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Mean Annual Runoff and Annual Runoff Variability Map 
for Oklahoma, 1940–2007

By S. Jerrod Smith1 and Elise M. Sherrod2

Abstract
Hydrologic records used to create previously published 

maps depicting mean annual runoff are biased to a relatively 
dry period in Oklahoma history that was dominated by 
droughts. Therefore, the U.S. Geological Survey, in coopera-
tion with the Oklahoma Water Resources Board, developed an 
updated mean annual runoff and annual runoff variability map 
for Oklahoma and parts of adjacent States. The updated map, 
which is based on mean-annual-streamflow regression equa-
tions developed from available streamgage data through 2007, 
is assumed to be representative of the long-term mean annual 
runoff conditions. The map covers all 69 8-digit hydrologic 
units with at least 1 square mile of area in Oklahoma; those 
8-digit hydrologic units contain 2,870 12-digit hydrologic 
units that provided the geographic framework for the analysis 
described in this report. Although parts of adjacent States are 
included in the study area, this report is primarily focused on 
providing a map of mean annual runoff and annual runoff vari-
ability for Oklahoma.

The mean annual runoff increased from less than 
0.25 inch per year in the Panhandle of northwestern Oklahoma 
to more than 30 inches per year in the mountainous terrain 
of southeastern Oklahoma. The orientation and pattern of 
mean annual runoff contours in this report were comparable 
to those of previously published map reports. The annual 
runoff variability, or the difference between the 80-percent 
and 20-percent streamflow-duration statistics, increased from 
less than 0.25 inch per year in the Panhandle of northwestern 
Oklahoma to more than 40 inches per year in the mountainous 
terrain of southeastern Oklahoma. The annual runoff vari-
ability data were similar in orientation and pattern to the mean 
annual runoff contours; annual runoff variability generally 
increased proportionally with increasing mean annual runoff. 
The annual runoff variability was also greatest, therefore, in 
the mountainous terrain of southeastern Oklahoma.

The mean annual runoff and annual runoff variability 
were calculated at sampled points representing the outlets of 
12-digit hydrologic units, so the map in this report is most 
representative of runoff conditions in rural, unregulated 

1U.S. Geological Survey.

2Oklahoma Water Resources Board.

drainage basins at the 12-digit hydrologic-unit scale. The map 
was developed by using regression equations formulated on 
streamgage data for the entire period of record through 2007, 
but those equations are biased to the period 1940–2007 when 
streamgages became more numerous and distributed across 
Oklahoma. Therefore, the map is likely most representative of 
runoff conditions during the period 1940–2007. Because run-
off is a function of climate variables that can change over time, 
caution is warranted when using the information in this report 
to project mean annual runoff and annual runoff variability 
conditions beyond 2007.

Introduction
The Oklahoma Water Resources Board (OWRB) has 

jurisdictional authority over the appropriation of surface-
water resources in Oklahoma and issues surface-water permits 
using the doctrine of prior appropriation (Oklahoma Statutes 
§ 82-105.2 [Oklahoma State Legislature, 2021a]; Oklahoma 
Statutes § 82-105.13 [Oklahoma State Legislature, 2021b]; 
Oklahoma Administrative Code Title 785:20 [OWRB, 
2021a]). Evaluation of applications for regular stream water 
permits includes analyses of existing uses and available 
surface water upstream and downstream from the proposed 
diversion point(s). Existing uses include permitted use, 
pending applications, normal storage in Natural Resources 
Conservation Service ponds under OWRB jurisdiction, 
established reservoir dependable yields (less existing permit-
ted use from those yields), water designated for navigation, 
and estimated domestic use. To prevent over-appropriation, 
the amount of water subject to approval during the permit 
process is limited by the unappropriated water available at 
a specific diversion location, use(s) identified on the permit 
application with present or future need, and the type of permit 
requested. For applications requiring transportation and use of 
water outside of the stream system where the proposed diver-
sion point is located, availability of water for future needs 
within the stream system of origin is also evaluated (OWRB, 
2021b). Determination of unappropriated water available for 
surface-water permits from reservoirs, lakes, or ponds requires 
additional, separate methodologies.
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The OWRB uses computations of mean annual runoff, 
mean annual streamflow, or nearby streamgage measure-
ments to estimate the amount of surface water available for 
allocation. Among other resources, the OWRB has used a 
1:7,500,000-scale U.S. map of mean annual runoff for the 
period 1951–80 (Gebert and others, 1987) to estimate the 
amount of surface water available for allocation. Gebert and 
others (1987) is the most recent in a series of contour maps 
of mean annual runoff for the United States that includes 
Langbein (1949) for the period 1921–45 and Busby (1966) for 
the period 1931–60, among others. In computational terms, 
runoff is the net discharge into a stream from surface-water 
and groundwater sources minus losses to evapotranspira-
tion (Gebert and others, 1987). The Gebert and others (1987) 
map, using this definition, expressed mean annual runoff as 
a mean rate of annual precipitation (in inches per year) over 
the drainage area of gaged streams. Mean annual runoff for 
Oklahoma, according to that map, generally increased from 
northwest to southeast, ranging from less than 0.2 inch per 
year (in/yr) in the high plains of northwestern Oklahoma (the 
Panhandle) to greater than 20 in/yr in the mountainous terrain 

of southeastern Oklahoma (fig. 1). The Gebert and others 
(1987) map incorporated data from about 100 streamgages 
in Oklahoma that met minimum record length and regulation 
criteria; those criteria were not explicitly stated in that publica-
tion, however. Similar maps by Langbein (1949) and Busby 
(1966), which incorporated data from fewer streamgages, are 
also used for some comparisons in this report.

Hydrologic records used to create previously published 
maps depicting mean annual runoff are biased to a relatively 
dry period in Oklahoma history that was dominated by 
droughts, the most severe of which were the 1929–41 (“Dust 
Bowl,” Egan, 2006) drought and the 1952–56 drought (fig. 2A; 
Shivers and Andrews, 2013). Therefore, the U.S. Geological 
Survey (USGS), in cooperation with the OWRB, developed an 
updated mean annual runoff and annual runoff variability map 
for 1940–2007 for Oklahoma and parts of adjacent States. The 
data used to make the updated mean annual runoff and annual 
runoff variability map were documented and published (with 
Federal Geographic Data Committee [1998] formatted meta-
data) in a USGS data release (Smith and Sherrod, 2021).

Figure 1. Mountainous terrain in southeastern Oklahoma. 
Photograph by S. Jerrod Smith, U.S. Geological Survey, June 12, 
2005.
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Esralew and Smith (2010)
period of record through 2007

Streamgage data are sparse through the 1930s

Southwest Oklahoma drought periods, modified from 
Tortorelli (2008) and Shivers and Andrews (2013):

1929–41 1952–56 1961–72 1976–81 2002–06 2010–14

Streamgage data are biased to the period beginning in 1940

Wet
period

Dry
period

Period of below-normal
precipitation

Period of above-normal
precipitation

Data from National Oceanic and Atmospheric Administration National Centers for Environmental Information (2021); in/yr, inches per year. Wet and dry periods were delineated 
by the intersection of a LOWESS (LOcally WEighted Scatterplot Smoothing) line (Cleveland, 1979; Helsel and others, 2020) and the mean annual precipitation for 1895–2020.

Data from U.S. Geological Survey (2021a). Although most of the streamgages used by Esralew and Smith (2010) were in Oklahoma, some streamgages were in neighboring States and are not represented in this graph.
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Gebert and others (1987)Langbein (1949)
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Gebert and others (1987)Langbein (1949)
1951–80 mean = 32.26 in/yr
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1921–45 mean = 33.66 in/yr 1951–80 mean = 32.26 in/yr

1931–60 mean = 32.97 in/yr

1921–45 mean = 33.66 in/yr

Busby (1966)Busby (1966)

Gebert and others (1987)Gebert and others (1987)

Langbein (1949)Langbein (1949)

1902–2007 mean = 33.94 in/yr
1940–2007 mean = 34.59 in/yr
1902–2007 mean = 33.94 in/yr
1940–2007 mean = 34.59 in/yr

EXPLANATION
Annual mean precipitation

LOWESS (LOcally WEighted 
     Scatterplot Smoothing) line
Mean annual precipitation 
     1895–2020 (33.98 in/yr)

Figure 2. A, Annual mean precipitation, dry and wet periods, and mean annual precipitation, and B, number of active streamgages, Oklahoma, 1895–2020.
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Purpose and Scope
This report describes an updated mean annual runoff and annual runoff variability map for Oklahoma. The updated map, 

which is based on mean-annual-streamflow regression equations developed from available streamgage data through 2007 as 
summarized by Lewis and Esralew (2009), is assumed to be representative of the long-term mean annual runoff conditions. 
Differences between the map in this report and previously published mean annual runoff maps for Oklahoma are explained. 
Although parts of adjacent States were included in the study area, this report is primarily focused on providing a map of mean 
annual runoff and annual runoff variability for Oklahoma.

Methods
A mean annual runoff map was prepared at a resolution that could be used for surface-water permitting in ungaged drain-

age basins and was accompanied by an assessment of annual runoff variability. The map and companion data release by Smith 
and Sherrod (2021) cover all 69 8-digit hydrologic units (HUC8s; USGS, 2021e) with at least 1 square mile (mi2) of area in 
Oklahoma (figure 3, on sheet 1, available for download at https://doi.org/ 10.3133/ sim3482); those HUC8s contain 2,870 12-digit 
hydrologic units (HUC12s; not shown on fig. 3) that provided the geographic framework for the analysis described in this report.

To facilitate comparisons between the updated runoff map in this report and previously published maps, the map plates 
from Langbein (1949), Busby (1966), and Gebert and others (1987) were georeferenced. The relevant contour data in and 
around the study area were then digitized and interpolated to a 1-kilometer (km) raster for the study area by using the ArcGIS 
Topo to Raster tool (Esri, 2021e). Interpolated point values for comparison were obtained by using the ArcGIS Extract Multi 
Values to Points tool (Esri, 2021d).

The methods used in this report differed from those of Gebert and others (1987) and were based on regional regression 
equations from Esralew and Smith (2010) and streamgage records through 2007 (summarized in Lewis and Esralew, 2009). 
Esralew and Smith (2010) used data from about 230 streamgages in Oklahoma and parts of adjacent States with at least 10 years 
of unregulated streamflow record (USGS, 2021a) to develop mean annual streamflow (   ̄  Q   ) equations for ungaged streams drain-
ing unregulated, rural basins in Oklahoma. Those equations were developed by using regional regression methods on selected 
drainage basin characteristics (such as contributing drainage area and mean annual precipitation; USGS, 2021d) that were 
found to be the most reliable predictors of    ̄  Q    and other selected streamflow statistics at the selected streamgages. By using the 
appropriate regional regression equations,    ̄  Q    can be efficiently estimated for any point on any stream represented in the USGS 
StreamStats web application for Oklahoma (Smith and Esralew, 2010; Ries and others, 2017). The    ̄  Q   , when divided by contrib-
uting drainage area and converted (using the appropriate conversion factor) to units of inches per year, is equivalent to the mean 
annual runoff as defined by Gebert and others (1987).

Esralew and Smith (2010) also developed regional regression equations for the 20-percent (Q20; wetter) and 80-percent 
(Q80; drier) streamflow-duration statistics. The Q20 and Q80 statistics report the streamflows that are equaled or exceeded 20 per-
cent and 80 percent of the time, respectively, and together indicate a range of streamflows during the majority (60 percent) of the 
year. The Q20 and Q80 statistics also can be calculated in the USGS StreamStats web application for Oklahoma, except for loca-
tions on the largest streams (Arkansas, Canadian, Cimarron, Red, Neosho, and Verdigris Rivers), which have headwaters outside 
of the study area. However, these excepted streams are monitored by multiple streamgages with long periods of record that can 
be used to calculate more accurate mean annual runoff data.

The Esralew and Smith (2010) regression regions (fig. 3) were mostly delineated along major drainage basin boundaries to 
coincide with U.S. Environmental Protection Agency ecoregions (Woods and others, 2005) that divide Oklahoma into areas with 
similar soil permeability and forested percentage. For region 1 (fig. 3), which covers most of western Oklahoma excluding the 
Panhandle, the    ̄  Q   , Q80, and Q20, in cubic feet per second, can be estimated as

    ̄  Q    = 65.7×([contda]/424)0.83×([prc610]/15.2)7.50 (1)

 Q80 = 7.15×([contda]/424)0.81×([elev]/1,721)−4.49×([prc610]/15.2)2.78 (2)

https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
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 Q20 = 59.5×([contda]/424)0.85×([elev]/1,721)−0.80×([prc610]/15.2)4.81 (3)

where
 contda  is  the contributing drainage area, in square miles,
 prc610  is  the mean annual June–October precipitation for the period 1971–2000 at the drainage basin outlet, in inches 

per year, and
 elev  is  the mean basin elevation, in feet above the North American Vertical Datum of 1988.

For region 2 (fig. 3), which covers parts of south-central and north-eastern Oklahoma, the    ̄  Q   , Q80, and Q20, in cubic feet per 
second, can be estimated as

    ̄  Q    = 193×([contda]/323)0.91×([prc610]/19.3)3.35 (4)

 Q80 = 7.01×([contda]/323)2.19×([csl10_85fm]/6.04)2.26×([outelev]/783)4.93×([prc115]/22.0)14.7 − 0.1 (5)

 Q20 = 142×([contda]/323)1.09×([csl10_85fm]/6.04)0.23×([outelev]/783)1.04×([prc115]/22.0)5.92 (6)

where
 contda  is  the contributing drainage area, in square miles,
 prc610  is  the mean annual June–October precipitation for the period 1971–2000 at the drainage basin outlet, in inches 

per year,
 csl10_85fm  is  the 10–85 stream slope, in feet per mile,
 outelev  is  the elevation at the drainage basin outlet, in feet above the North American Vertical Datum of 1988, and
 prc115  is  the mean annual November–May precipitation for the period 1971–2000 at the drainage basin outlet, in 

inches per year.

For region 3 (fig. 3), which covers central, eastern, and southeastern Oklahoma, the    ̄  Q   , Q80, and Q20, in cubic feet per sec-
ond, can be estimated as

    ̄  Q    = 203×([contda]/203)1.02×([prcout]/47.8)4.51 (7)

 Q80 = 9.39×([contda]/203)1.32×([canopy]/40.8)−2.07×([elev]/1,010)3.24×([prcout]/47.8)11.7 − 0.1 (8)

 Q20 = 197.8×([contda]/203)1.09×([canopy]/40.8)−0.11×([elev]/1,010)0.74×([prcout]/47.8)6.27 (9)

where
 contda  is  the contributing drainage area, in square miles,
 prcout  is  the mean annual precipitation for the period 1971–2000 at the drainage basin outlet, in inches per year,
 canopy  is the percent canopy cover of the drainage basin, and
 elev  is  the mean basin elevation, in feet above the North American Vertical Datum of 1988.

Equations for    ̄  Q   , Q80, and Q20 were not developed for the Oklahoma Panhandle (region 0, fig. 3) because most streams in 
that region remain dry most of the year (Smith and others, 2015). For the purposes of this report, however, the equations from 
region 1 also were applied to region 0 because the regions had comparable climate and land cover conditions. The    ̄  Q    some-
times is outside the range of Q80–Q20 at a given location. This can occur because (1) the streamflow distribution at a location is 
strongly skewed toward high (flood) values and (2) the    ̄  Q    equations were developed independently using different explanatory 
variables (basin characteristics) than the Q80 and Q20 equations. About 63 percent of the HUC12 outlet points analyzed in this 
report had a regression-calculated    ̄  Q    value greater than the regression-calculated Q20 value. In comparison, about 45 percent 
of the streamgages analyzed by Lewis and Esralew (2009) had a    ̄  Q    value greater than the Q20 value. The regression-calculated 
Q80 also can be larger than the regression-calculated Q20 (a statistical impossibility) at some locations because the Q80 and Q20 
equations were developed independently. HUC12 outlet points exhibiting this inversion (22 of 2,610 HUC12 outlet points [not 

https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
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counting the 260 outlet points located on excepted streams]) 
were excluded from further analysis; all but 2 of those points 
were on the most downstream reach of the North Canadian 
River, which, in terms of contributing drainage area, was 
the largest stream (not counting excepted streams) in the 
study area. For the remaining HUC12 outlet points, annual 
streamflow variability (Qvar), in cubic feet per second, was 
estimated as

 Qvar = Q20 – Q80 (10)

where
 Q20  is  the 20-percent streamflow-duration 

statistic, in cubic feet per second, and
 Q80  is  the 80-percent streamflow-duration 

statistic, in cubic feet per second.

This statistic approximates the interquartile range of 
streamflow and was assumed to approximate the range of 
natural variation in annual streamflow that might be expected 
from year to year at a location.    ̄  Q    and Qvar were divided by 
contda and converted (using the constant 13.5837 inch-square 
mile-second per cubic foot-year) to units of inches per year to 
obtain mean annual runoff and annual runoff variability values 
that were comparable with previously published contour maps 
of mean annual runoff:

 mean annual runoff =    ̄  Q    / contda × 13.5837 (11)

       annual runoff variability = Qvar / contda × 13.5837 (12)

The mean annual runoff and annual runoff variability 
map in this report was interpreted from sampled points rep-
resenting the outlets of 2,870 HUC12s. Use of these outlets 
ensured that sampled points were (1) evenly spaced because 
the HUC12s were delineated to have comparable areas in the 
range of 10,000–40,000 acres (15.6–62.5 mi2; USGS and U.S. 
Department of Agriculture, Natural Resources Conservation 
Service, 2013), (2) distributed across streams of various 
sizes in proportion to their frequency in the landscape, and 
(3) tied into the Watershed Boundary Dataset and National 
Hydrography Dataset networks for attribution purposes (for 
example, drainage basin and stream naming; Horizon Systems 
Corporation, 2010).

The HUC12 outlet points were manually aligned with 
the Oklahoma StreamStats stream grid (USGS, 2021c) and 
processed sequentially by the StreamStats web services 
(USGS, 2021b) by using a Python 2.7.18 (Python Software 
Foundation, 2021) script (included in Smith and Sherrod 
[2021]) to manage outlet point submission and save result-
ing basin characteristic values. Those basin-characteristic 
(explanatory-variable) values were then used in equations 
1–9 to calculate    ̄  Q   , Q80, and Q20 statistics for each HUC12 
outlet point. The set of regional regression equations associ-
ated with the location of the outlet point was used even when 

the outlet point’s drainage basin spanned multiple regions;    ̄  Q   , 
Q80, and Q20 statistics were not weighted by the proportion of 
the drainage area in each region. However, the drainage basins 
that spanned multiple regions mostly were limited to the 
largest drainage basins, which are monitored by long-period 
streamgages.

The mean annual runoff and annual runoff variability val-
ues at HUC12 outlet points were calculated by using equations 
11–12 and interpolated to a 1-km raster (only the annual runoff 
variability raster is shown on fig. 3) by using the ArcGIS Topo 
to Raster tool (Esri, 2021e). The ArcGIS Contour tool (Esri, 
2021b) then was used to generate 0.25-in/yr contours from the 
interpolated mean annual runoff raster. The raster and derived 
contours were then clipped to an analysis area formed by a 
20-km buffer of the 69 selected HUC8s by using the ArcGIS 
Extract by Mask tool (Esri, 2021c) and ArcGIS Clip tool (Esri, 
2021a), respectively. The 0.25-in/yr contour interval was 
shown only in western Oklahoma where this level of preci-
sion is necessary because of the small magnitude of values; a 
1.0-in/yr contour interval was shown for the rest of Oklahoma 
to simplify the map (fig. 3). Enclosed contours (for example, 
depressions) less than 50 miles in length also were omitted to 
improve map readability. The full uncensored set of 0.25-in/
yr-interval contours are available in the data release (Smith 
and Sherrod, 2021) that is associated with this report.

Characteristics and Limitations of the 
Mean Annual Runoff and Annual Runoff 
Variability Map

The mean annual runoff (shown as contour lines on fig. 3) 
increased from less than 0.25 in/yr in the Panhandle of north-
western Oklahoma to more than 30 in/yr in the mountainous 
terrain of southeastern Oklahoma. The orientation and pattern 
of mean annual runoff contours in this report were comparable 
to those of Langbein (1949), Busby (1966), and Gebert and 
others (1987), but the values were, on average, about 19.4, 8.6, 
and 9.6 percent greater than interpolated values from those 
respective reports (fig. 4). The greater mean annual runoff 
values documented in this report as compared to previously 
published mean annual runoff values are likely the result of 
the relatively dry periods analyzed by Langbein (1949), Busby 
(1966), and Gebert and others (1987) as compared to the 
relatively wet period of record through 2007 used by Esralew 
and Smith (2010) to formulate regional regression equations 
(fig. 2). During the early period of streamgaging in Oklahoma 
from about 1900 through 1939, streamgages in Oklahoma 
were sparse (fig. 2). The regression equations formulated 
on streamgage data by Esralew and Smith (2010) are there-
fore biased in favor of the data collected during 1940–2007 
when streamgages became progressively more numerous 
and distributed across Oklahoma and therefore likely more 
representative of runoff conditions during 1940–2007 than the 

https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
https://doi.org/10.3133/sim3482
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runoff conditions during 1900–1939. Some records used in 
Langbein (1949), Busby (1966), and Gebert and others (1987) 
were adjusted for the effects of irrigation practices or were 
extended by using correlation procedures. Records designated 
by Esralew and Smith (2010) as affected by irrigation were 
not used to formulate the regional regression equations used 
in this report, and extension of records was unnecessary given 
the longer period of record and greater number of streamgages 
available to Esralew and Smith (2010).

The annual runoff variability increased from less than 
0.25 in/yr in the Panhandle of northwestern Oklahoma to 
more than 40 in/yr in the mountainous terrain of southeastern 
Oklahoma. The annual runoff variability data were similar in 
orientation and pattern to the mean annual runoff contours; 
annual runoff variability (shown as shaded areas on fig. 3) 
generally increased proportionally with increasing mean 
annual runoff. The annual runoff variability was also great-
est, therefore, in the mountainous terrain of southeastern 
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Oklahoma (figs. 1 and 3) that promotes precipitation and 
runoff (U.S. Department of Agriculture, 1999; National Severe 
Storms Laboratory, 2021).

The mean annual runoff and annual runoff variability 
were calculated at sampled points representing the outlets 
of HUC12s, so the map in this report is most representative 
of runoff conditions in rural, unregulated drainage basins at 
the HUC12 or 10-digit hydrologic-unit (HUC10) scale; 408 
(14.2 percent) of the 2,870 HUC12 outlets used to make the 
map were also 10-digit hydrologic-unit outlets. As drainage 
basins increase in size, they are more likely to be (1) regu-
lated by large dams or irrigation practices, (2) augmented by 
substantial groundwater contributions, and (3) monitored by 
streamgages with long periods of record. Methods for com-
puting or estimating runoff for gaged basins generally rely 
on the streamgage record when sufficient data are available. 
For an ungaged stream reach between two streamgages, the 
drainage-area-ratio method (Esralew and Smith, 2010), rather 
than the map in this report, can be used to obtain a more accu-
rate mean annual runoff or annual runoff variability estimate. 
The drainage-area-ratio method, which assumes that stream-
flow generally increases in proportion to increased drainage 
area, equates the ratio of streamflow at two stream locations to 
the ratio of the respective drainage areas. The map was devel-
oped by using regression equations (Esralew and Smith, 2010) 
formulated on streamgage data for the entire period of record 
through 2007 (Lewis and Esralew, 2009), but those equations 
are biased to the period 1940–2007 when streamgages became 
more numerous and distributed across Oklahoma (fig. 2). 
Therefore, the map is likely most representative of runoff con-
ditions during the period 1940–2007. Because runoff is a func-
tion of climate variables that can change over time, caution is 
warranted when using the information in this report to project 
mean annual runoff and annual runoff variability conditions 
beyond 2007.
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