface elevation for each of these reservoirs, a constant 16 km2 is used to estimate volumetric 555 
evaporation from WY 1981 through WY 2020. 556 

2. Pre-development Conditions 557 

Pre-development simulations of open water evaporation rates and volumes are performed as part 558 
of the Klamath NFS and intended to represent hydrometeorological conditions in the basin 559 
between WY 1981 and WY 2020, where development impacts have been removed. By utilizing 560 
the same forcing time period (i.e., gridded climate data from WY 1981 and WY 2020), we are 561 
able to estimate how the building of reservoirs and dams, the draining of wetlands and shallow 562 
 open water areas, and agriculture, may have influenced open water evaporation estimates in the 563 
basin. In this section, we describe specific changes to the open-water modeling framework used 564 
to reflect man-made influences on open water evaporation. 565 

a. Selection of Pre-development Lakes 566 
Only six of the thirteen modeled waterbodies are natural and present before development in the 567 
Klamath Basin (figure 5 and table 3). These natural lakes include: Upper and Lower Klamath 568 
Lakes, Lake Ewauna, Tule Lake, Fourmile Lake, and Clear Lake. Upper Klamath Lake is 569 
Oregon’s largest natural lake in area, although it is fairly shallow in depth. In 1921, construction 570 
on the Link River Dam was completed and moderated outflow from UKL. UKL used to flow 571 
into Link River, a short stream that emptied into Lake Ewauna, the true headwaters of the 572 
Klamath River. Before the railroad was built, during spring runoff season, overflow from 573 
Klamath River spilled southward into Lower Klamath Lake, creating 94,000 acres of marshlands 574 
and open water that were ideal for waterfowl breeding (Robbins 2022). Pre-development open 575 
water evaporation modeling of Lower Klamath Lake does not include this overflow that created 576 
a vast expanse of marshland. Evaporation and transpiration from marshlands are different from 577 
open water evaporation and cannot be modeled appropriately with the DLEM model. However, 578 
the ET occurring from this large expanse of marshland created by the overflow from Klamath 579 
River IS included in the Evapotranspiration component of the NFS, please see that report for 580 
details. Pre-development open water evaporation modeling of Lower Klamath Lake, will, 581 
however, include the larger surface area based off historical maps (Lippincott, Murphy, and 582 
Humphreys 1905). 583 
 584 
Beginning in 1905, much of Lower Klamath Lake and Tule Lake and surrounding wetlands were 585 
drained for agricultural purposes. Clear Lake Reservoir was created in 1910 with the 586 
construction of a rockfill dam that also reduced flows into Tule Lake while providing irrigation 587 
water to farmers in the Lost River Basin. Prior to the pumping of water over to Lower Klamath 588 
NWR, Tule Lake was the terminus of the closed Lost River Basin which begins at Clear Lake. 589 
Despite being the terminus of a closed basin, Tule Lake was not saline likely due lake seepage 590 
into the groundwater system on the south end (Risley and Gannett 2006). The pre-development 591 
surface area of Tule Lake at low water levels was similar to that of UKL and at high water levels 592 
was approximately 40% larger in area than UKL. 593 
 594 
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Fourmile Lake was a large natural lake located at the foot of Mt. McLoughlin, just northwest of 595 
UKL. The outflow from Fourmile Lake flowed south into Fourmile creek, but after the 596 
construction of a dam at the outlet of the lake in 1922 and the completion of the Rogue River 597 
Basin Project, a considerable portion of the outflow from the lake is now diverted to the Cascade 598 
Canal and over into the Rogue River Basin (Atlas of Oregon Lakes 1985). The impoundment of 599 
Fourmile Lake approximately doubled the surface area of the natural lake. 600 
 601 
 602 
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Figure 5.—The high-water extent of natural lakes in the Upper Klamath Basin before 603 
development began. 604 
 605 
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 606 
Table 3.—Pre-development lake characteristics and sources of data 

Lake  

Relative 
Water 

Surface 
Elevation 

Type of 
Elevation 

 Elevation 
Source ACAP source 

Elevation 
(ft) 

Area 
(ac) 

Average 
Depth 

(ft) 

Clear Lake 
High Historical 

estimation 
Lippincott et  

al., 1905 
Lippincott et  
al., 1905 and 
Reclamation, 

2009 

4,523.0 15,830 4.6 

Low Historical 
estimation 

Voorhees et 
al., 1913 4,518.5 8,000 2.0 

Fourmile High Natural River 
Sill  

Reclamation, 
2012 Johnson 1985 5,729.0 492 56.4 

Lake Ewuana High Historical 
estimation 

Lippincott et  
al., 1905 

Reclamation, 
2021 4,087.0 327 7.2 

Lower Klamath 
Lake 

High 
LKL WSE 

historical flood 
estimation 

Reclamation, 
2005 

Lippincott et  
al., 1905 

4,089.9 27,125 9.8 

Low 
Keno Reef 
Minimum 
Elevation 

Pacific Power 
& Light 

Company, 
1965. 

4,084.9 27,050 4.6 

Tule Lake 
High Historical 

estimation Abney, 1964 Lippincott et  
al., 1905 

4,065.9 102,711 24.3 

Low Historical 
estimation Abney, 1964 4,038.9 52,874 2.7 

Upper Klamath 
Lake 

High Historical 
estimation 

Dicken & 
Dicken, 1985 Reclamation, 

2023 to 
Putnam's 
Point Reef 

4,145.0 66,085 10.8 

Low 
Historical 

Putnam’s Point 
reef 

Neuman, 
2009 4,139.2 65,077 5.2 

*Elevations are NAVD88 datums. ft = feet; ac = acres. 607 

b. Average Depths 608 
No time-series data of water surface elevation exists for the pre-development lakes in the Upper 609 
Klamath Basin. Literature and geologic controls are used to determine possible bounds of pre-610 
development water surface elevation at each of the pre-development lakes (table 3). A detailed 611 
description of the pre-development ACAP relationships and their uncertainty can be found in the 612 
Klamath Natural Flow Study Hydraulic Modeling – Phase 1 & 2 report. A short summary is 613 
presented here. 614 
 615 
The pre-development ACAP conditions of UKL are developed using the current conditions 616 
ACAP in combination with historic evidence based on literature, historical maps, and 617 
topographic analysis. Based on a lack of detailed historical bathymetry for the entire lake, the 618 
bathymetry from current conditions is used for the pre-development open-water extent of UKL 619 
except for the reef at Putnam’s Point. In pre-development conditions, Putnam’s Point reef 620 
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defined the downstream boundary of the UKL ACAP in comparison to the current conditions 621 
analysis, which used the Link River Dam. 622 
 623 
Pre-development ACAP relationships for LKL are calculated based on United States 624 
Reclamation Service 1905 topographic and irrigation map of the ‘Upper and Lower Klamath 625 
Projects’ (Lippincott, Murphy, and Humphreys 1905). The map includes depth measurements 626 
and 1-ft contours within the open water body of Lower Klamath Lake. Using the elevation 627 
contours within the LKL open water extent on the 1905 map, an initial investigation into the 628 
lakebed found that subsidence has occurred likely due to wetland removal and agricultural 629 
development. In some locations the subsidence is greater than 10 ft. Therefore, it is determined 630 
that recent lidar datasets are not an accurate representation of available storage in LKL under 631 
pre-development conditions. The 1905 map provided the best available data for pre-development 632 
LKL volumes. As LKL was surrounded by broad tule wetlands in pre-development conditions, it 633 
is important to note that only the open water lake bathymetry is used for the average depth 634 
calculations and omits any areas of surrounding wetland. The low and high open water surface 635 
areas for LKL are relatively similar (i.e., within approximately 5 ft) as there is a feedback system 636 
between Klamath River and LKL during pre-development conditions that likely led to the water 637 
surface of LKL being relatively stable (see Hydraulics report for more detail). In pre-638 
development conditions, low water elevation is controlled by Keno Reef, which creates a 639 
backwater control of both Klamath River and LKL water elevations (Voorhees, Hopson, and 640 
Patch 1913). Low LKL water elevations will be moderated by a greater amount of Klamath 641 
River water flowing into LKL, while high LKL water elevations will be moderated by greater 642 
amount of LKL water flowing into the Klamath River. 643 
 644 
Like the LKL ACAP, the Tule Lake ACAP for the pre-development condition is created with the 645 
same 1905 topo-bathymetric map (Lippincott et al. 1905). For Tule Lake, the map also includes 646 
depth measurements and 1-ft contours within the open water body. Reclamation digitized the 1-ft 647 
contours and produced a triangular irregular network (TIN) to represent the bottom surface of 648 
pre-development Tule Lake. Historic fluctuations in water surface are for Tule Lake were quite 649 
significant; Tule Lake was reported to rise nearly 15 ft over a span of a few years (Dicken & 650 
Dicken 1985). Reports suggest that the lake surface rose considerably in years that the Klamath 651 
River overflowed into the Lost River Slough (Abney 1964; Voorhees, Hopson, and Patch 1913). 652 
These reports of water surface area are used to estimate high and low pre-development water 653 
levels for Tule Lake. 654 
 655 
The pre-development ACAP for Lake Ewauna is developed using the current conditions 656 
bathymetry (Reclamation 2021b). The 1905 historic map (Lippincott, Murphy, and Humphreys 657 
1905) only provides a few depths throughout the lake which is not enough for an area-capacity 658 
analysis. 659 
 660 
Clear Lake was enlarged during development of the Klamath Project. In 2007, a bathymetric 661 
survey of Clear Lake Reservoir was completed by TSC (Reclamation 2009). Based on the 662 
bathymetric survey, an ACAP table was developed. This includes the portion of the lake that was 663 
  664 
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 mapped as inundated in the 1905 map (Lippincott, Murphy, and Humphreys 1905). The 2007 665 
ACAP relationship is used in conjunction with the outlined area of Clear Lake in the 1905 map 666 
to calculate the average depth of Clear Lake in 1905. 667 
 668 
Fourmile pre-development average depth is determined from the 1985 bathymetric map of the 669 
lake (Johnson 1985) and by assuming that the full pool elevation of Fourmile Lake corresponded 670 
to the natural river sill at 5,729 ft, as specified in the Standing Operating Procedures for Fourmile 671 
Lake (Reclamation 2012). 672 

C. Forcing Data 673 

The meteorological forcing variables required to run DLEM include downward shortwave 674 
radiation, average air temperature, wind speed, vapor pressure deficit, wind direction, and 675 
atmospheric pressure. All these variables except for atmospheric pressure are acquired from the 676 
Gridded Surface Meteorological (gridMET; Abatzoglou 2013) dataset, which is a daily surface 677 
meteorological dataset at a 4 kilometer (km) spatial resolution. Average air temperature and 678 
average relative humidity are calculated from the mean of daily maximum and minimum 679 
temperature and maximum and minimum relative humidity respectively. gridMET data is then 680 
processed from a 4 km grid resolution and spatially-averaged across the current condition surface 681 
area of each lake and reservoir as determined from the NHDPLUS HR dataset (Buto and 682 
Anderson 2020). Spatially-averaged climate data over UKL is estimated from the ‘UKL w/o 683 
Caledonia, Tulana, or Goose Bay’ configuration and spatially-averaged climate data for the Lost 684 
River Basin Reservoirs is estimated over the area of Willow Valley Reservoir. 685 
 686 
As gridMET does not include atmospheric pressure, the variable is estimated using the ASCE 687 
equation (ASCE-EWRI 2005) and reservoir elevation. Atmospheric pressure is assumed constant 688 
over current and pre-development conditions. 689 
 690 
Figure 6 shows the average annual air temperature over Klamath Basin and figure 7 shows the 691 
average daily incoming solar radiation over the basin. Average annual air temperature ranges 692 
from around 55 degrees Fahrenheit (°F) near Iron Gate Reservoir to around 30 °F near Fourmile 693 
Lake. In UKB solar radiation is highest in the south and eastern parts, with Gerber Reservoir 694 
receiving a daily average of 211 Watts per square meter (W/m2) while waterbodies in the 695 
western part of the basin, such as Fourmile Lake, receive an average of 202 W/m2 of solar 696 
radiation each day. 697 
 698 
 699 
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Figure 6.—30-year average annual air temperature (˚F) from 1981 to 2010 over the Klamath 700 
Basin. 701 

 702 
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Figure 7.—30-year average daily solar radiation (W/m2) from 1981 to 2010 over the Klamath 703 
Basin. 704 
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III. Results 705 

The DLEM is run from January 1, 1979 to September 30, 2020, with results focusing on WY 706 
1981 through WY 2020 for each of the 13 lakes and reservoirs modeled in the NFS. In this 707 
section, results focus on modeling evaporation under current conditions at observed average 708 
depths or depth ranges. Following the current conditions results, pre-project results are presented 709 
where pre-project average depths and areas are used to simulate open water evaporative losses. 710 
All results presented are water year totals, however, figure axes are often labeled as ‘annual’ for 711 
clarity and thus for the purpose of this report, annual refers to a WY total or average. 712 

A. Current Conditions 713 

1. Open Water Evaporation Rates 714 

Average daily evaporation rates for the current conditions mean/observed run are shown in 715 
figure 8. Average daily evaporation rates range from a minimum of -0.009 inches per day 716 
(in/day) to maximum of 0.053 in/day depending on the time of year and the reservoir. DLEM is 717 
able to simulate negative evaporation which represents the process of condensation. 718 
Condensation can form on the surface of a lake when the water temperature is colder than the 719 
ambient dewpoint temperature. The mean range in average daily evaporation rates between the 720 
5th and 95th percentile is lowest at Fourmile Lake at approximately 0.0073 in and highest at Iron 721 
Gate Reservoir at approximately 0.01 in. Average daily evaporation rates appear to have the 722 
largest variability in the spring months and the lowest variability in the winter months. 723 
 724 
 725 
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726 
Figure 8.—The distribution of average daily evaporation rates from WY 1981 through WY 2020 for 727 
the observed/mean run under current conditions. For Fourmile Lake this is the ‘Full-Low Depth’ 728 
run. Red shading indicates the 5th and 95th percentiles of daily evaporation rates modeled from 729 
WY 1981 through WY 2020, while the black line indicates the median value. 730 

 731 
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Differences in average daily evaporation rates across the depth runs can be seen in figure 9. 732 
Larger differences due to reservoir depth occur in the cooler months, where evaporation rates are 733 
small, while depth has less of an influence on average daily evaporation rates in the summer or 734 
warmer months. As a reservoir or lake increases in depth changes in heat storage impact daily 735 
evaporation rates. The deeper the waterbody, the longer it takes to warm up the water in the 736 
spring and summer and thus evaporation rates are lower than a shallower waterbody. However, 737 
those deep-water layers store extra heat and can release it in the form of evaporation during the 738 
fall and winter months, leading to higher daily evaporation rates for the deeper waterbodies than 739 
the shallower waterbodies during this time of year. The results in figure 9 show this phenomenon 740 
as the low depth runs have higher evaporation as compared to the mean/observed depth run from 741 
spring to mid-summer and then lower evaporation in the fall and early winter. The higher depth 742 
runs show the opposite pattern, where evaporation rates are smaller from the early winter 743 
through mid-summer and then larger from mid-summer through early winter. 744 
 745 
 746 
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747 
Figure 9.—The median percent difference in average daily evaporation rates between the mean 748 
run and the low depth run (solid blue line) or the high depth run (dashed red line) from WY 749 
1981 through WY 2020, computed as the (low/high depth run minus the mean depth run) 750 
divided by the mean depth run under current conditions. Fourmile Lake includes the low depth 751 
run (which is when the lake is full) to the high (solid blue line) and highest (dashed red line) 752 
depth runs. 753 
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Mean monthly evaporation rates for each reservoir and depth uncertainty run can be seen in 754 
figure 10. Mean monthly evaporation peaks in July for the shallower reservoirs with depths less 755 
than approximately 12 ft (Clear Lake Reservoir, JC Boyle, Lake Ewauna, Upper Klamath Lake, 756 
Willow Valley Reservoir, and Lower Klamath and Tule Lake NWRs) and August for the deeper 757 
reservoirs with depths over 25 ft (Copco 1, Fourmile Lake, Howard Prairie Lake, and Iron Gate 758 
Reservoir). Mean monthly evaporation in reservoirs that have depths around 15 to 20 ft have 759 
similar peak monthly evaporation in both July and August (Gerber and Hyatt Reservoir). 760 
 761 
Reservoir depth influences monthly evaporation trends, with the low depth runs exhibiting 762 
higher evaporation than the mean depth run during the spring months, while high depth runs 763 
have more evaporation than the mean depth run during the fall months. This trend is more 764 
pronounced in the Willow Valley Reservoir where depth was varied by up to 14 ft and 765 
evaporation rates could change by up to 30 percent in the month of November between the mean 766 
and maximum depth run. All other reservoirs, where variations in depth are based off of 767 
operational levels or objective water levels, have much smaller variations in monthly evaporation 768 
rates due to changes in depth. For instance, Iron Gate Reservoir operates between an average 769 
depth of 55.0 ft to an average depth of 62.3 ft. The largest difference in mean monthly 770 
evaporation rates at Iron Gate between the maximum and the minimum operating level is 12.5 771 
percent in the month of January when evaporation rates are around 1.7 in per month. 772 
 773 
 774 
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775 
Figure 10.—Mean monthly evaporation for each depth run from WY 1981 through WY 2020 under 776 
current conditions. 777 

 778 
 779 
Changes in reservoir depth do not influence annual evaporation rates to the same extent as they 780 
influence daily and monthly rates (figure 11). For instance, median annual evaporation rates for 781 
Copco 1 vary by less than a tenth of an inch between the lowest operational level (low depth run) 782 
and the highest operational level (high depth run). Willow Valley Reservoir has the largest 783 
difference in median annual evaporation rates between the 1-ft depth run (low depth run) and 15-784 
ft depth run (high depth run) of 0.75 in. 785 
 786 
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787 
Figure 11.—The distribution of annual open water evaporation rates from WY 1981 through WY 788 
2020 for all modeled lakes and reservoirs in Upper Klamath Basin grouped by depth model run 789 
under current conditions. The box limits correspond to the 25th and 75th quartiles and the 790 
horizontal line within the box represents the median. Whiskers extend to 1.5 ± the interquartile 791 
range. Outliers are represented by black filled circles. 792 

a. Model Validation of Evaporation Rates 793 
Only a select number of field observations are available to compare the DLEM results to in order 794 
to assess model performance. A USGS study from 2013 investigated wetland and open-water 795 
evaporation at multiple sites around UKL (Stannard et al. 2013). Open-water evaporation from 796 
UKL was measured using the Bowen-ratio energy balance method at two locations across the 797 
lake during the warmer months of 2008–2010. The Bowen-ratio energy balance method employs 798 
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an energy balance equation that uses net radiation, net advected energy (relates flow into and out 799 
of the lake with water temperatures), energy transferred to the lakebed (which can be estimated 800 
by lakebed temperatures, changes in energy storage within the lake (estimated by average water 801 
temperatures), and the Bowen ratio (estimated using water and air temperature and vapor 802 
pressure). The majority of these parameters were measured from two floating meteorological 803 
stations and streamflow gages. 804 
 805 
Figure 12 displays the total evaporation estimated from the Bowen-ratio energy balance method 806 
at two different sites compared to the modeled DLEM evaporation during the same two-week 807 
periods, while table 4 gives the associated model error statistics. DLEM compares extremely 808 
well to the UKL evaporation estimates from Stannard et al. (2013). DLEM has an overall 809 
positive percent bias (computed as simulated minus observed divided by observed) and tends to 810 
overestimate evaporation by 2.1 percent. In 2008, DLEM appears to overestimate evaporation in 811 
all months except October, while in 2009 and 2010, DLEM appears to overestimate more during 812 
the summer months and underestimate evaporation during the spring and early fall months. 813 
Given that the DLEM model is constructed to simulate a reservoir- average evaporation rate, and 814 
the USGS energy budget estimates are computed for portions of the lake using meteorological 815 
forcings from individual sites, some differences across estimation methods are to be expected. 816 
 817 
 818 

Table 4.—Statistical comparison of DLEM current conditions results to observed field 
studies. 

Reservoir 
or lake Field study 

Measurement 
duration Year 

Average MAE 
(inches/day) 

Percent 
bias 
(%) 

Upper 
Klamath 

Lake 

Stannard et al., 
2013 Two weeks 

2008 0.014 4.6 
2009 0.015 5.1 
2010 0.015 -1.5 

Combined 0.015 2.1 

Clear Lake 
Reservoir 

Reclamation, 
2021a Monthly 

2018 0.043 19.5 
2019 0.052 12.7 

Combined 0.048 15.1 

Gerber 
Reservoir 

Reclamation, 
2021a Monthly 

2018 0.063 30.9 
2019 0.026 12.3 

Combined 0.049 23.9 
     *MAE = Mean absolute error; percent bias = 100*sum[(simulated-obs)/sum(obs)] 
     **For comparison statistics to the UKL Stannard 2013 study, MAE is calculated using data from 

both sites. 
 819 
 820 
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 821 
Figure 12.—Upper Klamath Lake two-week evaporation estimates from the DLEM (dark blue) current 822 
conditions runs, and the two field sites reported in Stannard et al. 2013 (light blue and green). 823 
 824 
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Another study conducted by Reclamation in 2021 developed open water evaporation estimates 825 
from Clear Lake and Gerber Reservoirs using the EC method (Reclamation 2021a). When 826 
applied correctly, the EC method is considered one of the most accurate ways to estimate open-827 
water evaporation estimates (Friedrich et al. 2018). The EC method relies on the notion that 828 
turbulent water vapor fluxes moving through the air are related to the concentration of water 829 
vapor and the speed and frequency of eddies. Through turbulent exchange, energy and mass are 830 
transferred between the water surface and the atmosphere by these eddies. EC measurements 831 
were collected using shore stations (i.e., land-based) and floating stations (i.e., located over 832 
water) at both reservoirs during most months from June to September in 2018 and 2019. Gaps in 833 
EC data can occur from power failures, equipment malfunctions, animal disturbances, weather 834 
events, and quality control measures (e.g., land contamination from wind direction). These gaps 835 
were filled using a method referred to as multiple imputation and can lead to uncertainty in total 836 
evaporation estimates. 837 
 838 
Monthly evaporation totals from the EC method in Reclamation (2021a) were compared to 839 
monthly estimates simulated by the DLEM for both reservoirs. Comparisons were only made 840 
when EC measurements were available for the entire month. Figure 13 shows the difference in 841 
monthly total evaporation between the DLEM model estimates and the two types of EC 842 
estimates. Relative to the EC estimates, DLEM appears to overestimate evaporation in all 843 
months except for November with an overall bias of 15.1 and 23.9 percent at Clear Lake and 844 
Gerber Reservoirs respectively. 845 
 846 
While it is apparent that larger discrepancies exist when comparing field-measured evaporation 847 
to modeled evaporation at Clear Lake and Gerber Reservoirs than at UKL, these discrepancies 848 
can arise from a variety of reasons. For example, the field study completed by Reclamation to 849 
acquire estimates of open-water evaporation from EC methods had a number of complications 850 
that led to data gaps that were filled in empirically; however, the number of measurements filled 851 
in was never more than 1.25 percent of the total measurements taken for that year and thus does 852 
not account for the majority of the difference observed between the two estimation methods. 853 
Evaporation is a very difficult parameter to measure, and field measurements using the EC can 854 
have anywhere from 15 to 30 percent error for an experienced operator (Allen et al. 2011). 855 
Therefore, a percent bias ranging from 2.1 to 23.9 percent depending on the reservoir modeled 856 
represents reasonable error for modeled evaporation. 857 
 858 
 859 
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Figure 13.—Clear Lake and Gerber Reservoir estimates of evaporation from DLEM current 860 
conditions runs (dark blue), floating platform eddy covariance (gold), and shore eddy covariance 861 
(pink). Eddy covariance estimates originate in Reclamation 2021. 862 
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2. Open Water Evaporation Volumes 863 

The annual distribution of average daily evaporation volumes is shown in figure 14 for all 864 
modeled waterbodies. Most lakes and reservoirs exhibit a similar distribution of average daily 865 
evaporation volumes over the course of the year as the daily evaporation rates (figure 8), with the 866 
volume of evaporation peaking in mid to late summer. However, open water evaporation 867 
volumes at Lower Klamath NWR follow a very different annual cycle that is representative of 868 
the management of the refuge at various parts of the year and the respective surface area of the 869 
open water. 870 
 871 
 872 



Technical Memorandum ENV-2024-006 
Klamath River Basin Revised Natural Flow Study 
Phase 1 & 2 Open Water Evaporation Modeling  
 
 

 
 
40 

 873 

874 
Figure 14.—Average daily evaporation volumes (acre-ft) from WY 1981 through WY 2020 for 875 
the mean/observed depth run under current conditions. Red shading indicates the 5th and 876 
95th percentiles of daily evaporation rates modeled from WY 1981 through WY 2020, while 877 
the black line indicates the median value. Note the varying y-axis range among plots. 878 
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Timeseries of annual open water evaporation volumes is shown in figure 15 in addition 879 
to the corresponding average annual area for each modeled waterbody. The distribution 880 
of annual total open water evaporation volumes is shown in figure 16. While 881 
evaporation rates at each of these waterbodies are very similar (figure 8), the volume of 882 
water that evaporates from each waterbody varies considerably based on the lake or 883 
reservoir size. Upper Klamath Lake, which has a surface area of around 60,000 acres 884 
depending on the year, has the largest current conditions volumetric evaporative loss of 885 
all modeled waterbodies, ranging from approximately 217 thousand acre-feet (TAF) to 886 
upwards of 255 TAF per year. Smaller reservoirs such as Hyatt and Howard Prairie, 887 
which are closer to approximately 600 and 1,300 acres in area, have annual volumetric 888 
evaporative losses between 2 and 6.5 TAF. There is considerable interannual variability 889 
in the volumetric evaporative loss from these reservoirs, due in part to the interannual 890 
variability in evaporation rates, but due mostly to the large interannual variability that 891 
exists in water body surface areas. For instance, the area associated with Lower Klamath 892 
NWR has fluctuated from approximately 1,870 acres in 2015 to over 8,000 acres in 893 
previous years. 894 
 895 
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 896 
Figure 15.—Timeseries of annual open water evaporation volume under current conditions in 897 
thousand acre-feet (TAF) on left y-axis (where the red, blue, and gold lines indicate the depth 898 
of the run) and average annual area (thousand acres; dashed black line) on right y-axis. Note 899 
the scale differences on both y-axis for each waterbody. 900 
 901 
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 902 
Figure 16.—Current conditions annual evaporation volumes in thousand acre-feet (TAF) from all 903 
modeled Klamath Basin waterbodies for the mean/observed depth run. For clarity, the subset shows 904 
annual volumetric evaporation distributions from all waterbodies except Clear Lake Reservoir and 905 
Upper Klamath Lake. Note the difference in y-axis scales. The box limits correspond to the 25th and 906 
75th quartiles and the horizontal line within the box represents the median. Whiskers extend to 1.5 ± 907 
the interquartile range. Outliers are represented by filled circles. 908 

B. Pre-development Conditions 909 

Pre-development simulations performed as part of the Klamath NFS are intended to represent 910 
hydrometeorological conditions in the basin between WY 1981 and WY 2020, where 911 
development impacts have been removed. By utilizing the same forcing time period (i.e., gridded 912 
climate data from WY 1981 and WY 2020), we are able to estimate how the building of 913 
reservoirs and dams, the draining of wetlands and shallow open water areas, and agriculture, may 914 
have influenced open water evaporation estimates during a recent time period in the UKB. In this 915 
section, we present daily, monthly, and annual open water evaporation trends under pre-916 
development conditions. 917 

3. Open Water Evaporation Rates 918 

The distribution of pre-development average daily open water evaporation rates at both 919 
the high (red line and shading in figure 17)  and low water levels (blue line and shading 920 
in figure 17)  as compared to the current conditions (orange line) median daily 921 
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evaporation rate is shown in figure 17. The only difference between these three model 922 
runs is the average depth of the lake which can be found in table 2 (current conditions) 923 
and table 3 (pre-development conditions). As was shown in the current conditions depth 924 
uncertainty runs (figure 9), during spring through fall, higher water levels that 925 
correspond to a deeper lake are characterized by lower evaporation rates. However, 926 
higher water levels can increase evaporation rates in winter due to heat storage effects. 927 
This can be seen in figure 17 at Fourmile Lake, where the current conditions median 928 
daily evaporation rate (average depth = 45.1 ft) is higher during all warmer months than 929 
the pre-development high water level (average depth = 56.4 ft) median daily evaporation 930 
rate. 931 
 932 
Tule Lake also exhibits seasonal differences in daily evaporation when comparing pre-933 
development high and low water levels and the current conditions water level. Tule Lake 934 
is one of the shallower lakes in Upper Klamath Basin, with the observed average depth 935 
of Sump 1A fluctuating from between 0 and 18.6 ft, with a median depth of 4.6 ft from 936 
WY 1981 through WY 2020. Pre-development average depths are held constant for the 937 
duration of each model run and are set at 24.2 ft for the high-water level run and 2.7 ft 938 
for the low water level run. In figure 17 it is apparent that the pre-development low 939 
water level (blue line and shading) at Tule Lake has higher daily evaporation rates than 940 
the pre-development high water level (red line and shading) from early spring through 941 
August. However, from September through early January, the pre-development high 942 
water level at Tule Lake has higher average daily evaporation rates than the low water 943 
level, primarily due to increased heat storage that occurs in deeper lakes. The current 944 
conditions average daily evaporation rates at Tule Lake appear to mimic the seasonal 945 
dynamics of the pre-development low water level conditions more closely. 946 
 947 
Unlike Fourmile and Tule Lake, pre-development average daily evaporation rates at 948 
Clear Lake, Lake Ewauna, and Upper Klamath Lake are similar to the current conditions 949 
average daily evaporation rates. Lower Klamath Lake, on the other hand, shows pre-950 
development average daily evaporation rates that are slightly lower than the current 951 
conditions average evaporation rates from early spring through August. This small 952 
change in evaporation rates at Lower Klamath Lake is due to the fact that the lake was 953 
deeper in pre-development conditions (average depth ranged from 4.7 to 9.7 ft) than it is 954 
currently (mean average depth of 1.9 ft). 955 
 956 
 957 
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Figure 17.—Average daily evaporation rates from WY 1981 through WY 2020 under 958 
pre-development conditions. Red and blue shading indicates the 5th and 95th 959 
percentiles of daily evaporation rates for the pre-development high and pre-960 
development low conditions respectively. The orange line indicates the median 961 
evaporation rate for the mean/observed current conditions. 962 

 963 
 964 
Similar to average daily evaporation rates, some of the lakes have larger changes than 965 
others in annual evaporation rates when comparing current and pre-development 966 
conditions (figure 18); however, all lakes have higher median annual evaporation rates 967 
under current conditions as compared to pre-development conditions. Tule and Lower 968 
Klamath Lake have the largest differences in median annual evaporation when 969 
comparing pre-development and current conditions. Both lakes exhibit higher median 970 
annual evaporation rates during current conditions than they do during pre-development 971 
conditions, with the largest median difference of approximately 0.42 ft at LKL and 0.35 972 
ft at Tule Lake. Median differences in annual evaporation rates at Fourmile are about 973 
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half that seen at Tule and LKL at approximately 0.22 ft, while median differences at 974 
Lake Ewauna, Clear Lake, and UKL are even smaller at approximately 0.15, 0.04, and 975 
0.7 ft, respectively. 976 
 977 
 978 

Figure 18.—The distribution of pre-development high (red), pre-development low 979 
(gold), and current conditions mean/observed (dark blue) annual open water 980 
evaporation rates from WY 1981 through WY 2020. The box limits correspond to the 981 
25th and 75th quartiles and the horizontal line within the box represents the median. 982 
Whiskers extend to 1.5 ± the interquartile range. Outliers are represented by black 983 
filled circles. 984 

4. Open Water Evaporation Volumes 985 

Pre-development open water evaporation volumes are estimated from daily evaporation rates 986 
multiplied by the surface area of the lake at both high and low water levels if data was available. 987 
The average annual surface area of each lake under high and low water level pre-development 988 
conditions can be seen in figure 19. Observed average annual areas from WY 1981 through WY 989 
2020 are also shown in figure 19. The largest differences in surface areas when comparing pre-990 
development and current conditions occurs at Lower Klamath and Tule Lakes. Drainage of these 991 
lakes and surrounding areas reduced inflows significantly thus decreasing their average annual 992 
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areas by approximately 80 and 93 percent, respectively, from pre-development high water level 993 
conditions. In contrast, pre-development and current conditions surface areas at Clear Lake and 994 
Fourmile Lake are fairly similar, while pre-development surface areas at UKL and Lake Ewauna 995 
are slightly larger than current conditions. 996 
 997 
 998 

Figure 19.—A timeseries of current conditions (dark blue solid line) average annual area 999 
compared to the fixed high (red dashed line) and fixed low (gold dashed line) pre-1000 
development areas. 1001 

 1002 
 1003 
The largest volume of open water evaporation during pre-development conditions occurs 1004 
at Tule Lake, assuming high water levels with over 380,000 acre-ft of evaporation 1005 
occurring annually. This volumetric loss is over eight times the volume of average 1006 
annual evaporation that occurs under current conditions (figure 20). UKL has the second 1007 
largest contribution to open water evaporation volume under pre-development 1008 
conditions with approximately 240,000 acre-feet loss annually; however, that annual 1009 
quantity (ie. volume) of evaporation has not significantly changed from current 1010 
conditions. 1011 
 1012 
Lower Klamath Lake used to cover approximately 27,000 acres in pre-development 1013 
conditions (excluding overflow from Lake Ewauna during spring runoff) but in current 1014 
conditions rarely is larger than 8,000 acres. This leads to a five-fold increase in the open 1015 
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water evaporation volume when comparing current conditions to pre-development 1016 
conditions. 1017 
 1018 
Lake Ewauna was also larger in area during pre-development conditions than it is now; 1019 
however, this increase in area is less than 100 acres. Evaporative volumes from Lake 1020 
Ewauna are small in comparison to the other natural lakes due to its small size with an 1021 
annual median of around 1.2 TAF in current conditions and 1.3 TAF in pre-development 1022 
conditions. 1023 
 1024 
Pre-development evaporation volumes from Fourmile Lake are less than current 1025 
evaporation volumes after the enlargement of the lake due to the construction of 1026 
Fourmile dam. Pre-development evaporation volumes from the natural lake were around 1027 
1.7 TAF while current evaporation is around 2.1 TAF. Similarly, the average surface 1028 
area of Clear Lake is larger during current conditions than it was pre-development. 1029 
Current evaporation volumes from Clear Lake are approximately 77 TAF, while pre-1030 
development evaporative volumes are closer to 60 TAF. 1031 
 1032 
 1033 

Figure 20.—The distribution of pre-development high (red), pre-development low (gold), 1034 
and current conditions mean/observed run (dark blue) annual evaporation volumes in 1035 
thousand acre-feet (TAF) from WY 1981 through WY 2020. The box limits correspond to the 1036 
25th and 75th quartiles and the horizontal line within the box represents the median. 1037 
Whiskers extend to 1.5 ± the interquartile range. Outliers are represented by filled circles. 1038 
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IV. Model Sensitivity 1039 

Changes in the magnitude of different parameters and data inputs to a model can influence 1040 
results to varying degrees. The sensitivity of a model to different parameters or inputs can be 1041 
useful in understanding a model’s degree of uncertainty (which is discussed in the next section). 1042 
We investigate three different areas of uncertainty in our DLEM modeling and document how 1043 
sensitive daily, monthly, and annual evaporation rates are to each area. The three areas of 1044 
uncertainty are fetch length, forcing data, and wind speed, described as: 1045 
 1046 

1. The fact that fetch length is estimated from one lake mask, despite the fact that surface 1047 
area changes over time as lake depth changes. 1048 

2. The use of spatially-averaged climate data over each lake mask as opposed to obtaining 1049 
climate data from one central gridcell.  1050 

3. The ability of gridded climate datasets to capture wind dynamics given the spatial and 1051 
temporal variability of wind on a daily timestep. 1052 

 1053 
 1054 
In the DLEM, fetch is estimated from a constant lake surface area and does not take into account 1055 
how the surface area of a lake can change over time as lake levels change. To better understand 1056 
how sensitive evaporation rates are to changes in fetch length, Fourmile Lake and Clear Lake 1057 
Reservoir are used as test cases. Fetch is estimated for both reservoirs at an area 10 percent 1058 
greater than the average area used in all current condition model runs (called the ‘High’ run) and 1059 
10 percent less than that average area (called the ‘Low’ run). 1060 
 1061 
Figure 21 shows the distribution of differences in average daily evaporation rates between the 1062 
High and Low fetch sensitivity runs for both Fourmile Lake and Clear Lake Reservoir. The 1063 
DLEM model appears minimally sensitive to changes in fetch, with the maximum median 1064 
difference in daily evaporation rates between Low and High fetch runs equaling 0.0005 in (0.46 1065 
percent median difference in evaporation rate) for Fourmile Lake and 0.0003 in (0.43 percent 1066 
median difference in evaporation rate) for Clear Lake Reservoir. The larger differences in 1067 
evaporation rates at Fourmile Lake occur during the winter months on abnormally windy days. 1068 
Despite larger differences in the winter average daily evaporation rates between the low and high 1069 
fetch runs, differences in annual evaporation rates are negligible (figure 22). The median WY 1070 
(ie., annual) evaporation difference between the low and high fetch sensitivity runs are 0.0047 1071 
and 0.0058 in for Clear Lake Reservoir and Fourmile Lake respectively. Overall, this fetch 1072 
sensitivity analysis shows that the assumption to use a constant surface area despite fluctuating 1073 
water levels has minimal impact on modeled daily evaporation rates. 1074 
 1075 
 1076 
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Figure 21.—Average difference in average daily open water evaporation rates from WY 1077 
1981 through WY 2020 between model runs where fetch is estimated at 10 percent less 1078 
surface area than average minus the run where fetch is estimated at 10 percent more 1079 
surface area than average. Median differences are shown with the thick dark red line, 1080 
while the 5th and 95th percentile differences are outlined by the thin dark red line. 1081 
Differences are computed as the ‘Low’ run minus the ‘High’ run. 1082 

 1083 
 1084 
 1085 
 1086 
 1087 
 1088 
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Figure 22.—The distribution of WY open water evaporation rates from WY 1981 to WY 1089 
2020 the low water level (red) and high-water level (gold) fetch sensitivity runs at 1090 
Clear Lake Reservoir and Fourmile Lake. The box limits correspond to the 25th and 1091 
75th quartiles and the horizontal line within the box represents the median. Whiskers 1092 
extend to 1.5 ± the interquartile range. Outliers are represented by black filled circles. 1093 

 1094 
 1095 
Another input that DLEM results could be sensitive to comes from the assumption that area-1096 
averaged climate data is the best way to represent climate across large reservoirs, given DLEM is 1097 
a one-dimensional model and provides reservoir-average estimates of evaporation. To investigate 1098 
this assumption, Upper Klamath Lake is used as a test lake as it is the largest modeled lake in the 1099 
Upper Klamath Basin and is over 25 miles long. DLEM runs are completed using climate data 1100 
acquired from a single gridMET gridcell at four different locations across UKL (figure A-3) and 1101 
compared to the area-averaged climate data UKL run (using the ‘UKL w/o Caledonia, Tulana, or 1102 
Goose Bay’ configuration). Figure 23 shows the distribution of mean differences in daily 1103 
evaporation rates between the area-averaged climate data run at UKL and the single gridcell 1104 
climate data runs (for each combination). Differences in daily evaporation rates are minimal with 1105 
median differences at the north locations (Agency and North UKL) being slightly less than the 1106 
area-averaged UKL run while median differences at the more southern UKL locations (Mid and 1107 
South UKL) are slightly larger than the area-averaged UKL run. Differences are more 1108 
pronounced in the summer months, where daily evaporation is at most ± 0.02 in different from 1109 
the area-averaged UKL run. Given daily evaporation rates range from approximately 0.2 to 0.3 1110 
in/day in the summer depending on the day and the location, it appears that using spatially-1111 
averaged climate data instead of a single gridcell impacts daily evaporation rates by upwards of 1112 
10 percent in the summer. 1113 
 1114 
Annual differences in evaporation between the area-averaged and single gridcell UKL runs are 1115 
shown in figure 24. The more southernly locations have slightly more evaporation due to 1116 
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increased temperatures than the more northernly locations, with the area-averaged run annual 1117 
evaporation falling in-between. Median differences in annual evaporation rates between runs are 1118 
minimal though, with 3.78 ft of evaporation at South UKL as compared to 3.69 ft of annual 1119 
evaporation at Agency and 3.72 ft of evaporation for the area-averaged UKL run. 1120 
 1121 
 1122 

Figure 23.–Average difference in average daily open water 1123 
evaporation rates from WY 1981 through WY 2020 between the 1124 
standard ‘UKL w/o Caledonia, Tulana, or Goose Bay’ run with 1125 
area-averaged climate data and the single gridcell climate data 1126 
runs at various locations across UKL. Median differences are 1127 
shown with the thick dark red line, while the 5th and 95th 1128 
percentile differences are outlined by the thin dark red line. 1129 
Differences are computed as the standard run minus the single 1130 
gridcell run. 1131 
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Figure 24.—Annual evaporation rates from WY 1981 through WY 2020 for the four 1132 
single gridcell UKL runs and the area-averaged climate data UKL run (Area-Avg UKL). 1133 
The box limits correspond to the 25th and 75th quartiles and the horizontal line 1134 
within the box represents the median. Whiskers extend to 1.5 ± the interquartile 1135 
range. Outliers are represented by black filled circles. 1136 

 1137 
 1138 
We also investigate the sensitivity of DLEM to wind speed, given its spatial variability across 1139 
small distances and the uncertainty associated with wind speed in gridded datasets. Local 1140 
topography and surface roughness have been shown to significantly impact wind speed thus 1141 
making it more difficult to interpolate wind speed fields as compared to other climate variables 1142 
(Wieringa 1986). gridMET interpolated wind speeds are found to have positive biases across 1143 
forested areas, with higher correlations between observed wind speed and the gridMET 1144 
interpolated wind speeds in open areas (Abatzoglou 2013). Correlations between gridMET 1145 
gridded windspeed and observations is around 0.68 for the cold season and 0.62 for the warm 1146 
season with positive biases of 5 to 30 percent depending on location (Abatzoglou 2013). The 1147 
sensitivity of other climate variables is not investigated as variables such as maximum and 1148 
minimum temperatures are more easily represented in gridded climate datasets. For instance, the 1149 
correlation of gridMET maximum temperatures to observations is upwards of 0.94 to 0.95 1150 
(Abatzoglou 2013). 1151 
 1152 
The sensitivity of DLEM to wind speed is investigated using a series of sensitivity runs. 1153 
Specifically, wind speed sensitivity runs are completed by increasing and decreasing daily wind 1154 
speeds by 20 percent from the current conditions at Fourmile Lake, Clear Lake Reservoir, and 1155 
Upper Klamath Lake. Wind sensitivity runs at UKL are run using the ‘UKL w/o Caledonia, 1156 
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Tulana, or Goose Bay’ lake configuration. At UKL, wind can heavily influence lake dynamics as 1157 
water surface elevation can vary spatially across the lake on windy days which is why the USGS 1158 
uses four separate gages to measure water surface elevation (ORWD 2021). In contrast, Fourmile 1159 
Lake is a much smaller lake where wind is likely less spatially heterogeneous across the lake 1160 
surface. Clear Lake Reservoir is a larger lake like UKL; however, it is situated in a sunnier, 1161 
warmer area than UKL. 1162 
 1163 
Figure 25 shows the difference in average daily evaporation rates between the current conditions 1164 
run and the two wind sensitivity runs where wind was increased and decreased by 20 percent at 1165 
Clear Lake Reservoir, Fourmile Lake, and Upper Klamath Lake. In all seasons except winter, 1166 
increasing wind speed increases daily evaporation by upwards of 0.015 in/day, which is less than 1167 
5 percent of the maximum daily evaporation rate. Decreasing wind speed by 20 percent has a 1168 
similar decrease in evaporation rates with decreases not more than 0.015 in/day. Interestingly, in 1169 
the winter months, this phenomenon is reversed at Fourmile Lake; increasing daily wind speed in 1170 
winter months decreases daily evaporation rates while decreasing daily wind speed in winter 1171 
months increases evaporation rates. 1172 
 1173 
This winter trend where increasing wind speed decreases evaporation rates is also apparent at the 1174 
monthly timescale at Fourmile Lake, where mean monthly evaporation rates among the wind 1175 
speed test simulations are shown in figure 26. This phenomena occurs due to the Penman 1176 
Combination equation that DLEM uses (Zhao, G. 2019; equation 1 above) to estimate 1177 
evaporation where the radiative and turbulent fluxes are separated. Increasing wind speed 1178 
throughout the summer increases evaporation which in turn reduces the amount of heat storage 1179 
(ie. water temperatures; see figure A-3) available to fuel evaporation in the winter. In addition, in 1180 
winter the turbulent component of the evaporation equation which increases when wind speed 1181 
increases, is much smaller than in summer as the vapor pressure deficit is small in winter. These 1182 
two phenomena can lead to less evaporation in winter from increased wind speed depending on 1183 
the heat storage capacity of the lake. 1184 
 1185 
Given UKL and Clear Lake Reservoir are not as deep as Fourmile Lake, the finding that 1186 
increasing wind speed decreases evaporation in winter months rarely occurs due to smaller heat 1187 
storage effects. In figure 25, it is shown that only during late November and December does 1188 
increasing wind speed decrease evaporation rates at both Clear Lake Reservoir and UKL. 1189 
Otherwise, throughout the remainder of the year, increasing wind speed increases evaporation. 1190 
Despite the different daily sensitivities to wind speed during the winter months, at the annual 1191 
scale all waterbodies show the same sensitivity to wind speed, where increasing wind speed 1192 
increases annual evaporation rates. These annual evaporation rates are displayed in figure 27 1193 
where the annual median increases by 3.4, 3.7, and 3.5 percent for the plus 20 percent wind runs 1194 
at Clear Lake Reservoir, Fourmile Lake, and UKL, respectively. In contrast, annual medians 1195 
decrease by approximately -3.5, -3.8, and -3.5 percent for the minus 20 percent wind runs at 1196 
Clear Lake Reservoir, Fourmile Lake, and UKL, respectively. 1197 
 1198 
While it appears that the DLEM model does have some sensitivity to how gridded climate data is 1199 
applied and the uncertainty surrounding interpolated wind fields within gridded datasets, the 1200 
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sensitivities are all less than 10 percent at daily timescales. It has been shown that error 1201 
associated with observational evapotranspiration measurements can be upwards of 30 percent 1202 
(Allen et al. 2011) and measuring open water evaporation is even more difficult. Therefore, 1203 
model sensitivities of less than 10 percent are reasonable and acceptable as long as the modeler 1204 
and end users are aware of the different sensitivities and their magnitudes. 1205 
 1206 
 1207 

Figure 25.—The distribution of differences in daily 1208 
evaporation amounts from the mean/observed current 1209 
conditions run and each wind sensitivity run from WY 1981 1210 
through WY 2020. Median differences are shown with the 1211 
thick blue (plus 20 percent wind) and red (minus 20 percent 1212 
wind) line, while the 5th and 95th percentile differences are 1213 
outlined by the thinner colored line of each respective run. 1214 
Differences are computed as the wind ± 20 percent run minus 1215 
the standard run. 1216 
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Figure 26.—Mean monthly evaporation for each wind sensitivity run at UKL, Fourmile Lake, and 1217 
Clear Lake Reservoir from WY 1981 through WY 2020. 1218 
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Figure 27.—Annual evaporation rates from WY 1981 through WY 2020 for each wind 1219 
sensitivity run at Clear Lake Reservoir, Fourmile Lake, and UKL. The box limits 1220 
correspond to the 25th and 75th quartiles and the horizontal line within the box 1221 
represents the median. Whiskers extend to 1.5 ± the interquartile range. Outliers are 1222 
represented by black filled circles. 1223 
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V. Model Uncertainty 1224 

All hydrologic models have a level of uncertainty associated with model results. Uncertainty 1225 
analyses help identify a range of plausible outcomes which add important context and 1226 
information to the model results. There are two types of uncertainty: (1) aleatory uncertainty, or 1227 
uncertainty that will always exist from the inherent randomness in natural processes, and (2) 1228 
epistemic uncertainty, or uncertainty that is not constant and can be reduced through improved 1229 
understanding of these physical processes or the data that represents them. As hydrologic models 1230 
and the data used in these models advance, epistemic uncertainty is reduced; however, aleatory 1231 
uncertainty will always be present. Model uncertainty is different from model sensitivity that is 1232 
investigated in the above section. As was quoted by the United States Environmental Protection 1233 
Agency, sensitivity analyses are ‘the principal evaluation tool for characterizing the most and 1234 
least important sources of uncertainty in environmental models’ (EPA 2009). All of the 1235 
investigated model sensitivities combine to help the end user understand part of the quantitative 1236 
level of uncertainty associated with the DLEM estimates of evaporation rates. Below, we will 1237 
discuss two other areas of uncertainty that can impact how results are interpreted. These two 1238 
areas of uncertainty are related to the choice of reservoir evaporation model and the choice of 1239 
meteorological forcing dataset. 1240 

A. Model Choice Uncertainty 1241 

There are multiple ways that open water evaporation has been modeled. The choice of model and 1242 
how that model parameterizes the relevant equations to calculate open water evaporation lends to 1243 
model structure uncertainty. While it is not within the scope of this project to review all methods 1244 
or models that provide open water evaporation rates, this section will highlight three different 1245 
models of varying complexity that could be used to estimate open-water evaporation: (1) an 1246 
iterative energy balance and vapor transfer model, (2) a bulk-aerodynamic method, and (3) a 1247 
one-dimensional lake model coupled to a numerical weather prediction model. 1248 
 1249 
DLEM is an open water evaporation model that utilizes both energy budget and mass transfer 1250 
components to simulate open water evaporation on a daily timestep. While DLEM does simulate 1251 
the major physical processes that impact open water evaporation, DLEM does not explicitly 1252 
model advective heat flux, which for some lakes and reservoirs is a significant part of their heat 1253 
balance (Friedrich et al. 2018; Reclamation 2015). Advective heat flux is a very difficult 1254 
component to model due to the difficulty in accurately measuring the temperature of all flows 1255 
into and out of the reservoir. In addition, although DLEM does simulate negative evaporation 1256 
that occurs when condensation forms during cold, wet winters, DLEM does not specifically 1257 
represent ice formation or sublimation that might occur on the surface of the lake. 1258 
 1259 
The parameterization of certain terms within the DLEM model framework is another source of 1260 
uncertainty. The accuracy of reservoir area and depth data could influence evaporation estimates. 1261 
The accuracy of reservoir area affects the fetch length and the wind function, while the depth of 1262 
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the reservoir directly impacts heat storage. Area is held constant when estimating fetch for each 1263 
reservoir and could lead to uncertainty in the model results if the reservoir’s area fluctuates 1264 
greatly. Results from the fetch sensitivity analysis above confirm that evaporation rates are 1265 
minimally sensitive to changes in reservoir area and thus fetch, and therefore the assumption to 1266 
use a constant surface area in the DLEM does not significantly impact evaporation rates. Some 1267 
of the modeled waterbodies have limited depth observations and thus constant depth values are 1268 
used for the entire simulation. To this end, model runs are completed using the plausible range in 1269 
depths for each reservoir and results suggest that the DLEM model is more sensitive to changes 1270 
in depth than it is to changes in surface area. 1271 
 1272 
To further explore model choice uncertainty, simulated open water evaporation rates are 1273 
compared between DLEM and another energy balance model that simulates vapor transfer and 1274 
heat storage. The Complementary Relationship Lake Evaporation (CRLE) model (Morton 1985, 1275 
1983, 1979) is commonly used to estimate reservoir evaporation for water management on a 1276 
monthly timestep. The CRLE model iteratively solves energy balance and vapor transfer 1277 
equations to estimate ambient potential evaporation which is further used to determine the 1278 
equilibrium wet surface temperature. The equilibrium wet surface temperature is then used to 1279 
calculate the slope of the saturation vapor pressure curve used in a modified Priestly-Taylor 1280 
equation that calculates open water evaporation. However, CRLE does not model the effects of 1281 
wind or fetch on lake evaporation. CRLE relies on a constant average depth and does not 1282 
consider temporal variations in water surface elevation. This can lead to uncertainty in 1283 
evaporation estimates for reservoirs with monthly or sub-monthly fluctuations in depth. For the 1284 
CRLE comparison runs, CRLE is run from 1979 through 2020 with results focusing on WY 1285 
1981 through WY 2020. CRLE is forced with the same spatially averaged gridMET climate data 1286 
and run with the constant mean depths shown in table 2. 1287 
 1288 
Figure 28 shows a comparison of monthly average evaporation at each modeled reservoir using 1289 
both DLEM and CRLE. It is apparent that DLEM estimates higher rates of evaporation in the 1290 
spring and summer months than CRLE and in most cases CRLE estimates higher fall 1291 
evaporation rates. By focusing in on the reservoirs that were modeled with constant depth for 1292 
both DLEM and CRLE runs (Copco 1, Fourmile Lake, Iron Gate Reservoir, JC Boyle Reservoir, 1293 
Lake Ewauna, and Lower Klamath NWR) it is likely that monthly differences in evaporation 1294 
rates are a product of varying formulations of reservoir heat storage. Other model differences 1295 
related to forcing variables (e.g., wind speed) may play a role. While the CRLE model is a great 1296 
tool for quick evaporation estimates at a monthly timestep, it is insensitive to differences in 1297 
temperature, humidity, and wind speed that occur from land onto water and DLEM likely does a 1298 
better job at representing monthly trends in open water evaporation. 1299 
 1300 
The increased spring and summer evaporation in DLEM leads to higher annual evaporation rates, 1301 
relative to CRLE, at all modeled reservoirs (figure 29). The differences in median annual 1302 
evaporation rates ranges from approximately 0.05 ft (0.6 in) at Upper Klamath Lake to 0.55 ft 1303 
(6.6 in) at JC Boyle Reservoir and represent 1.3 and 12.7 percent of the annual evaporation rates 1304 
respectively. The average annual median difference among all lakes and reservoirs when 1305 
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comparing DLEM to CRLE is approximately 6.9 percent. Given these small annual differences, 1306 
either the DLEM or CRLE model is likely sufficient at an annual timescale. 1307 
In addition to using an energy and heat balance model like DLEM or CRLE to estimate open 1308 
water evaporation, another option is to use a bulk-aerodynamic method which is based on Fick’s 1309 
first law of diffusion. Fick’s first law of diffusion states that the diffusion of heat and water vapor 1310 
occurs from areas of high concentration to areas of low concentration at a rate that is 1311 
proportional to the spatial gradient of heat or water vapor. This method of estimating evaporation 1312 
is relatively simple as it only relies on meteorological measurements of wind speed, air 1313 
temperature, relative humidity, and water surface temperature. This method has some limitations 1314 
as at smaller timescales such as hourly or daily, it may be necessary to account for the effects of 1315 
atmospheric stability on the mass transfer coefficients (Finch and Hall 2001). Another shortfall 1316 
of the bulk-aerodynamic method is that there are coefficients within the equations used that 1317 
require calibration, selection of a fixed coefficient, or more advanced solving techniques 1318 
(Reclamation 2022b). This method is also very sensitive to errors in the vapor pressure gradient 1319 
(Finch and Hall 2001). All of these limitations lead to uncertainty in the model results when 1320 
using a bulk-aerodynamic method to estimate open water evaporation. 1321 
 1322 
One of the more computationally expensive but more physically-based ways to model open 1323 
water evaporation is to use a lake model coupled to a numerical weather prediction model which 1324 
allows for feedback between open water surfaces and the lower atmosphere (Stepanenko et al. 1325 
2015). One-dimensional (1-D) lake models range from one-layer bulk models to finite-difference 1326 
models with k-ɛ turbulence closures, where water temperature can be simulated at multiple 1327 
depths in the water column. Modeled temperature depth profiles can be coupled to numerical 1328 
weather prediction models that can expand evaporation results two-dimensionally and identify 1329 
spatial patterns in surface evaporation rates across large reservoirs or lakes. Limitations with this 1330 
method of estimating evaporation can stem from the vertical discretization scheme of the 1-D 1331 
lake model not sufficiently capturing thermal stratification and layering in deep lakes (Wang et 1332 
al. 2019). Parameterizing diffusivity can also lead to uncertainty in model results as wind-driven 1333 
eddy diffusivity is hard to parameterize in deep lakes and should be tuned appropriately based on 1334 
lake depth. Radiation dynamics can also be difficult to simulate in lakes that undergo biological 1335 
processes that influence optical processes (e.g., algal growth) which may lead to increased 1336 
uncertainty in model results in lakes with high biological activity. 1337 
 1338 
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 1339 
Figure 28.—Monthly average evaporation rates at each waterbody using the DLEM (blue) and 1340 
CRLE (red) models from WY 1981 through WY 2020 under current conditions. 1341 

 1342 
 1343 
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 1344 
 1345 

Figure 29.—The distribution of annual evaporation for each wateryear 1346 
between WY 1981 and WY 2020 under current conditions. The DLEM model 1347 
is in dark blue and the CRLE model is in red. 1348 
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B. Climate Dataset Uncertainty 1349 

Uncertainty in simulated open water evaporation estimates can also stem from the choice of 1350 
climate forcing dataset. For instance, one global lake evaporation dataset acknowledges this 1351 
uncertainty and thus forces their open water evaporation model with the average value of three 1352 
different gridded reanalysis datasets (Zhao, G., Li, Y., Zhou, L., Gao 2022). While it is beyond 1353 
the scope of this study to use and compare multiple gridded climate datasets, it is still important 1354 
to discuss the uncertainty associated with the use of gridded climate datasets (Albano et al. 2022) 1355 
when modeling open water evaporation. 1356 
 1357 
For consistency across the NFS, gridMET (Abatzoglou 2013) is chosen as the meteorological 1358 
dataset for all open water evaporation modeling analyses, and all other modeling components in 1359 
the NFS. Validation of gridMET interpolated climate grids with station observations found the 1360 
median MAE for maximum and minimum temperatures to range from 1.7  to 2.3 ˚C (Abatzoglou 1361 
2013). gridMET was found to have a slight cold bias in the Klamath Basin for minimum air 1362 
temperature estimation, while it had a slight warm bias for maximum air temperatures, especially 1363 
in the summer months (Abatzoglou 2013). gridMet estimated wind speeds are shown to have a 1364 
positive bias in forested areas, whereas bias and correlations are better captured in non-forested 1365 
landscapes such as those down by Lower Klamath and Tule NWR. gridMet uses downward 1366 
shortwave radiation generated from the North American Land Data Assimilation System 1367 
(NLDAS-2; Mitchell et al. 2004). Some studies have shown that NLDAS-2 shortwave radiation 1368 
shows a positive bias over much of North America (Pinker, R.T. et al. 2003). 1369 
 1370 
In addition, the resolution of a gridded dataset can impact the amount of uncertainty associated 1371 
with the data. The resolution of the gridMET meteorological dataset is 4 km. In mountainous 1372 
areas, such as along the western border of the model domain where the Cascade Mountains lie, 4 1373 
km is not always sufficient to properly characterize precipitation and temperature 1374 
heterogeneities. Many of these lakes and reservoirs are located in the mountains and are also 1375 
much smaller than 4 square km. Thus, the spatially averaged gridMET data that was used over 1376 
the reservoir could contribute to model uncertainty, especially for the smaller reservoirs or lakes 1377 
located in the mountainous areas. 1378 

VI. Summary and Conclusions 1379 

This study was prepared by the Bureau of Reclamation (Reclamation) Technical Service Center 1380 
(TSC) as part of the Klamath Natural Flow Study (NFS). In 2020, Reclamation was tasked with 1381 
estimating refined natural streamflow estimates throughout the Klamath River Basin in a 1382 
comprehensive NFS in response to comments on a previous NFS generated by the NRC 1383 
(National Research Council 2008). In this study, natural streamflow is defined as the streamflow 1384 
that would have occurred in the absence of land use changes (e.g., agriculture, forestry, etc.), 1385 
major development (e.g., roads, railroads, municipalities, etc.), and water management (e.g., 1386 
dams, hydroelectric plants, etc.). The purpose of the NFS is to use current science, methods, and 1387 
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tools to develop revised natural streamflow estimates for the Klamath River Basin between WY 1388 
1981 and WY 2020. As part of this larger NFS, we quantify open water evaporation rates and 1389 
volumes at 13 different lakes and reservoirs across the Klamath Basin under two conditions: 1390 
 1391 

• Pre-development Conditions are defined as the landscape and hydrologic conditions 1392 
that existed around 1900, prior to major development of the region for irrigated 1393 
agriculture, forestry, and other purposes. 1394 

 1395 
• Current Conditions are defined as the landscape and water demand conditions that 1396 

occurred throughout the past four decades, as a result of land use, development, and 1397 
water management practices. 1398 
 1399 

The open water evaporation models are developed for all man-made reservoirs in the Upper 1400 
Klamath Basin (Copco 1, Gerber Reservoir, Howard Prairie Reservoir, Hyatt Reservoir, Iron 1401 
Gate Reservoir, JC Boyle Reservoir, and Lost River Basin small reservoirs), any natural lakes 1402 
that were enlarged due to the construction of a dam (Clear Lake, Fourmile Lake, and Lake 1403 
Ewauna), and shallow lakes that were dewatered for the purposes of agriculture (Lower Klamath 1404 
and Tule National Wildlife Refuges). To estimate daily, monthly, and annual lake and reservoir 1405 
surface water evaporation at each site, we implement the Daily Lake Evaporation Model 1406 
(DLEM, Zhao et al. 2023). 1407 
 1408 
DLEM simulations representing both current and pre-development conditions are conducted 1409 
from January 1, 1979 through September 30, 2020, using gridMET forcing data (Abatzoglou 1410 
2013). Results from January 1, 1979 to September 30, 1980 are used for model spin-up and 1411 
removed. Current conditions daily average depths for each lake or reservoir are determined using 1412 
one of three approaches: observed water elevation timeseries (Reclamation 2021c) and area 1413 
capacity curves, from objective water levels (U.S. Fish and Wildlife Service 2016), or operating 1414 
procedures (PacificCorp 2004). Timeseries of open water surface areas, used to estimate daily 1415 
volumetric evaporation loss, are constructed from the GLEV remotely sensed surface area 1416 
timeseries database (Zhao, G., Li, Y., Zhou, L., Gao 2022). 1417 
 1418 
Pre-development simulations are conducted using natural average depths and surface areas 1419 
determined from historical maps and studies (table 3) and run using current climate forcings. 1420 
Pre-development evaporation rates and volumes are estimated for Upper and Lower Klamath 1421 
Lake (UKL and LKL respectively), Lake Ewauna, Tule Lake, Fourmile Lake, and Clear Lake at 1422 
estimated low and high water levels if available.  Pre-development surface areas for LKL and 1423 
Tule are significantly larger than current conditions due to the drainage of wetlands and open 1424 
water areas for agricultural purposes. Pre-development surface areas of UKL and Lake Ewauna 1425 
are fairly similar to current conditions, although the construction of Link River Dam has 1426 
moderated flow between the two waterbodies. Construction of the dam at the outlet of Fourmile 1427 
Lake approximately doubled the surface area from pre-development to current conditions, 1428 
although in comparison to UKL, Fourmile Lake is quite small in area. The construction of the 1429 
dam at Clear Lake also increased its surface area from pre-development conditions by 1430 
approximately 20% to 60% depending on low or high pre-development water levels.  1431 
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 1432 
DLEM results suggest that under current conditions daily evaporation volumes from all modeled 1433 
13 lakes and reservoirs range from just over 36 acre-feet in January to 2.5 thousand acre-feet 1434 
(TAF) around July (figure 30). In comparison, pre-development daily evaporation totals peak at 1435 
3.5 TAF for low water simulations and 4.5 TAF for high water simulations. Despite there being 1436 
many more waterbodies under current conditions due to the construction of dams, the draining of 1437 
large shallow lakes like Tule and Lower Klamath leads to less volumetric evaporation loss 1438 
overall under current conditions. On an annual timescale, it appears that upwards of 156–370 1439 
TAF more evaporation occurred during pre-development conditions than occurs presently (figure 1440 
31). 1441 
 1442 
In conclusion, the evaporation rates and volumes presented here comparing current and pre-1443 
development conditions should be used while understanding various uncertainties associated 1444 
with model development and how sensitive DLEM is to each uncertainty. Results from 1445 
sensitivity analyses indicate average daily evaporation rates varied by less than 10 percent from 1446 
the standard historical rate when exploring the impact of wind speed, fetch, and spatially 1447 
averaging climate data. 1448 

 1449 
Figure 30.—The median total daily volume of evaporation (in thousand acre-feet) from WY 1450 
1980 to WY 2020 from all lakes and reservoirs combined under current conditions (blue), pre-1451 
development high water level conditions (red), and pre-development low (gold) conditions.  1452 

 1453 
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 1454 

Figure 31.—The distribution of the volume of evaporated water in one 1455 
wateryear from all lakes and reservoirs under current (blue), pre-1456 
development high (red), and pre-development low (gold) conditions from 1457 
WY 1981 through WY 2020. The box limits correspond to the 25th and 75th 1458 
quartiles and the horizontal line within the box represents the median. 1459 
Whiskers extend to 1.5 ± the interquartile range. Outliers are represented by 1460 
black filled circles. 1461 

 1462 
 1463 
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A-1 

Table A- 1.—The historic time periods associated with each observed 
Upper Klamath Lake configuration 
UKL Configuration Time Period 
UKL w/o Caledonia, Tulana, or Goose Bay 8/31/1980–7/7/2006 

UKL w/ Caledonia 7/8/2006–12/31/2006 
UKL w/o Caledonia, Tulana, or Goose Bay 1/1/2007–10/30/2007 

UKL w/ Tulana 10/31/2007–11/17/2008 
UKL w/ Tulana and Goose Bay 11/18/2008–12/31/2020 

 
 

 
Figure A-1.—Schematic detailing the inputs and outputs from the NFS open water evaporation 
modeling component. 
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A-2 

Figure A-2.—Four locations across UKL for which the uncertainty associated with using area-
averaged climate data is conducted. 
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A-3 

Figure A-3.—A timeseries of DLEM-simulated water temperatures at Fourmile Lake when using 
observed wind speeds (blue line) and increasing the daily observed wind speed by 20 percent 
(orange line) from September 1982 through December 1982. 
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