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Abstract

The Panama Canal Authority (ACP) operates the Panama Canal which connects the Atlantic and Pacific Oceans across the isthmus of Panama allowing for the passage of ocean going vessels.  The canal has a length of 80 kilometers and capable of traversing vessels up to 294 m long with maximum drafts of 12 m.  Most portions of the canal are above sea level in a man-made reservoir, Gatun Lake. The Engineer Research and Development Center (ERDC) investigated the feasibility of expanding the canal system by constructing additional reservoirs to increase water availability for navigation.  Currently, Gatun Lake and Lake Madden produce adequate quantities of water for navigation, power generation, and water supply. In the future, there is concern that an increase in the number of ships using the canal, coupled with drier conditions, could result in situations where there is inadequate water for canal operations. ERDC studied the addition of a new reservoir, Río Indio, to the west of Gatun Lake. Waters from the reservoir would be transferred via channels and a tunnel to Gatun Lake. The purpose of this study was to assess what the expected water quality would be in the proposed reservoir of the western watershed and what impacts might occur due to inter-basin water transfers from the proposed reservoir to Gatun Lake with respect to the existing water quality. This paper will discuss the modeling results and the conclusions and recommendations offered on the various scenarios simulated.
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1. Introduction

This study was undertaken to assess what the expected water quality would be in the proposed reservoirs of the western watershed (Rio Indio, Cocle Norte, Cano Sucio), and what impacts might occur due to interbasin water transfers from the proposed reservoirs to Gatun Lake with respect to the existing water quality. The objectives were to:  1) Calibrate (with available data) CE-QUAL-W2 for Gatun Lake and Lake Madden; 2) Set up CE-QUAL-W2 for three proposed reservoirs: Rio Indio, Cocle Norte, Cano Sucio; 3) Simulate proposed reservoirs using calibrated CE-QUAL-W2 model to predict expected water quality within these reservoirs; and 4) Simulate interbasin transfers from proposed reservoirs to Gatun  Lake by considering various operating ranges, seasonal variations and operational scenarios that can provide high quality downstream water quality and transfer water for Gatun Lake that will not degrade the existing water quality.  

1.1 Background

The Panama Canal Authority (ACP) operates the Panama Canal which connects the Atlantic and Pacific Oceans across the isthmus of Panama allowing for the passage of ocean going vessels, Figure 1.  The canal has a length of 80 kilometers and capable of traversing vessels up to 294 m long with maximum drafts of 12 m.  Most portions of the canal are above sea level in a man-made reservoir, Gatun Lake.  Gatun Lake was created by constructing a dam across the Chagres River approximately 13 kilometers upstream of its mouth with the Caribbean Sea. 
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Figure 1: Panama Canal

Construction of the Panama Canal began in the early 1900s and was completed in 1914. The Canal consisted initially of only Gatun Lake and the Atlantic and Pacific approaches and locks.  Gatun Lake has a narrow operating range, 24.9-26.7 m (81.5-87.5 ft) above mean sea level, as its purpose is to facilitate navigation. It was not designed to allow for large fluctuations in water surface elevation and thus has only a limited capability to capture and store water. Excess water is spilled through Gatun Spillway to the sea. In 1935 Lake Madden was constructed in the Chagres River above Gatun Lake to increase water availability for navigation.  

ACP is currently investigating the feasibility of expanding the canal system by constructing additional reservoirs to increase water availability for navigation.  Currently, Gatun Lake and Lake Madden produce adequate quantities of water for navigation, power generation, and water supply.  However, there is concern that an increase in the number of ships using the canal in the future coupled with drier conditions could result in situations where there is inadequate water for canal operations.             

2. Existing Reservoirs


2.1 Gatun Lake

Lake Gatun is the larger of the two reservoirs that make up the Panama Canal system.  Lake Gatun was created by impounding the Rio Chagres approximately 13 km  miles above its outfall into the Caribbean Sea.  The maximum water surface elevation of Lake Gatun is 26.7 m (87.5 ft).  Navigation between the Atlantic and Pacific Oceans is facilitated by sets of locks on the Caribbean and Pacific sides.  Major tributaries to Lake Gatun are the Rio Chagres, Rio Trinidad, Rio Gatun, and Rio Ciri Grande.  Numerous other smaller tributaries enter into the lake.

The northern portion of Lake Gatun is characterized by wide, deep areas created by flooding lowland plains.  Depths in these areas often exceed 20 m even outside of the navigation channel.  The southeastern portion of Lake Gatun is a narrow channel.  One arm of Lake Gatun extends to the southwest towards the Rio Trinidad and Rio Ciri Grande tributaries. At the western extent of this arm is the location to which diversion flows from the western watershed will be transferred.

Water quality in Lake Gatun remains at a sufficiently high level such that little treatment is required for potable water.  The last comprehensive data collection effort for Lake Gatun was conducted during the period 1972-1974.  During that study, the water quality at most locations in the system was very good.  Study results indicated that water quality was good except for  locations where there were discharges from canal support facilities or where tributaries contaminated with high waste loads (Rio Chilibre).  

The tropical location of Lake Gatun results in there being no winter/summer seasonality.  Instead, the year is divided into wet and dry seasons.  The dry season is loosely defined as running from January through April, the wet season from May through December.  Average rainfall amounts for the Gatun gage for the period 1985-2000 are a low of 46 mm (1.8 inches), for February and March, to a high of 368 mm (14.5 inches) for November.  Temperatures vary only slightly between the wet and dry seasons.  Average dry season air temperature for the period 1985-2000 at the Gatun meteorological station was 26.8 oC (80.2 oF) and 26.7 oC (80.0 oF) for the wet season.  Due to the close proximity of the equator, the period of day light varies little throughout the year.  Wind speed at the Gatun meteorological station during the dry season for the 1985-2000 period averaged 2.2 m/s (5.0 mph) and during the wet season 1.4 m/s (3.1 mph).  Wind direction during the dry season was predominantly from the North.  During the wet season, winds were more varied.  In September and October winds are more southwesterly while during the remainder of the wet season they tend to be from the northwest. 


2.2 Lake Madden

Lake Madden runs approximate 19 km from north to south and is on average 2 km wide. The main river inflow is the Rio Chagres, which runs from east to west and enters Lake Madden in the lower portion of the lake. The upper portion of the lake is on average 10 meters deep while the lower portion, closer to the outlet, is on average 40 meters deep.  The operational range of Lake Madden is from 58 m (190 ft) to 76.2 m (250 ft) above mean sea level.

A number of water quality studies have been conducted over the past 30 years. The majority of these studies have been of short duration, for specific water quality constituents, and at specific locations. The only relatively comprehensive sampling study was conducted during the years 1972-1974.  

For the Lake Madden model, the Chico, Candelar, and Peluca discharge gages were used as inflows into branches 1, 2, and 4 respectively. In order to accurately model the water balance, additional inflow was introduced into branch 5 based upon data received from Montgomery-Watson-Harza (MWH). The measured outflow, at the Lake Madden Dam, was used in the model to simulate water leaving Lake Madden and entering into Gatun Lake.
Monthly average meteorological data was available for both Gatun Lake as well as Lake Madden. The Gatun Meteorological Station was used for the Gatun Lake model while the Gamboa Meteorological Station was used for the Lake Madden model. For both the Gatun and the Gamboa Meteorological Stations, the period of record was 1985 to 2000, for the following variables: 1) Average Wind Direction; 2) Average Wind Speed; 3) Maximum Wind Speed; 4) Average Air Temperature; 5) Maximum Air Temperature; 6) Minimum Air Temperature; 7) Dew Point Temperature; 8) Average Relative Humidity; 9) Maximum Relative Humidity; 10) Minimum Relative Humidity; 11) Solar Radiation; and 12) Evaporation. For both gages, the monthly precipitation period of record was 1977 to 2000. 

3. Modeling Approach

One means of addressing the issue of water quality is by use of a numerical model. The CE-QUAL-W2 (W2), a state-of –the-art two-dimensional laterally averaged hydrodynamic and water quality model was applied for this task.  W2 is well suited to simulating reservoir water quality incorporating all pertinent hydrodynamic and water quality processes where transverse (lateral) variations are insignificant.  CE-QUAL-W2 was selected for this study by ERDC because W2’s 2-D width averaged hydrodynamic and water quality simulation approach is most suitable for modeling the Panama Canal system including Gatun Lake and the proposed reservoirs.  W2 is widely used for reservoir and estuarine modeling studies by the USACE, other Federal Agencies, States, consultants, and others.  Being that CE-QUAL-W2 is developed primarily for use in simulating reservoirs, it has many features required for reservoir simulations that are not found in standard estuarine models. Among these are: 1) Hydrodynamics; 2) Water Quality; 3) Long-term simulation capabilities; 4) Specification of head boundaries; 5) Multiple branches; 6) Variable grid spacing; 7) Water Quality independent of hydrodynamics; 8) Autostepping; 9) Restart provision; 10) Layer/segment addition and subtraction; 11) Multiple inflows and outflows; 12) Selective withdrawal calculations; 13) Time-varying boundary conditions; and 14) various forms of output to aid in calibrating and verifying the model.

Application of W2 is separated into two distinct phases. The first phase is calibration of the model using a set of observed data from a known similar reservoir.  The second phase is application of the calibrated model in a predictive role.  As the proposed reservoirs do not exist and only the most basic information (size, operational range) are available it is not possible to “calibrate” W2 to them.  Instead, W2 was calibrated to the existing reservoirs (Gatun Lake and Lake Madden) and the results of those calibrations used to set up W2 for the proposed reservoirs.  Selection of Gatun Lake and Lake Madden as the source of calibration information for the proposed reservoirs was straightforward.  Both reservoirs experience similar meteorological conditions as the proposed reservoirs.  

4. Proposed Reservoirs

Three proposed reservoirs constitute the western watershed: 1) Rio Indio; 2) Cano Sucio; and 3) Cocle del Norte. CE-QUAL-W2 was set up for each of these reservoirs however water quality and inter-basin transfers were simulated for only Rio Indio.  Initially it was proposed that water quality simulations would be performed for all three reservoirs.  However, due to time constraints and the limited information available for Cocle del Norte and Cano Sucio, it was determined that the thrust of this study should be the water quality of the proposed reservoir on the Rio Indio and the impact that its waters would have on Gatun Lake including M&I water supply needs via inter-basin transfers.  



4.1 Rio Indio

The Rio Indio Watershed is located adjacent to the western side of the Panama Canal watershed. The proposed Rio Indio project would contribute measurably to the hydrologic reliability of the Panama Canal to provide water for M&I needs and canal operation. The Rio Indio flows northward from the Continental Divide to the Atlantic Ocean. The headwaters of the watershed begin at elevation 1000 m MSL approximately 75 km inland and fall to mean sea level at it’s mouth. The distribution of the average annual rainfall over the Rio Indio watershed varies from a high of  3500 mm in the middle watershed to a low of 2500 mm at the eastern limit of the watershed.

Inter-basin transfer from Rio Indio Reservoir to Gatun Lake would be accomplished via tunnel.  At the upper end of the tunnel there are questions regarding the need for a mulit-level intake which would facilitate selective withdrawal operations.  Selective withdrawal enables waters to be withdrawn from various layers and blended to generate water of a desired quality.  

5. Summary of Results

Both Gatun Lake and Lake Madden were calibrated using a non-synoptic data set compiled from various sources and time periods.  Seasonal averages of observed water column concentration data from a sampling study conducted for the years 1972-1974 were used to “calibrate” the model.  

A total of six W2 scenario simulations were made based upon the HEC-5 reservoir operation simulation results supplied by ACP.  Four W2 simulations were made for the proposed Rio Indio reservoir and two for Gatun Lake.  HEC-5 simulation results, supplied by ACP, provided the inflow, discharge, and water demand requirements for these scenarios.  

Results of these scenarios indicated that water quality in the proposed Rio Indio reservoir, as expressed by dissolved oxygen, varied with the processes occurring in the reservoir.  When the reservoir was being drawn down, either via inter-basin transfer or downstream discharge, the dissolved oxygen levels were higher.  When the reservoir was being filled, undesirable low dissolved oxygen levels occurred in the bottom portions of the reservoir. This was a result of increased sediment oxygen demand (SOD) and reduced circulation.  

Single port and multi-port discharges were simulated for the proposed Rio Indio reservoir.  These simulations were conducted to serve as a screening level assessment of the need for selective withdrawal.   Single port withdrawals, whether for downstream discharge or inter-basin transfer, resulted in more water being withdrawn from the lower levels which aided in the mixing and dilution of the low dissolved oxygen by entrainment of waters from overlying layers that had higher dissolved oxygen levels.  

Multi-port discharges at the dam would be of benefit during period when the reservoir is being filled and the only discharge are the regulatory flows.  Dissolved oxygen levels at the 12 m port for downstream releases tended to be very low during this period.  Without the ability to with draw from other layers or some form of mechanical reaeration, this situation could result in the release of low dissolved oxygen water which could have detriment effects downstream.  Under such conditions, sediment releases of reduced metals could occur.  Waters containing these metals, when oxygenated by passage through the dam, would precipitate metals in the channels downstream of the dam

The need of multi-port intakes for the inter-basin transfer tunnel is less dramatic. Results indicate little variation between the conditions at the tunnel intake site for the four scenarios performed.  In actuality, the worse dissolved oxygen conditions occurred when the transfer flow was split between the three ports.  Again this was due to there being less flow in the bottom layers which resulted in less vertical mixing.  The anoxic conditions remained beneath the elevation of the lower tunnel intake.  Dissolved oxygen levels increased when inter-basin transfers occurred due to the increased vertical mixing and movement of the waters.  From this it appears that the critical condition will be when inter-basin transfers are commencing.  After that initial “flush”, the large flows will mix the reservoir and improve dissolved oxygen levels throughout the layers used for withdrawal.

Two scenarios were run for Gatun Lake, one in which a single port was used for the transfer flow intake and another in which three ports were used for the transfer tunnel intake, simulating the receipt of inter-basin transfers from Rio Indio reservoir.  Results indicated little difference in the dissolved oxygen levels for the water intakes.  This was expected for two reasons.  One, the water quality of the tunnel discharge was similar whether single port or multi-port withdrawal was used at the tunnel intake.  Second, all major intakes are far removed from the tunnel discharge site and are negligibly impacted by it.  Only the intake at Escobal is on the same branch as the tunnel discharge site.  It is located approximately 14 miles from the discharge site.  Dissolved oxygen levels at the Escobal intake were high in both scenarios. 

6. Recommendations
The following recommendations have been developed during the course of this study: 1) More observed flow data needs to be gathered; 2) Watershed loadings and conditions need to be better developed; 3) Sediment processes need to be better defined; 4) Ongoing monitoring and sampling needs to be done to better define the water quality conditions of the various water bodies; 5) Dam site selective withdrawal capabilities need to be further investigated; 6) Tunnel intake selective withdrawal capabilities need to be further investigated; and 7) Additional scenarios need to be simulated.
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