Field Measurement of Stage, Surface Water Velocity, and Discharge (Flow) and Computation of Streamflow
Use FT 1800 in conjunction with the following DEP Standard Operating Procedures (SOPs):
· FA 1000 Regulatory Scope and Administrative Procedures
· FD 1000 Documentation Procedures
· FM 1000 Field Planning and Mobilization
· FT 1400 Field Measurement of Temperature
Introduction
Streamflow, or discharge, is defined as the volumetric rate of flow of water (volume per unit time) in a channel. This can include any sediment or other solids that move with the water.  Use the procedures described and referenced in FT 1800 to measure and compute discharge of flowing surface waters. For purposes of this SOP, “surface waters” shall be those waters meeting the definition of surface water in subsection 62-302.200(38), F.A.C, and the definition of “waters” in Section 403.031(13), F.S.  This SOP cites widely accepted procedures published by the United States Geological Survey (USGS), such as Techniques in Water-Resource Investigation (TWRI), Book 3, Chapters A1-A21; and, Techniques and Methods (TM), Book 3, Chapters A7, A8, A19, A22, and A23, for measurements of stage (water level) and velocity, and computation of flow for various environmental conditions and constructed water conveyances. These required procedures are incorporated by reference in rule 62-160.800, F.A.C. (Chapter 62-160, Quality Assurance), and are referenced throughout this SOP using abbreviations for the USGS books and chapters identified above (i.e., “TWRI 3-A21,” “TM 3-A7”).   
Equipment 
Select equipment and necessary supplies according to directions provided in the USGS standard procedures cited in this SOP.  Document measurement locations, equipment and supplies used for site measurements according to requirements in FT 1850, below.  Staff must be trained to use selected equipment before conducting measurements. This section describes selected types of equipment typically used.
1. Selection of Current Meters and Profilers
Select the appropriate current meter and method identified below, taking into consideration the depth and velocity to determine discharge by direct measurements. Refer to Table 6 in TM 3-A8 as a guide in meter selection. 
1.1. Mechanical meters measure point-velocities based on the principle of proportionality between the velocity of the water and the resulting angular velocity of the meter motor. 
1.2. Electromagnetic meters measure point-velocities based on the principle that water moving through a magnetic field will produce an electrical current.  Electromagnetic meters measure the electrical current to determine the velocity of flowing water. 
1.3. Acoustic velocity meter (AVM) systems are non-mechanical devices that measure the velocity of flowing water by sonic signal and the acoustic travel time technique. AVMs can measure a wider range of velocities than mechanical meters and are deployed at a gaging station to provide continuous records in tidally affected areas or areas with variable backwater conditions. 
1.4. Acoustic Doppler Velocity meters (ADVM) are non-mechanical devices that measure a volume of velocities in the water column based on the Doppler principle.  Velocity of the water is measured using transmitted and received signals from sound pulses reflecting off particles moving in the water column. Some models are used for discharge measurements while others are deployed at gages to compute discharge by the index-velocity method.
1.5. Acoustic Doppler Current Profilers (ADCP) measure velocity magnitude and direction using the Doppler shift of acoustic energy reflected by material suspended in the water column, providing a profile of velocity through the water column. Some models are used for discharge measurements while others are deployed at gages to compute discharge by the index-velocity method.
2. Maintenance of Current Meters and Profilers
Maintain meters and check performance to assure quality of measurements. Do not repair meters or profilers during a discharge measurement at a site.  Do not change meters or profilers while conducting a discharge measurement at a site. 
2.1. Mechanical and Electromagnetic Meters for point-velocity measurements. 
2.1.1. Before using, check meter and repair or replace any broken parts. 
2.1.2. Clean and oil meter to maintain optimum performance.
2.1.3. For mechanical meters, perform a spin test to ensure the meter is working properly before and after each event. Record results of the test.  
2.1.4. For electromagnetic meters, calibrate in still water per manufacturer’s instructions. 
2.1.5. Follow directions provided in TM 3-A8 to conduct the test required for the specific meter types.
2.2. Acoustic velocity meters (AVM) for continuous measurements. 
2.2.1. Enlist expert staff to install and maintain AVMs for peak performance in accordance with the meter manufacturer’s manual.
2.2.2. Inspect the meter for cleanliness and signs of any damage from field use, and document any actions taken to clean or repair the instrument. 
2.3. Acoustic Doppler Velocity meters (ADVM) for point-velocity measurements or for continuous measurements. 
2.3.1. Review internal diagnostics during every field visit.
2.3.2. Visually inspect meter for signs of damage before and after field use. 
2.3.3. Complete onboard quality control test with each measurement.
2.3.4. Perform beam checks under the following conditions:
· When instrument is received and installed;
· If damage has occurred or is suspected; 
· After a firmware upgrade or repair was made; 
· After any quality control test failures; and,
· During every field visit.
2.4. Acoustic Doppler Current Profilers (ADCP): Follow the steps below before, during and after use of ADCPs. 
2.4.1. Ensure the ADCP is in working order with the latest approved firmware and there is sufficient space on the memory card.
2.4.2. Set ACDP onboard clock, perform diagnostic tests via software menus, and store test results on field computer. Document the ADCP diagnostic test results.
2.4.3. Compare ADCP temperature reading to an external, or separate, thermistor before each deployment. ADCP reading must be within 2° C of external thermistor that has been verified per DEP SOP FT 1400. If the temperature measured by the ADCP temperature sensor differs repeatedly from the independent temperature measurement by 2°C or more, or if the ADCP temperature sensor has failed, the ADCP should not be used to make discharge measurements until the temperature sensor is repaired and checked. If a discharge measurement is necessary and another ADCP is not readily available, it may be possible to enter a temperature manually for use in the speed-of-sound calculations. This action is not recommended as standard practice, however, and it may decrease the accuracy of the discharge measurement (see TM 3-A22).
2.4.4. Measure and document any other parameters required by the manufacturer’s manual. 
Direct Measurement Methods for Determining Discharge at Gaging Stations and Other locations
Direct measurements are made at gaging stations to determine daily discharge, instantaneous stage and discharge, or annual extremes in stage and discharge.  For instructions on how to establish a new gaging station, see TWRI 3-A6. Discharge may need to be determined at other locations for specific project requirements. The information below is used for the determination of discharge by direct measurements. 
Stage Measurements at Gaging Stations
1. Establish the stage, or gage, height of zero flow (GZF). Gage height of zero flow occurs at a constructed or natural control feature at which the flow ceases at a determined gage height.  Measure and document the GZF during low or no flow. The characteristics of some waterbodies may prohibit the measurement of the GZF. 
2. All stage measurement devices must have a measuring resolution of 0.01 ft.
3. A primary reference gage and auxiliary reference gage must be installed at each gaging station. The primary reference gage is a non-recording gage used to set and check the recording gage that automatically records the stage of the water body.  The auxiliary reference gage is a second, non-recording gage used to verify the primary reference gage, and detect any elevational movement due to substrate settling or other disturbances. The auxiliary reference gage must be installed structurally independent of the recording and the primary reference gages. 
4. Proceed with the following steps to take stage measurements at gaging stations.
4.1. Before taking stage measurements, inspect the system for proper operation.
4.2. Measure the stage at the primary reference gage and compare to the gage station recorder during each site visit.  If the recorder and primary reference gage differ by more than 0.02 feet, investigate the possible causes of error and adjust according to TM 3-A7.  If there is a known difference between the recorder and primary reference gage, apply a correction factor according to TM 3-A7.  Document any adjustments or corrections. 
4.3. Record any deviation between the recorder and the reference gage as well as maintenance performed. Indicate personnel performing the maintenance.
4.4. If the stage at the gaging station fluctuates ≥ 0.1 ft during the measurement period, report gage heights to the nearest 0.1 ft and note the conditions.
5. See procedures in TM 3-A7 for instructions on maintaining gaging stations and obtaining stage measurements. 
Midsection method for the determination of discharge 
1. Discharge measurements are commonly made by direct current-meter measurements at gaging stations or project defined locations. Methods of computation and determination may vary depending on how the measurements are taken in the field. Refer to the following procedures and references to determine discharge by direct measurements at a gaging station and project defined locations. 
2. Select the site with as many qualities listed below, which allow for the highest level of accuracy of measurements for determining flow:
· Reasonably straight channel with streamlines parallel to each other; 
· Stable streambed free of large rocks, weeds, and other obstructions that would create eddies, slack water, or turbulence; and
· For measurements associated with a gaging station, locate the cross-section as close to the gaging station as possible. 
3. If a moving boat is to be used with current meters, refer to TWRI 3-A11. 
4. If a cableway is to be installed and used, refer to TM 3-A21.
5. Select current meter and velocity measurement methods based on site conditions and project requirements, including data quality objectives, according to TM 3-A8.
6. Determine the width of the cross section with tapes and taglines, surveying methods, or research grade Global Positioning System (GPS).
7. Estimate the number of subsections within a cross-section at which velocity will be measured so that each subsection will contribute approximately 5% and no more than 10% of the total calculated discharge, using historical transect data for the site, if available.  Increase or decrease width of subsections during the measurement procedure, as needed, throughout the cross section to meet the 5% target.  Resulting flow measurement accuracy is highest if the 5% target is achieved for all subsections, but the 5% target may not be achievable at some sites (narrow streams, for example). The number of subsections that do not meet the 5% target or 10% limit is a component of the quality evaluation of the discharge measurement in FT 1824. See TM 3-A8 for further instruction. 
8. Measure depth of the vertical (i.e., the waterbody depth) using equipment applicable to the site and the flow measurement method (i.e., wading, bridge, cableway, or boat) according to TM 3-A8 descriptions.
9. Conduct velocity measurements in each subsection per the requirements of the method selected in section 5, above.
9.1. Inspect the current meter and check operation prior to, during and after the measurement event as described in FT 1810. 
9.2. Hold the meter in the measurement location for the time described in the instrument manual (typically 40-70 seconds) before recording a reading.  Reduce stabilization time if the stream is large with rapidly changing stage. 
9.3. Record the velocity at each measurement point. 
10. If the discharge measurement is at a gaged site, compute discharge as soon as possible based on equations found in TM 3-A8. Check all calculations after computation for correctness. 
11. Compare computed discharge to chosen or established rating curve, if a rating curve for the site exists, and determine the difference. If different by 10% or more, repeat measurement under the same conditions. If the computed discharge from the second measurement is within 5% of the first, consult an experienced hydrographer to evaluate the discharge results and rating curve.  
Determination of Discharge from a Moving Boat Using Acoustic Doppler Profilers (ADCP)
1. Acoustic Doppler Current Profilers (ADCP) are commonly used to determine discharge in large rivers and estuarine water. This technology differs from that used in traditional discharge measurements and requires practiced techniques for accurate measurement as well as expert knowledge to conduct with accuracy. Wading is not recommended with ADCPs. Use the following procedures and TM 3-A22 to determine discharge with ADCPs in a moving boat. 
2. Site selection: Consider the following for ADCP use, in addition to conditions listed in FT 1822, section 2.1:
· Left and right edges of the transect should be deep enough for measurement of velocity within two or more depth cells, or bins, as defined by the instrument’s software, while being close enough to minimize the amount of discharge that must be estimated at the edges of the waterbody. A transect is a straight line from one bank of a waterway to the opposing bank, perpendicular to the flow, along which ADCP measurements are taken.
· Avoid measurement sections having local magnetic fields (e.g., underwater cable crossings) due to overhead truss bridges, low steel beam spans, power lines and other sources of magnetism to minimize interference with the internal compass.
· Avoid asymmetric channel geometries and cross sections with abrupt changes in channel-bottom slope. The streambed should be as uniform as possible and free of obstructions, such as debris and rooted vegetation.
3. Set up and configure the ADCP according to the manufacturer’s specifications for the model. 
4. Prepare for the discharge measurement by completing the following as described in TM3-A8: 
4.1. Perform diagnostic test and log results according to the instrument’s manual. 
4.2. Conduct and record a moving bed test as described in TM 3-A22. If a moving bed is present, it is optimal to use GPS for bottom location; however, another method of compensation may be needed (see TM 3-A22).
4.3. Establish start and stop points.
5. Measure discharge of a transect.
5.1. Position boat at the start point. Measure and record the distance from start point to the shore. Use the profiler to estimate the shape of the edge areas by moving the ADCP as close as possible to the river edges, even if the velocity cannot be measured.
5.2. Measure depth to the transducer below water surface before ADCP measurements are taken and record the depth in the measurement notes.
5.3. Begin measurements. Hold position at the start point for a minimum of 10 ensembles, or profiles, of the water velocity.
5.4. Drive boat across the river at a speed no greater than the water’s speed, if possible. 
5.5. Approach ending shore slowly and hold position at the end point for 10 ensembles. Stop recording and measure the distance from the end point to the shore and record the distance in the measurement notes. 
6. Conduct two discharge measurement transects, composed of one transect in one direction and one in the opposite direction back to the starting point identified in 5.1 above (i.e., one transect pair).  If the transect pair is completed in less than 12 minutes, conduct discharge measurements for a second transect pair.  Calculate the mean of the transects. 
7. If the discharge for any of the transects differs by greater than 5% from the mean, and cannot be explained, conduct two additional transects and use the mean of all transect measurements as the discharge.  
8. Deviations from the procedures in 6 and 7 above may be necessary (e.g., low water velocity, non-steady flow), and must be documented as described in TM 3-A22.
9. Evaluate data in the field, looking for potential problems in the data.
10. Make temporary backups of measurements per manufacturer’s manual before leaving the site. 
Qualitative Evaluation of Direct Measurements 
[bookmark: _GoBack]Data collected for the determination and calculation of discharge should be evaluated for accuracy using qualitative methods directly after making the measurement. Measurements should be rated based on the hydrographer’s professional opinion of the measurement, not on how well or how poorly it plots in relation to an established rating curve. The experience and training of the hydrographer will affect the results of the qualitative evaluation. Refer to TM 3-A8 for more information on qualitative evaluation of measurements taken by the midsection method; for qualitative evaluation for measurements by ADCP, refer to TM 3-A22. 
Consider the following factors in evaluating direct measurements:
· Conditions of the measuring section and the ability to accurately measure the depth.
· Conditions upstream and the presence or absence of structures. 
· Uniform velocity distribution across the stream, including its smoothness, presence or absence of turbulence, obstructions, and abnormally high or low velocities.
· Condition and type of equipment.
· Spacing of observation subsections. 
· Number of subsections that exceeded 5% or 10% of total discharge, and site conditions that may have required fewer than 20 subsections to be assessed. 
· Rapidly changing stage and how thoroughly the parameters could be measured.
· Wind and weather conditions at the time of measurement. 
Rating Curves and Computational Determination of Discharge 
A rating curve is a plot or graph of variables associated with stream hydrology and discharge determination. The type of curve developed depends on the variables that are measured at the site. A simple rating only relates discharge to gage height, or stage.  However, a discharge rating can include other variables, if required by the circumstances, and then is considered a complex rating. The following parts of this SOP discuss the two most common types of rating curves.  See TWRI 3-A10 for theory and considerations associated with both simple and complex ratings. Information about the rating curve must be maintained according to FT 1850, section 6, such that the status of the curve is known.

Stage-Discharge Rating Curves at Gaging Stations
Stage-discharge rating is the relation of the discharge at a gaging station to stage. See TWRI 3-A10 for information regarding plotting, formatting, shaping and analysis of the stage-discharge curves.  
Identify the control for the gaging station. Measure and document the GZF during low or no flow. The characteristics of some waterbodies may prohibit the measurement of the GZF. 
Develop a stage-discharge rating curve over various stages and a range of conditions for the waterway. Do not use a rating curve until there are measurements over the range of stage and flows for the waterway well distributed throughout the curve. Ratings should not be extended beyond two times the highest measured discharge except for extreme events, and then only under the guidance of an experienced hydrographer. Every effort should be made to measure and document such extreme events to prevent having to extend beyond the specified factor.
After establishing a rating curve for a site, it is recommended that staff measure discharge at the site every 2 months as well as during unusual flow conditions to improve or develop the rating curve.  If direct discharge measurements consistently exhibit a difference greater than 5% from the discharge predicted by the established rating curve for a prolonged period, evaluate whether a change in the rating curve is warranted. 
Using the Index-Velocity Method to Determine Discharge Rating Curves
The index-velocity method is used to compute a continuous record of discharge when backwater due to a control structure or tidal control prevents the use of a stage as the unique predictor for discharge. Discharge computed by the index velocity method differs from traditional stage-discharge calculations by separating velocity and area into two ratings (index-velocity rating and stage-area rating). An index-velocity rating is developed after sufficient measurements have been made to cover the range of velocity measured by the index-velocity sensor and the mean channel velocity at the station, and a stage-area rating is developed from a relationship between stage and the cross-sectional area for the channel. During gage operation and after the two ratings have been created, the index-velocity instrument measures the index-velocity concurrently with stage, and the results of the two ratings are then multiplied together to calculate discharge.  See TM 3-A23 for additional information. Proceed with the following for the use of Acoustic Velocity Meters (AVM) or Acoustic Doppler Velocity Meters (ADVM) for the development of index-velocity rating curves: 
1. Carefully evaluate the candidate index velocity gage site prior to selection. 
1.1. Locate a site suitable for accurate flow measurements, as described in FT 1822 and FT 1823.
1.2. Select a location at the site best suited for an AVM or an ADVM, as described in TM 2-A23. 
1.3.  Measure the cross-section with an ADCP based on procedures described in FT 1823 and TM 3-A22 to evaluate the site for suitability as an index-velocity station, if possible. 
2. Select the appropriate type of index-velocity instrument after site reconnaissance and evaluation of the site conditions have been documented. 
3. Install and configure the AVM or ADVM.
3.1. Consider the following for instrument installation. 
3.1.1. Mount the instrument to maximize the downstream velocity reading and minimize the cross-stream velocity reading.
3.1.2. Mount instrument so that servicing can occur at all stages, when possible.
3.1.3. Mount instrument so that it is oriented to avoid impeding acoustic beams.
3.1.4. Mount instrument with index marks to monitor instrument movement from initial placement. 
3.2. Configure the meter for the specific characteristics of the site. Refer to the manufacturer’s manual for configuration recommendations.  At a minimum, the meter should be configured for the following as determined for the site conditions:
· Measurement volume not impinging on an obstruction, channel, or water surface.
· Measurement interval sufficient to reduce the standard error.
· Averaging period.
4. Establish and conduct routine field processes as described in TM 3-A23 for maintenance of meter. Keep records of these procedures. 
5. Refer to TM 3-A23 for specific detail in the development of a velocity index-rating curve using AVM or ADVM data. 
Computation of Continuous Records of streamflow
Continuous records can be computed from point discharge measurements and corresponding sensors deployed at gaging stations. Data quality of stream flow records will vary depending upon the level of care and precision taken during the measurement of parameters, as well as site conditions at the time of measurement.  Data used for computation of stream flow records should be thoroughly reviewed by an experienced hydrographer. Clearly indicate that extrapolated data for missing records used for the computation of continuous records are estimated values.  Refer to TWRI 3-A13 for information on how parameters are corrected, data are reviewed, and how continuous discharge records are computed. These actions must all be documented per FT 1850. 
Indirect Measurement Methods of Discharge
At some sites, direct measurements for the determination of discharge may not be possible or may be impractical.  Indirect measurements allow for the determination of discharge when there is no physical access to a site, such as during floods and high flows or at control structures. An indirect method may be the most reliable means of determining peak flows. 
1. Measurement of Discharge by Slope-Area Method
The slope-area method is nationally the most common indirect determination of discharge, but is not frequently used in low slope areas like Florida because of the very long distances required between sections to get ½ foot fall. Discharge is computed based on the uniform flow equation accounting for channel characteristics, water surface profiles and a roughness, or retardation, coefficient.  This method requires the review of a selection of reaches and cross-sections for the computation of discharge. Refer to TWRI 3-A2 for equations and site selection information used to compute discharge by the slope-area method. 
2. Measurement of Discharge at Confinement Structures by Indirect Methods
Control structure sites are often not ideal for direct measurements because the current is impeded, so indirect methods have been developed for various types of confinement structures.  See descriptions below to determine the best indirect methods for the site conditions or project requirements. Document all measurements and calculations for discharge at confinement structures according to applicable requirements in part FT 1850.  A person or entity may choose to use direct measurement methods to determine discharge at confinement structures.  
2.1. Measurement of Discharge at Width Contractions and Culverts by Indirect Methods: To determine the peak discharge in culverts, use equations based on continuity and energy. Best results are achieved when the difference between the upstream and downstream water levels is at least ½ foot. Culverts are often put in place due to roadways and can change the flow of a stream channel. Peak discharge can be determined through culverts by indirect methods based on high-water marks that define the headwater and tail-water elevations. For direction in the examination of culverts, explanation of equations, roughness coefficient determination, and discharge computations based on specific conditions and material types, see TWRI 3-A3 and TWRI 3-A4. 
2.2. Measurement of Discharge at Dams by Indirect Methods: Control sections are typically formed at structures like weirs, dams, or embankments. Peak discharge at control sections can be determined from a field survey, from records of high-water marks, and from knowledge of the geometry of the structure. The geometry of the structure and channel, along with the ratio of head to crest, should be assessed before determining the structure type and choosing the discharge equation and coefficient. Extensive field notes must be kept of water marks, reference marks, and tail-water height. For techniques and calculations to determine discharge at control structures, see TWRI 3-A5. 
2.3. Using Flumes for the Measurement of Discharge: Flumes have a limited use in measurement of discharge, but are useful when channel characteristics that affect gage height are subject to shift or when stream rises are unpredictable.  Discharge is determined only by the configuration of the flume.  Discharge determined by this method can be confirmed with current meter measurements.  See TWRI 3-A14 for information about determining discharge based on flume design, construction, and operation. 
Minimum Documentation Requirements
Documentation specified in the TWRI and TM references cited in this SOP must be included in the records for all measurements and calculations performed according to this SOP.  Record information and retain documentation for all stage, velocity and discharge determinations in a manner that allows unequivocal reconstruction of the essential details of field measurement events, discharge calculations, and any other treatments or manipulations of data. The following documentation shall be provided, if applicable to the site: 
1. Site Information
· Source and location of the measurement (e.g., identification number, station number or other description);
· Latitude and longitude of cross-section(s) measurement location (if required for the project, monitoring program, etc.);
· Number of channels measured and observed;
· Length of reach measured (if applicable);
· Date and time site was measured;
· Personnel who visited the site and their duties;
· Description or name of project, or monitoring program, associated with the measurements; and
· Description of site conditions during visit. 
2. Instrumentation 
· Vendor certificates of all factory-calibrated instrumentation;
· Manufacturers’ instrumentation manual and specifications;
· Identity of specific instrumentation in the documentation with a unique description or code for each instrument unit used;
· Date and time of all quality control activities prescribed by manufacturers’ instructions based on instrument type;
· Identity of the quality control activities performed;
· Description of the performance of instrumentation during quality control activities (e.g., spin test results or on-board quality control of ADCP);
· Date and time of corrective actions taken to correct instrument performance according to records requirements of FD 3000; and 
· Names of personnel performing corrective actions. 
3. Field measurements
· Method used for determination of discharge; 
· Analyst(s) performing measurements;
· Date and time of measurements; and
· Measurement value and unit for each measurement.
4. Describe and document the rationale for any modifications made to the standard reference procedures cited in this SOP that are used for the project. Include specific listings and descriptions of modifications made and link the modifications to the applicable sections of the standard reference procedures cited in this SOP.
5. Calculations
· Raw information used for calculations;
· Analyst(s) who conducted all calculations;
· Method by which discharge was calculated;
· Result and units of calculated discharge;
· Rating curve to which calculated discharge is compared; 
· Reasoning for deviating from prescribed calculation methods indicated in the applicable sections of the standard reference procedures cited in this SOP; and
· Provide enough information so that the discharge can be recalculated by an independent party and obtain the same result for verification purposes. 
6. Rating Curves
· Status of the rating curve as determined by a hydrographer (e.g., under development, established);
· Date the curve was last reviewed;
· Hydrographer(s) responsible for latest review of the rating curve;
· Entity responsible for the maintenance of the rating curve;
· Location associated with the rating curve; and 
· All notes associated with the quality of the rating curve and its status.
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