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EXECUTIVE SUMMARY

Hydrologic analyses were performed for the Upper Rio Chagres development to estimate
the long-term monthly flow sequence, net reservoir evaporation, construction period
floods, spillway design flood and depletion of reservoir storage due to sedimentation.

The long-term monthly flow sequence at the proposed dam site was developed from the
streamflow “data recorded on the Rio Chagres at Chico. The gauging station is
maintained and operated by the ACP. The flow data at the station is available from
March 1933 to date with the data missing for years 1968 and 1969, and a few additional
months. The missing data was filled-in using statistical procedures to complete a data set
for the period from January 1933 to December 2000. The data set was checked for
consistency and homogeneity and was judged to be reasonable for representation of long-
term future conditions. The mean annual flow is about 30.2 m*/s. Because of very small
intervening area between the gauge and dam site, the recorded mean annual flow was
considered to represent flow at the damsite.

Lake evaporation data for Madden Lake was obtained from ACP. Annual net reservoir
evaporation was about 1,321 mm. This rate was considered applicable for the Upper Rio
Chagres reservoir.

Construction period floods were estimated on an annual basis using annual maximum
instantaneous flood peak data. The Log Pearson Type III (LP III) probability distribution
was fitted to the annual peaks. The distribution indicated a reasonable goodness of fit.
The estimated 10-, 20-, 25, 50- and 100-year flood peaks were about 1710, 2000, 2110,
2420 and 2740 m’/s, respectively.

The design flood for the project was adopted to be the probable maximum flood (PMF)
and was based on a 24-hour probable maximum precipitation (PMP) of about 657 mm.
The time distribution of the PMP was based on depth-duration data of historic storms.
The unit hydrograph for the basin was derived using dimensionless unit graph-lag curve
method. The resulting PMF had a peak of about 9,940 m>/s and 3-day volume of about
271 million cubic meters.
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ACP is collecting suspended sediment samples on the Rio Charges, Rio Pequeni and Rio
Boqueron, all three rivers are draining into Madden Lake. ACP analyzed these data and
provided monthly, suspended sediment discharges for the three rivers. ACP also
performed reservoir sedimentation survey of Madden Lake. Based on these data, the
mean annual sediment inflows were estimated to be about 602,800 metric tons. Analysis
for the depletion of the live storage of the reservoir was made using the method of
empirical area reduction method developed by the United States Bureau of Reclamation.
The analysis indicated that the live storage would be reduced from one to three percent
after about 50 to 100 years of operation. Thus, sedimentation effect on the live storage
would not be significant.
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1 INTRODUCTION

The ACP has determined that currently available water supply is limited and may not be
sufficient to meet the future transit demands to lock ships across the Isthmus. New
sources of water have been investigated at pre-feasibility and feasibility levels to
determine their potential contributions to the existing system in order to provide
increased traffic service. As a part of these investigations, a dam is proposed on the
Upper Rio Chagres to form a reservoir, which will be operated to store water during the
periods when the water from the lower basins would be sufficient to meet the demands
and release water when needed. A hydropower plant will also be located at the dam site.

1.1 OBJECTIVE AND SCOPE

This Appendix describes the hydrologic analyses performed at a feasibility level for the
development on the Upper Rio Chagres. The procedures and basic data used in the
determination of the following hydrologic parameters are discussed.

e Streamflow Availability

e Reservoir Evaporation

e Construction Period Flood

e Spillway Design Flood

e Reservoir Sedimentation

e Channel Stability Downstream of the Dam

1.2 LOCATION AND ACCESSIBILITY

The Rio Chagres contributes to Madden Lake and the basin is located to the northeast of
the Lake. The proposed dam on the Rio Chagres would be approximately 15 km
northeast of Panama City and 500 meters downstream from the confluence of the Rio
Chico and Rio Chagres, at latitude 9° 16" 00" north and longitude 79° 30 25" west. A
Location Map is shown on Exhibit 1. The dam would be about 150 meters upstream
from the stream gauging station located on the Rio Chagres. The drainage area at the
gauge is about 414 km®. Because of a short distance between the dam and the gauge, the
drainage area at the dam site was assumed to be same.

Upper Chagres Water Supply Project
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2 CLIMATE
2.1 GENERAL

The general climate of Panama is tropical with wet and dry seasons induced by the
annual movement of the intertropical convergence zone (ITCZ). During the dry season,
generally the months of February, March and April, the ITCZ is located south of Panama
near the equator. In March or April, the ITCZ moves northward generally reaching
Panama in late May or early June. Its passage results in heavy rainfall over a major
portion of Panama. When the ITCZ is well north of Panama, occasionally the strength of
the rainy season subsides and the months of July or August or both become a secondary
dry season. In late summer or early autumn, the ITCZ starts its southward migration and
it passes over Panama in late October or early November. During the months of October
through December and occasionally in January, heavy rainfall occurs over Panama.
When the ITCZ has moved well south of Panama, the dry season is established again. In
general, the wet season is characterized by mild humid winds from a southerly direction
while less humid, but somewhat stronger, northerly winds are more typical of the dry
season (La Fortuna Project, 1976)

2.2 RAINFALL

A regional isohyetal map, taken from Atlas (1988), is shown on Exhibit 2. There are two
recording rainfall stations in the Rio Chagres basin for which historic rainfall data are
available. The stations are named as Chico and Rio Piedras. Daily rainfall data at Chico
is available from October 1932 to date with data missing for a few months. At Rio
Piedras, the data is available from May 1985 to date. Monthly rainfall data at both
stations were generated for the period from 1911 to 2000 as part of a study made by
Montgomery Watson Harza (MWH) entitled, “Study of Variations and Trends in the
Historic Rainfall and Runoff Data in the Gatun Watershed” (MWH, December 2000).

Table 1 shows the monthly rainfall data for Chico. Time series and a mass curve of
annual rainfall data are plotted on Exhibits 3 and 4, respectively. The corresponding data
and curves for Rio Piedras are shown on Table 2 and Exhibits 5 and 6. Mean monthly
rainfall for the two stations is shown in the following tabulation:

Upper Chagres Water Supply Project
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Month Rainfall at Chico Rainfall at Rio

(mm) Piedras (mm)
January 40 38
February 19 34
March 15 28
April 83 96
May 276 263
June 317 273
July 321 264
August 331 257
September 323 295
October 398 318
November 340 281
December 167 166
Annual 2,631 2,314

Exhibit 7 shows the location of the two rainfall stations. The names of the stations
referenced on Exhibit 7 are given in Table 3. Exhibit 8 shows the mean annual isohyetal
pattern over the Rio Chagres basin. The map shows that mean annual rainfall is higher in
the head reach of the Rio Chagres and decreases in the downstream direction. This
pattern was developed by ACP based on the rainfall data for the period from 1974 to
1998 (and thus does not necessarily match the regional isohyetal map). ACP has recently
installed three more rain gauges in the watershed. These are located at Chamon,
Esperanza and Limpio (see Exhibit 7 and Table 3).

Estoque in 1985 (Estoque, et al., 1985) studied the effect of El Nifio on the rainfall in
Panama. They listed thirteen episodes of El Nifio for the period from 1920 to 1983, and
compared the annual rainfall during an El Nifio with the long-term mean annual rainfall.
The results indicated that El Nifio produced below normal rainfall in almost all regions of
Panama. The average annual rainfall anomaly, based on all El Nifio episodes was about 8
percent below normal. In case of the strong El Nifio episodes of 1976 and 1982, the
corresponding anomalies were about 28 percent and 24 percent below normal,
respectively. The driest month of the year 1982 (December) had a rainfall anomaly of
about 60 percent below normal. The study also indicated that there was a considerable
geographic variation in the rainfall anomalies. In case of the 1976 El Nifio, the largest

Upper Chagres Water Supply Project
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magnitudes of negative anomalies were located in the southwestern part of Panama, just
south of the Central Cordillera on the Pacific side. On the other hand, El Nifio had the
opposite effect (positive anomalies) in some basins north of the Cordillera in the Atlantic
coastal region. The 1997-1998 El Nifio episode also resulted in low rainfall in Panama,
particularly in Panama Canal Area.

During the MWH study of December 2000, it was determined that, in the Canal Area and
neighboring basins, the effect of El Nifio has been a slight to significant decrease in
rainfall during the episodes. The decrease in annual rainfall recorded at Chico and Rio
Piedras during the El Nifio episodes are shown in Table 4. Generally, the decrease varies
from 20-30% at Chico and 30 to as much as 60% at Rio Piedras. The percentage decrease
was significantly higher on monthly basis.

23 TEMPERATURE

Mean monthly temperatures vary within about 2° C throughout the year. Mean annual
temperature varies from about 26° C near the dam to about 24° C in the head reach. The
lowest temperature is in September-October and highest in March-April at lower
altitudes. At higher altitudes, maximum temperature usually occurs in June.

Upper Chagres Water Supply Project
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3 TOPOGRAPHY AND DRANAGE

The Rio Chagres flows in a general northeast to southwest direction from the Continental
Divide. The river rises on the southern slopes of the Divide to about 1,000 meters above
mean sea level. The river is relatively steep in the head reach and gradually becomes
relatively flat near the dam site. The mean elevation of the basin above the stream
gauging station at Chico is about 460 meters (verbal communication with ACP).
Topographic maps with contours are not available for much of the basin above the dam
site. However, based on a relief map of 1:200,000 scale, prepared by ACP in September
2001, the relief in the basin above the dam site may vary between 100 to 1,000 meters.

The river basin is fan-shaped with a length of about 30 km and maximum width of about
20 km. The Rio Piedras is the major left bank tributary, which joins the Rio Chagres
about 12 km upstream from the dam site. The Rio Esperanza and Rio Limpio and Rio
Chico are the right bank tributaries joining the river at about 18 km, 8 km, and 0.5 km
above the dam site, respectively. The drainage area at the dam site is assumed to be
about 414 km?, the same as measured at the stream gauging station 500 m downstream.

Surface area and reservoir storage volume were computed from digital topography
generated from an aerial survey using IFSAR (Interferometric Synthetic Aperture Radar)
and detailed topographic surveys at the site. The area and capacity information are
presented in Table 5.

Upper Chagres Water Supply Project
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4 STREAMFLOW ANALYSIS

4.1 STREAMFLOW DATA

A stream gauging station was established on the Rio Chagres at Chico (drainage area
about 414 km®) in early 1933 by the ACP. A Steven’s A-35 water level recorder was
installed in a stilling well. It has been replaced with an A-71 recorder. The recorder is
connected to a manometer servo that is, in turn, connected to a Vaisala/Handar data
logger through a shaft encoder and to a VHF telecommunication system through a Sutron
(Novalynx) shaft encoder. The gauge height data are transmitted to a central computer in
ACP office in Balboa Heights via the VHF system.

A staff gauge is installed on the steps near the stilling well. Periodic discharge
measurements are made from an overhead cableway, located near the well. Suspended
sediment samples are taken on the surface of the river from the bank using United States
Geological Survey (USGS) D-48 depth integrating sampler.

The stage-discharge relationship (rating curve) is controlled by channel conditions. The
riverbed consists of sand, gravel, and cobbles. The bed is not stable during high flows.
Periodic discharge measurements are redquired to update the rating curve. The flow
record was judged to be good to fair.

The historic record includes data from March 1933 to December 2000 with data missing
for November 1966, and January 1968 to June 1971,

42 STREAMFLOW CHARACTERISTICS

Mean annual flow based on the recorded data is about 30.2 m*/s. The missing monthly
flows were filled-in by MWH using statistical procedures (MWH, December 2000). For
the filled-in record of 68 years (from 1933 to 2000), the mean annual flow is about 30.2
m’/s. Table 6 presents the completed monthly flows at Rio Chico. The maximum
monthly flow of record of about 177.5 m’/s occurred in November 1935 and the
minimum flow of record of about 4.8 m*/s occurred in March 1995.

Upper Chagres Water Supply Project
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The wet period is generally from October through December but quite often, high flows
can occur in the month of September and January. The months of low flows are
generally from February to April. Floods generally occur during the months of
September through January due to general type of storms. The floods due to
thunderstorms can occur during any time of the year but mostly in the months of June
through August. The highest flood of record (from 1933 to 2000), about 3,810 m/s,
occurred in 1966.

The flows of the Rio Chagres are affected by El Nifio. The reduction of the mean annual
flows from the long-term mean during the periods of El Nifio are shown in Table 4 and
generally vary from 20 to 35%.

43 STREAMFLOW ANALYSIS
4.3.1 Monthly Streamflow Sequence

Monthly discharges from 1933 to 2000 for the Rio Chagres at Chico are given on Table
6. Since the proposed dam would be located about 150 meters upstream from this
gauging stations, these flows are considered applicable to the dam site. Exhibits 9 and 10
show the mass curve and the time series of annual flows. These exhibits show that the
annual flows are consistent, homogeneous and there is no significant trend in the data.
However, there are significant variations in flows from year to year. The minimum
annual flow was recorded in 1957. The highest flow occurred in 1996 followed by
significantly low flow in 1997.

4.3.2 Flow Duration Curves

Flow duration curves were developed based on monthly flows. This was considered
reasonable because of the long record of 68 years for the Rio Chagres. Daily flow data
was not collected. Exhibit 11 shows the annual flow duration curve. Based on this,
minimum monthly flow exceeding 90 and 95 percent of time were about 11.0 and 8.6
m’/s, respectively. A flow duration curve was also developed for the dry period
(February to April) and is shown on Exhibit 12. '

Upper Chagres Water Supply Project
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4.3.3 Drought-Duration-Frequency Analysis

The method of analyzing drought frequencies and duration is based on the assumption
that meteorological conditions recorded in the past would be repeated. In most cases,
absence of long records, potential long-term variation in rainfall and runoff, and the
topographic changes brought by man, make it rather difficult to make precise forecasts.

For drought analysis, data is selected by one or two methods: for either one, an extreme
value is chosen for each time unit, such as the lowest monthly flow in a year or the lowest
monthly flows for selected duration in the period of record, regardless of when they
occurred. With the latter method, the number of values chosen need not to be equal to
the number of years of record.

The first method is not very useful since this deals with a discrete value of flow and
reveals nothing about the sequence of low flows. The second method is more useful. In
this case, the analysis is made by determining the flows over a given period of
consecutive days, months or years. A difficulty encountered in frequency analysis of
sequential events is the overlapping of data and repeated appearance of extreme values.
Thus, in the analysis of droughts lasting say for 24-months (or two years), certain low
flow months might appear twice. The overlapping is eliminated as illustrated by the
following example of monthly flows for the Rio Chagres.

Monthly flows of the Rio Chagres at dam site (Chico gauging station) were arrayed in
one column. Running totals of 3-, 6-, 12-, 18-, 24-, 30- and 36-month periods were
computed. For the flows in each period, the following procedure, illustrated for the 12-
month period, was used.

e Select the lowest 12-month value.

e To avoid overlapping, exclude the 11 totals prior and subsequent to the
selected lowest value.

e After excluding the values, select the next lowest value and again exclude the
11 totals prior and subsequent to the selected value.

e Continue until all totals have been used either by selection or exclusion.

e Array the selected values from lowest to highest and assign 1 to the lowest
value.
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» Compute the return period of the lowest value as “number of years of record
plus 1 divided by the order”, that is, “(68+1)/1.” Thus, the return period for
the second lowest value was “69/2 = 34.5.”

In the case of the 3-, and 6-month periods, there were more than 68 values or more than
the years of record. In these cases only the 68 lowest values were used. Exhibits 13-15
show the frequency curves for 12-, 24, and 36-month periods, respectively.

The 3-, 6-, 12-, 18-, 24-, 30- and 36-month flows and their assigned recurrence intervals
furnish estimates of average length of time in years which can be expected to elapse
between the beginning of the various events. For example, the third ranking event in the
12-month series has a recurrence interval of 69/3 = 23 years. Thus, it can be said that in
any year the probability is 1 in 23 for the start of a 12-month period during which the
total flow would be as low as 578 MCM.
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5 NET RESERVOIR EVAPORATION

Monthly net reservoir evaporation for a reservoir is generally computed using the
following relationship:

NRE = A(PE) - (PPT-RO)

in which,
NRE = monthly net reservoir evaporation
A = pan coefficient
PE = monthly pan evaporation
PPT = monthly precipitation over the reservoir
RO = runoff presently contributed by the area that will be
inundated by the reservoir

ACP has computed the net reservoir evaporation rates for Madden Lake. The monthly
lake evaporation data in mm for the period from 1933 to 2000 obtained from ACP is
shown in Table 7. As per verbal communication with the Senior Hydrologist of ACP,
this data is the net reservoir evaporation. The data was considered applicable to the
proposed Chagres reservoir. The total annual net reservoir evaporation is estimated to be
1,321 mm.
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6 CONSTRUCTION PERIOD FLOODS

6.1 PREVIOUS REGIONAL FLOOD ANALYSIS

The Instituto de Recursos Hidraulicos y Electrificacion (IRHE) performed a regional
flood frequency analysis in June 1986 for the river basins west of about 79° west
longitude in the Republic of Panama. Annual maximum instantaneous peaks for the Rio
Chagres at Chico were available for 52 years (1933 to 1985) at the time of this study.
The station was used in the regional analysis.

The study region was divided into seven zones. For each zone, relationships between
drainage areas and mean annual floods, and between ratios of flood peak and mean
annual flood were developed. According to these relationships, the Rio Chagres was
located in Zone 1. The flood peaks corresponding to various return periods listed in this
report for the Rio Chagres at Chico are given in Table 8. The flood peaks were estimated
up to return period of 10,000 years.

6.2 AVAILABLE FLOOD DATA

Analysis of extreme flood events involves the selection of the largest events from a set of
flow data. The flood frequency analysis uses the largest recorded floods for each year at
a representative stream gaging station. For the present analysis, the annual instantaneous
flood peaks for the Rio Chagres at Chico were obtained from the ACP. The data are
presented in Table 9. The data are available from 1933 to 2000 (68 years). The
maximum instantaneous peak of record, which occurred in 1966, is about 3,812 m?/s.
The peak was estimated from high water marks.

6.3 CURRENT ANALYSIS

The Log-Pearson type III (LP III) distribution, recommended by the Hydrology
subcommittee, United States Geological Survey (March 1982) was first fitted to the
annual peaks. A computer program developed by the United States Army Corps of
Engineers, Hydrologic Engineering Center was used. The results are given in Table 8.
The frequency curve is shown on Exhibit 16.
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The skew coefficient of the flood peaks was zero (log-transferred values). Based on a
visual review of Exhibit 16, the LP III distribution shows a reasonable fit to the flood
peak data except the highest recorded peak of 1966. The peak is considered approximate
because this was estimated from flood marks.

Table 8 shows that the flood peaks based on the regional analysis (IRHE estimates) are
higher than those computed using LP III distribution and station data but lower than those
with 5 percent upper confidence limit. Because of the length of record of the flood peak
data at Chico, the values from regional analysis are not recommended. The use of 1966
flood peak in the analysis, resulted in higher 5 percent upper limit providing larger flood
peaks for the selected return periods. Therefore, the use of values with 5 percent upper
limit will be overly conservative. It is recommended to use the flood peaks values
computed using the LP III distribution.

64 FLOOD HYDROGRAPHS

Flood hydrographs for 20-, 25- and 50-year return periods were developed for the Rio
Chagres at Chico using the following procedure:

e The historic floods (hourly discharge data) at Chico were reviewed and the
duration of floods were determined to be about one day.

¢ The annual maximum one-day flood-volumes was estimated.

e Selected historic flood(s) with peak discharge(s) close to the 20-, 25- and 50-
year flood peaks, about 2,000, 2,110 and 2,420 m’/s, respectively were
selected. The flood of December 1985 had a peak of 2,057 m’/s. This peak
was judged to be close enough to the three peaks.

e The December 1985 flood was adjusted to represent flood peaks and volumes
equal to the 20- 25- and 50-year floods. '

The derived flood hydrographs are shown on Exhibits 17-19.
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7 SPILLWAY DESIGN FLOOD

The probable maximum flood (PMF) based on the probable maximum precipitation
(PMP) was used as the spillway design flood for the Rio Chagres dam. The derivation of
the PMF involved the following sub-tasks:

e Estimation of PMP, its duration and time distribution
e Estimation of Retention Losses

e Development of a Unit Hydrograph

e Estimation of Base Flow

e Transformation of PMP to PMF

e Evaluation of PMF

The above sub-tasks are discussed in the subsequent paragraphs.

7.1 PROBABLE MAXIMUM PRECIPITATION (PMP)
7.1.1 Rainfall Regime

In Panama, October and November are the heaviest rainy months. This period of extreme
rainfall is associated with the southward traverse of the inter-tropical convergence zone
(ITCZ). November dominates the high values on the Atlantic side. Higher values occur
in October than in November on the Pacific side because of more frequent southerly
winds in October.

Reports on PMP by the United States Weather Bureau (WS, 1965) and National Weather
Service (NWS, 1978) discussed the possibility of hurricane in Panama. A necessary
condition for hurricane is a coriolis force sufficiently strong to cause the winds to spin
around the center of low pressure. On the equator, the coriolis force is zero and still
relatively weak within 10° of the equator. Therefore, only rarely there are hurricanes
within 10° of the equator. Thus, hurricanes generally do not occur over Panama. (The
exception was Hurricane Martha. The track of this hurricane is discussed in the 1978
report by NWS.) However, the influences of the peripheral circulation, both direct and
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indirect, cannot be ruled out. Heavy rainfalls have occurred in southwest Panama
because of peripheral circulation.

Both general type and local storms have been recorded in Panama. Local storms are of
relatively small aerial extent, covering from about 500 to 1,300 _kmz. General storms can
cover relatively larger areas. The months of October through December are the season of
large-area rainfalls. Of the 22 storms analyzed in the 1965 and 1978 reports, 15 occurred
during these months.

During the months of October through December, strong air outflows come from the
northern latitudes. This implies northerly winds, at least for some times during major
storms which impinge on the mountains, and augment the rainfall through stimulation or
triggering of convergence or otherwise giving additional lift to saturated air. Generally,
most intense rainfall occurs over the northern slopes of the Continental Divide.

The northerly winds, coming from Atlantic Ocean, pass over Panama and have their first
encounter with the coastal hills. These hills trigger convergence and heavy rainfall
occurs over the coastal area. The rainfall amount and intensity decrease further inland
but are increased near the Continental Divide. This pattern is clear from the regional
isohyetal map shown on Exhibit 2. The pattern is controlled by the local topography. A
generalized map of the topography in the Canal Area and adjacent basins is shown on
Exhibit 20.

7.1.2 Methods for Estimating PMP

Two approaches were used to estimate the PMP for the Upper Chagres Basin:

e Study the storm patterns of major storms listed (up to 1976) in WS 1965 and
NWS 1978 reports that occurred over the Canal Area. Also develop storm
isohyetal patterns of major storms (since 1976) that occurred over the Rio
Chagres basin including the Canal Area. Maximize, transpose and locate the most
severe storm over the Rio Chagres basin to produce critical flood conditions.

e Use the 24-hour, 10-mi* PMP developed in the NWS 1978 Report and depth-area-
duration curves of WB 1965 Report and estimate basin average PMP.
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For the above approaches, a relationship between elevation and mean October —
December rainfall, and a mean October-December rainfall map were required to develop
the storm isohyetal patterns and to transpose the storms. These maps were developed
using the following procedures

7.1.3 Relationship between Elevation and Mean October-D‘ecember Rainfall

A relationship between elevation and mean October-December rainfall was developed by
the NWS and presented in their 1978 Report. The relationship was based on the rainfall
for the period 1941-70.

For the present study, the mean October-December rainfall amounts were computed for
the period 1966 through 1995 at a number of stations in the Canal Area and adjacent
basins. Exhibit 7 shows the locations of the stations as per Table 3. The new data points
did not indicate a need for revising the relationship. Therefore, the previous relationship
was adopted for this study. The purpose of this relationship was to extrapolate the mean
October-December rainfall at higher altitudes (where no rainfall stations exist) for
preparing the October-November isohyetal map.

7.1.4 Mean October-December Rainfall Map

The mean October-December rainfall developed by the NWS for their 1978 Report was
checked as follows.

The latest 30-year mean October-December rainfall amounts for the period 1966-95 were
calculated. The values in the Canal Area confirmed the shape of the isohyets in that area.
Therefore, the isohyetal pattern was not changed. The derived map is shown on Exhibit
21.

7.1.5 Major Storms
In the NWS 1978 Report, a detailed discussion is presented for the criteria used for the

selection of major storms. These criteria were also used for this study and are discussed
below.
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The 1978 Report concluded that storm rainfall of the late fall and early winter cold-
outbreak would be the prototype to the PMP for the Gatun Lake watershed. Three-day
rainfall amounts were added to represent storm period. About 24 three-day storms up to
1976 were reviewed. The storms with more than 150 mm rainfall in a day or 254 mm in
three days were considered as the major storms. This resulted in the selection of 10

storms. The selected storms are listed below and their isohyetal patterns are shown on
Exhibits 22-31.

November 17-19, 1909
October 22-24, 1923
November 7-9, 1931
November 27-29, 1932
November 5-7, 1939
October 12-14, 1941
December 18-20, 1943
December 12-14, 1944
November 3-5, 1966
April 7-9, 1970

The locations of the storm centers on Exhibits 22-31 were reviewed and compared with
the general topography (Exhibit 20). The centers of most of the storms were near Lake
Madden. The heavy rainfall was caused due to high altitudes on the east and north of the
lake. Some of the storms had their centers near or at elevations varying from 150 to 300
meters near Lake Gatun. Probably, due to no rainfall data in the Upper Chagres basin,
the storm isohyets of these storms were not extended to cover the Upper Chagres basin.

The isohyetal patterns of the above storms were carefully reviewed and the storm of
October 22-24, 1923 was judged to be the most critical in respect of rainfall amount and
aerial extent over the Upper Chagres basin. This storm shows a rainfall of about 26
inches (data were provided in English units and were retained) at the center of the storm
located in the Rio Chagres basin. This is the highest rainfall of all storms.

For the major storms since 1976, daily rainfall data were obtained for the stations in the
Canal Area. The data was reviewed and the following four storms centered over the
Canal Area and its vicinity were judged to be critical.
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December 4-6, 1985
January 13-15, 1996
November 27-29, 1996
December 30-31, 2000

The rainfall amounts associated with the above storms and recorded at various stations
are shown on Exhibits 32-35. The storm of December 30-31, 2000 had heavy rainfall
over the Rio Chagres basin with the storm center near the Rio Piedras station (two-day
rainfall about 343 mm). The location of the center was nearly same as that of October
1923 storm.

7.1.6 Duration of PMP

All storm isohyetal maps from the NWS 1978 Report were for three-day rainfall. For the
storms since 1976, three-day rainfall amounts were also used. However, the hourly
rainfall data available for the stations in the Canal Area and adjacent basins indicated that
the actual maximum rainfall duration in the major three-day storms was about 24 hours
with some intermittent rainfall extending to 48 hours. For this reason, a duration of 24
hours was considered appropriate for the PMP. All 3-day storms plotted on Exhibits 22-
35 were considered to be of 48 hours durations.

7.1.7 PMP Estimate

The isohyetal map of the October 22-24, 1923 storm, the most critical storm for the Rio
Chagres basin from the NWS 1978 Report) and the storm of December 30-31, 2000, the
critical storm since 1976 were compared. For the 1923 storm, the isohyets were extended
over the whole basin using the general trend. The basin average 3-day rainfall was about
588 mm (assumed for 48 hours). A review of Exhibit 35 showed that the December 30-
31, 2000 storm did not produce as much rainfall over the basin. Therefore, the 1923
storm was selected for further analysis.

As stated by the Weather Bureau (WB, 1965), moisture maximization of the largest storm
rainfall in Panama is less meaningful in estimating PMP than in the United States because
the variation in precipitation intensity from storm to storm depends mostly on the
variation in the mechanism that lifts the moist air in cloud masses and less on the
availability of the moisture. However, the Weather Bureau considered storm
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maximization in their 1965 study. Therefore, for this study attempt was made to
maximize the storm of October 22-24, 1923 in place. Since the storm occurred within the
basin and was controlled by the local topography, transposition of storm was not
considered justified.

Dew point data during the storm and 12-hour persisting dew point data were not
available. Based on MWH’s experience in the tropical area, the maximization factor
could vary from about 1.2 to 1.5. The storm of 1923 appeared to be quite efficient in
respect of moisture contents. Therefore, a factor of 1.2 was adopted. This resulted in a
48-hour PMP of 706 mm. For the 414 km? area, the depth-area-duration curves (D-A-D),
presented on Exhibit 36 (WB 1965) show that the ratio between 24- and 48-hour rainfall
amounts is about 0.79. This resulted in a 24-hour basin average rainfall of about 560
mm.

For the second approach to estimating the PMP, the 24-hour, 10 mi* PMP map given in
the NWS 1978 Report (Exhibit 37) was used. This map gave a 24-hour 10 mi? PMP of
about 28.1 inches (about 713 mm) over the Upper Rio Chagres basin. To obtain the basin
average PMP, the depth-area-duration curves shown on Exhibit 36 were used. For
durations of 24 and 48 hours and a drainage area of 414 km? (159.8 mi?) at the dam site,
the PMP were about 25.85 and 32.88 inches, respectively, (about 657 and 835 mm).
These PMP amounts are greater than 560 and 706 mm obtained by maximization the
October 1923 storm. Therefore, a 24-hour basin average PMP of 657 mm was adopted
for this study. It may be pointed out that if we use a maximization factor of 1.5, the 24-
hour PMP would be about 697 mm. This is not much different from the recommended
PMP of 657 mm.

7.1.8 Depth-Duration Curve for the Rio Chagres Basin

The depth-duration curve for the Rio Chagres basin can be determined in any of the
following three ways depending upon the data available.

1. Develop envelope depth-area-duration curves for various durations for major
storms in the region of project area, read rainfall amounts for various durations
corresponding to the basin area, and draw smooth depth-duration curve.
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2. Construct dimensionless rainfall mass curves of point rainfall of major storms in
the region and draw near-envelope curve which envelopes the low values in the
low end and high values in the high end.

3. Use actual depth-are-duration curves of the actual storm, determine rainfalls for
various durations corresponding to the basin size, and develop a depth-duration
curve.

Methods 1 and 2 could be used for this study. For method 1, the D-A-D curves are
available as-shown on Exhibit 36. For the second approach, hourly rainfall data at Chico
for the storms of August 18, 1980, October 01, 1986 and December 30-31, 2000, and at
Rio Piedras for the storm of December 30-31, 2000 were obtained from ACP. These data
were plotted as mass curves. The storm rainfall duration was about 24 hours in each case
with about 70 percent rainfall occurring in about 3 hours. The rainfall distributions
during the months of August and October appeared to be typical for local storm while the
December pattern was typical of general storms. The December pattern was considered
for further analysis.

Using the December hourly rainfall data, envelope curve was developed. The curve is
shown on Exhibit 38. The point data was converted into basin average rainfall using a
factor of 0.89 based on the size of the basin. The data was smoothed. The basin average
mass curve is also shown on Exhibit 38.

The basin average rainfall amounts for various durations were obtained from D-A-D
curves shown on Exhibit 36. This data in plotted on Exhibit 39 with the depth duration
curve based on the basin average rainfall. Exhibit 39 shows that the basin average depth
duration curve is critical compared to the curve based on the D-A-D data. Therefore, the
basin average depth duration was adopted. Table 10 shows one-hour rainfall increments
from the basin average mass curve.

7.2  RETENTION LOSSES
In a rainfall-runoff process, two types of retention losses are considered. First is the

initial loss to satisfy interception and depression storage and soil moisture deficiency.
The second is the uniform loss during the duration of the storm that occurs once the
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initial loss has been satisfied. In a single event-oriented rainfall-runoff model, these
losses are considered to be lost and do not contribute to the flood.

A preferred method is to estimate these losses through calibration of a hydrologic model
like HEC-1 (COE, 1981) using concurrent observed hourly rainfall and flood discharge
data. An attempt was made to use this method. Hourly flood stages and rating curve
(river stage and discharge relationship) were obtained for six major floods recorded on
the Rio Chagres at Chico. These floods and HEC-1 model calibration are discussed
under sub-section 9.3 entitled “Unit Hydrograph.”

The COE (1981) has discussed four methods to consider infiltration losses — initial loss
and uniform loss rate, exponential loss rate, United States Soil Conservation Service
(SCS) curve number and Holtan loss rate, to compute retention losses. For all methods,
the rates should be estimated through calibration of HEC-1 model. For this study, initial
loss and uniform loss rate method was used because of its simple concept. The method
requires only two parameters that can be derived even if limited rainfall-runoff data are
available.

7.2.1 Initial Loss

A review of the daily rainfall data at stations within and in the vicinity of the Rio Chagres
watershed indicated that during the months of October through December, the rainfall
occurs quite frequently. Therefore, during these months when the PMP is most likely to
occur, there is a strong likelihood of significant storms prior to the PMP storm. The
antecedent rainfall could be substantial. As a result, the initial retention was considered
negligible on the assumption that the soil moisture deficiency and other abstractions
would be satisfied by an antecedent storm.

7.2.2 Uniform Loss

The uniform loss represents the rate at which the soils in the basin will allow the rainfall
to percolate through during the storm period. From the study of soils and geology from
the Atlas (1988), and based on the field reconnaissance, the soils in the basin were judged
to be predominantly of SCS soil group C. The recommended minimum infiltration rate
for this group varies from 0.05 to 0.15 inches (1.3 to 3.8 mm) per hour. A rate of 2.5 mm
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(0.10 inches) per hour was used. No infiltration loss was considered from the reservoir
area.

7.3  UNIT HYDROGRAPH

Hourly discharge data were obtained for the following six major floods.

e May 1975
e July 1975
e May 1983

e December 1985
e November 1996
o December 2000

The floods of November 1996 and December 2000 had multi-peaks and were not suitable
for deriving a unit hydrograph. Hourly rainfall data corresponding to the flood
discharges was available for the December 1985 flood only. Thus, only one flood event
was available to derive the unit hydrograph and to estimate the uniform infiltration rate
through calibration of HEC-1 model. Because of limited rainfall-runoff data, it was
decided to use dimensionless unit graph — lag curve method to derive a preliminary unit
hydrograph for the Chagres River at Chico and refine this using HEC-1 model and the
December 1985 flood with corresponding rainfall.

7.3.1 Dimensionless Unit Graph

In a dimensionless unit graph, the time base is expressed as abscissa (X-axis) in terms of
time (T) as percent of the time Tcv, that is, 100T/Tcv, where T is the time of successive
ordinates and Tcv represents the lag time of the basin plus half the duration of the rainfall
excess (USBR, 1987). The lag time is defined as the time from the center of the rainfall
excess to half the volume of the direct runoff. Dimensionless discharge is expressed on
the ordinate scale (Y-axis) in terms of “Q * Tcv/Vol,” where Q is ordinates of a
hydrograph in cubic meters per second (or cubic feet per second) and Vol is direct runoff
volume in cubic meters per second-hour (or cubic feet per second-day).

Dimensionless unit graphs were developed from the four historic floods as shown on
Exhibit 40. Since the duration of rainfall excess that caused the flood was not available
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for each flood, the Tcv was approximated as the time from the rise of the hydrograph to
the occurrence of half the volume of direct runoff. An average dimensionless unit graph
based on these four graphs is shown on Exhibit 41.

7.3.2 Lag Time
Basin lag time is related to the watershed parameters by the following equation:

Lg=C* (L *Lc/ (SN
where
Lg = lag time in hours
C = coefficient
N = exponent
L = length of the longest watercourse from the point of interest (gauge or dam site
where a hydrograph is desired) to the boundary of the drainage basin (from
Design of Small Dams), km or mi
Lc = length along the longest watercourse from the point of interest to a point
opposite the centroid of the drainage basin (from Design of Small Dams), km or
mi
S = overall slope of the longest watercourse, m/km or ft/mi

Watershed parameters L, Lc and S could not be determined because complete
topographic maps are not available for the Chagres watershed. Therefore, the above
relationship could not be used. The only indication of basin lag time could be from the
hourly rainfall data at Rio Piedras corresponding to the December 1985 flood. This data
indicated that the basin lag time could be about 4 to 5 hours. A lag time of 4.5 hours was
selected.

7.3.3 Derivation of Unit Hydrograph

Using a lag time of 4.5 hours and the average dimensionless graph, a preliminary one-
hour unit hydrograph was developed. HEC-1 model was set up using the preliminary
unit hydrograph and assumed uniform loss rate, and the December 1985 hydrograph was
simulated and compared with the observed hydrograph. Through successive trials, a
reasonable match was obtained. Attachment 1 shows the HEC-1 output (English units).
A summary of the comparison is shown below:
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COMPARISON OF OBSERVED AND RECONSTITUTED
HYDROGRAPHS OF DECEMBER 1985 FLOOD

Observed | Computed | Difference | Percent
Sum of Flows, cfs-hr 441,129 460,205 19,076 +4.32
Equivalent Depth, inches | 4.276 4.461 0.185 +4.33
Mean Flow, cfs 9,003 9,392 389 +4.32
Peak Flow, cfs 72,635 74,479 1,844 +2.54
Time to Peak, hrs 6.0 6.0 0.0

The above comparison was considered reasonable. The derived unit hydrograph in SI
units is shown on Exhibit 42 and the ordinates are given in Table 11. The uniform
infiltration rate used in this comparison was 0.05 inches per hour. This was Jjudged to be
low. As stated earlier, a rate of 2.5 mm (0.1 inches) per hour was used.

7.3.4 Base Flow

The base flow was estimated from the selected four flood hydrographs. The flow varied
from about 30 to 50 m*/s. A flow of 50 m*/s was adopted.

7.3.5 Transformation of PMP to PMF

The HEC-1 computer model was used to develop the PMF resulting from the 24-hour
PMP. The input to the model included: drainage area, base flow, 24-hour PMP, time
distribution of the PMP, retention losses, and unit hydrograph. The resulting PMF peak
was about 9,940 m*/s and a 3-day volume was 271 MCM. Attachment 2 provides the
HEC-1 output. The PMF inflow hydrograph is presented on Exhibit 43.

74  EVALUATION OF PMF

Generally, a PMF estimate is compared with the historic floods and the 100-year flood at
the site. Also based on MWH’s experience, the value of coefficient C in the Creager’s

formula (Creager, 1950), given below, also provides a reasonable comparison between
peaks of PMFs in hydrologically similar drainage basins.

Q =1303*C * (0.386 A)0.936A/‘(-0.048)
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in which
Q = flood peak, m%/s
A = drainage area, km?

The 100-year flood at Chico was estimated to be 2,739 m’/s (see Table 9). The
maximum historic flood at Chico occurred in 1966 and the peak was about 3,812 m’/s.
The flood peaks at the dam site were assumed to be same as that at Chico. The ratios
between the PMF peak and these flood peaks are about 3.6 and 2.6, respectively, which
are reasonable for the hydrologic conditions in the basin.

The value of Creager’s C was about 218. This is somewhat on a high side in the range of
the values expected in similar areas. Therefore, the estimated PMF is in the upper range
of the expected values. However, it should be realized that the Upper Chagres basin
experiences the most intense rainfall of any basin in the Gatun Lake watershed. A high
value of “C” should be expected.

A PMF study of La Fortuna Dam was made available by ACP. The dam is located
downstream from the confluence of Rio Hornitos and Rio Chiriqui. The basin upstream
from the dam receives intense rainfall similar to that over Upper Chagres basin. The
value of “C” was estimated to be 201.

The 6-hour PMP for La Fortuna project was about 450 mm. In the present study, the 6-
hour PMP was about 460 mm.

A comparison of unit hydrograph was also made. A unit hydrograph was developed for
the Rio Chagres at Chico in a study entitled “I.C.P. Memo 55, Design of Drainage
Facilities,” made in 1948. A copy was provided by ACP. The unit hydrograph peak was
about 38.1 m*/s compare to a peak of 31.7 m>/s for the present study.

MWH has made a PMF study for the Rio Indio basin, located west of Gatun watershed.
The PMF peak for the basin was about 4,345 m*/s giving a value of 99 for the Creager’s
C. The estimated 100-year flood peak was about 859 m%/s. This gives a ratio of about
5.0 between the PMF and 100-year flood peaks. For the Upper Chagres, the ratio is
about 3.6 as discussed above. A comparison of 24-hour basin average PMP was also
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made for the two basins. The PMP amounts were about 555 mm for the Rio Indio and
657 mm for the Upper Chagres.

The shape of a basin affects the peak of a unit hydrograph and consequently the peak of
the flood. The shape of the Rio Indio basin is quite elongated and resulted in a one-hour
unit hydrograph peak of about 13 m>/s. The Upper Chagres is fan-shaped and resulted in
a one-hour unit hydrograph peak of 31.7 m%/s. The drainage areas at the sites are 381.1
and 414 km?, respectively, not very much different.

Based on the above comparison, the PMF peak for the Upper Chagres project should be
higher than that of Rio Indio. Therefore, the PMF for the project is Jjudged to be
reasonable.
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8 RESERVOIR SEDIMENTATION

8.1 DATA SOURCE

The ACP collects suspended sediment samples on the streams entering Lake Madden and
Lake Gatun. The sampling locations include:

Stations on Streams Entering Madden Lake
Rio Chagres at Chico
Rio Pequeni at Candelaria
Rio Boqueron at Peluca

Stations on Streams Entering Gatun Lake
Rio Gatun at Ciento
Rio Trinidad at Chorro
Rio Ciri Grande at Los Canones

Monthly suspended sediment transport estimates, developed by the ACP for the above
stations, are presented in Table 12. According to the ACP hydrologists:

e Daily sampling is performed during low flows and more frequent samples are
taken during a flood event. '

e The flows corresponding to the sample dates are either measured or derived from
rating curves.

e River stage is recorded at the time of sampling.

e All samples (for low or high flows) are taken near the banks of the rivers using
DH-48 sampler.

The ACP conducted a sedimentation survey of Madden Lake in 1983 when the Lake was
at an elevation of 235 feet (PCC 1987). Jack R. Tutzauer, ACP revised this report in
March 1990 (Tutzauer, March 1990). He estimated the sediment deposited between
elevations, 235 feet and 252 feet (normal pool elevation), which was not surveyed in
1983.
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Suspended sediment sampling data also were collected by Empresa De Transmision
Electrica, S.A., Departmento De Hidrometeorologia, Seccion Hidrologic (ETESA) for the
following gaging stations.

Rio Coclé del Norte at Canoas
Rio Toabre at Batatilla

At Canoas, a total of 46 suspended samples with corresponding discharge measurements
were collected from November 1983 to August 1998. The maximum observed
concentration was about 33.6 milligram per liter (mg/1) corresponding to a measured flow
of about 25.9 m’/s on September 04, 1991. The maximum measured flow was about 58.5
m’/s with a corresponding concentration of about 9.7 mg/1 on November 16, 1996.

At Batatilla, a total of 56 suspended sediment samples were collected from February 03,
1982 through August 12, 1998. The maximum measured concentration was about 282
mg/l corresponding to a flow of about 73.6 m’/s. A concentration of 120 mg/l was
measured corresponding to the maximum measured flow of about 94.9 m°/s.

During a field visit, the methods of collection of suspended sediment samples and sample
analysis were discussed with ETESA. They reported that the agency is using standard
methods of United States Geological Survey (USGS) for the collection and analysis of
the samples.

8.1.1 Analysis by ACP

The ACP Report of 1987 indicated a unit yield (included bed load) of about 177.6 cubic
feet per acre per year (cuft/ac/yr) from the total drainage area contributing to Lake
Madden. Tatzauer (March 1990) added the sediment deposited between elevations 235
to 252 feet and also revised the suspended sediment estimates of the three rivers —
Chagres, Pequeni and Boqueron. The revised estimate of the sediment yield at Madden
Lake (including bed load) was about 203 cuft/ac/yr or about 1.4 mm/year. For the Rio
Chagres at Chico, the suspended sediment yield based on the published data was about
0.25 mm/year. This was judged to be low because the suspending sampling was done
from the river bank. The revised estimate by Tatzauer could not be obtained.
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For three rivers (Gatun, Trinidad and Ciri Grande) entering Lake Gatun, the unit
suspended sediment yield varied from about 0.10 to 0.27 mm/year. These values were
judged to be too low.

ETESA prepared sediment rating curves for the Rio Coclé del Norte and Rio Toabre.
Best-fit curves were developed using the available data. For the Rio Toabre, for all flows
greater than 107.2 m®/s, the suspended sediment concentration was assumed to be the
maximum observed concentration. Similarly, for the Rio Coclé del Norte, the suspended
sediment concentration was assumed to be the observed maximum concentration for all
flows greater than 84.7 m®/s. Mean annual sediment transport rates at the two stream
gauging stations could not be obtained from ETESA.

8.1.2 Previous Analysis by MWH

MWH estimated the mean annual suspended sediment discharges for the Rio Cocle del
Norte (drainage area about 571 km?) and Rio Toabre (drainage area about 786 km?) as
part of the hydrologic investigations for the Rio Indio development. The suspended
sediment rating curve — flow duration curve method was used for each river. From the
field reconnaissance and the experience of the MWH hydrologist, a limiting
concentration of about 10,000 mg/l was adopted for both the rivers. The estimated
discharges were about 676,330 and 873,800 metric tons per year (mt/yr), respectively.
Assuming 15 percent as bed load and a specific weight of about 1.04 mt/m® (about 65
pounds per cubic feet, estimated by ACP), the total volumes were about 747,900 and
966,200 m>/yr, respectively. These are equivalent to about 1.31 and 1.23 mm/yr.

8.1.3 Estimated Sediment Yield

The above analysis indicated that the sediment yield (including bed load) could vary from
1.23 to 1.4 mm/yr from the drainage basins considered in this study. For a conservative
estimate of the reservoir sedimentation analysis, a unit yield of 1.4 mm/yr was adopted
for the Rio Chagres basin. However, it should be realized that this yield is indicative of
the current land use in the Rio Chagres basin. If deforestation and increased agriculture
occur in future, the yield could increase significantly. Therefore, the land use conditions
in the basin should be monitored periodically to assess any increase in the sediment yield.
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The drainage area at the Rio Chagres dam site is about 414 km?. Using a yield of 1.4
mm/yr, the mean annual total sediment inflow in the reservoir would be about 579,600
m’/yr. Using the ACP computations for sediment deposition in Madden Lake, the annual
yield would be about 602,800 mt/yr in term of weight.

8.1.4 Trap Efficiency

The maximum normal pool elevation for the Rio Chagres reservoir is planned to be about
200 or 220 meters. The reservoir volumes at these elevations are about 436 and 748
MCM respectively. Long-term mean annual flow is about 30.2 m/s. Thus, the capacity-
inflow ratio is about 0.46 or 0.79.

To estimate the trap efficiency of the reservoir, Brune’s method (USBR, 1987) was used.
From the sediment deposited along the banks of the Rio Chagres and the general soils in
the watershed, it was judged that the sediment entering the reservoir would be of medium
to coarse sizes. Therefore, average of the Brune’s curves for medium and coarse
sediment sizes was used as the representative trap efficiency. For capacity-inflow ratio of
0.46 and 0.79, the trap efficiencies would be about 97 and 98 percent, respectively. This
resulted in mean annual deposits of about 584,700 and 590,700 metric tons, respectively.
Since the two rates are nearly same, an annual rate of 590,700 metric tons per year was
used.

82  ANALYSIS OF STORAGE DEPLETION AND SEDIMENT DEPOSITION

Depletion in the reservoir storage was estimated using the methods developed by the
United States Bureau of Reclamation (USBR, 1987). An annual sediment deposit of
590,700 metric tons was used.

The reservoir operation was assumed as type 2 (USBR classification, normally moderate
to considerable drawdown). The particle size distribution of the deposit was not
available. For the purpose of estimating specific weight of fresh deposit and the weights
after a period of reservoir operation, the particle size distribution of the sediment was
assumed to be about 10 percent clay, 40 percent silt and 50 percent sand. Using the
USBR procedure (USBR, 1987), the specific weight of the fresh deposit was about 80.4
pounds per cubic feet (about1.29 mt/m’). The average specific weights for 5-, 10-, 25-,
50- and 100-year of operation were about 1.30, 1.30, 1.31, 1.32 and 1.33 mt/m3,
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respectively. Using these values, the volume of deposit at the end of 25, 50, and 100
years of operation is estimated to be 11.2 MM, 22.0 MCM, and 44.5 MCM respectively.

Sediment distribution in the reservoir and the elevation of the deposit at the dam were
determined using a computer program obtained from USBR. For sediment distribution
and deposition at the dam, the empirical area-reduction method was used.

As per current investigation of the project, the initial maximum and minimum operating
reservoir elevations would be 210 and 155 meters, respectively. The invert of the low-
level sluice was assumed at about El 90. The incoming sediment will partly deposit in
the dead storage (below elevation of 90 meters), partly between elevations 90 to 155
meters and partly in the operating volume (live storage, above elevation of 155 meters).
Using these operating limits, the operating volume and the loss in the original volume
after a given period of operation is given in Table 13. The table shows that reservoir
sedimentation is significant, but will not be a major problem for the project. After 100
years of reservoir operation, the loss in live storage capacity would be about 5 percent. In
addition, it is estimated that after 100 years, the sediment will reach to about El 115 at the
dam.
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9 PROJECT IMPACT ON WATER QUALITY

9.1 IMPACT DURING CONSTRUCTION PERIOD

Sediment production (erosion) will increase due to construction activities such as
excavation, construction of dirt roads, construction of temporary buildings for
construction staff, etc. The increased erosion, if not properly controlled, will make river
water turbid and unsuitable for drinking or other uses.

9.1.1 General Concepts

The erosion process is influenced primarily by climate, topography, soils and vegetative
cover. The climatic factors influencing the erosion include the frequency, intensity and
duration of rainfall and temperature extremes. These factors will be unchanged due to
construction activities. However, the size, shape and slope characteristics of the
disturbed area will be changed by construction activities and will influence the erosion. .

Properties determining the erodibility of a soil are texture, structure, organic matter
content and permeability. Soils containing high percentages of fine sands and silt are
normally the most erodible. The erodibility decreases as the clay and organic matter
contents increase. The soil horizon exposed at a particular location during construction
will determine the severity of erosion.

A general procedure is to estimate the soil erosion rates using the universal soil loss
equation or modified universal soil loss equation. The various factors in the equation
include: rainfall intensity, soil-erodibility, length and steepness of slopes, cropping
management, and erosion control practice. The equation should be used to estimate
potential erosion rates from disturbed lands during construction.

Construction sites or borrow areas will be in their most vulnerable bare conditions for
only part of a year, when erosion potential will be high. In the Rio Indio basin, the
general type storms occur during October through December, but local thunderstorm with
intense rainfall could occur any time during the year. However, during the dry months of
February through April, the erosion may be minimum.
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9.1.2 Mitigation Measures During Construction

A water quality management plan (WQMP) should be prepared by the contractor and
submitted for approval. The plan should ensure that unclean water or foreign material
would not enter any surface waters or watercourses in the area.

Mitigation measures for erosion and sedimentation will be in full compliance with the
local standards and requirements. The contractor should ensure that the bare slopes are
exposed for a minimum period and are protected from the erosive forces of wind, rain
and runoff as soon as possible. The eroded soil will be captured on-site and not allowed
to enter the water bodies. Major land clearing and grading should be scheduled during
season of relatively low runoff potential. A combination of both vegetative and structural
measures should be employed.

The plan for controlling sediment should apply to all aspects of construction activities
including, but not limited to: clearing, operation, all excavation spoil area, drilling and
grouting, fills, and roadwork. Sediment control methods such as silt fences, sediment
barriers, sediment ponds, ditches, interceptor dikes, perimeter dikes, leaving of buffer
zones, graveling after grading, and other such devices or actions will be constructed and
rhaintained, or performed, as necessary to comply with the local requirements.

The contractor should ensure that the following principles guide the construction
activities and these principles are integrated with the mitigation measures to prevent off-
site sedimentation:

e Fit the Activities to Existing Site Conditions
Construction activities should follow the existing topography, especially the

cutting of borrow areas and road grading should follow the natural contours.
Steep slopes, areas subjected to flooding and highly erodible soils should be
avoided to the extent feasible.

e Minimize the Extent and Duration of Exposure
The construction activities should be scheduled such that the exposed areas are

stabilized as quickly as possible.
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9.2

Protect Disturbed Areas from Runoff

Measures should be taken to intercept runoff and divert it away from cut-and
fill slopes or other disturbed area. The selected measures should be installed
before clearing and grading.

Stabilize Disturbed Areas
After the land is disturbed, temporary or permanent vegetation, mulches or
other protective measures should be implemented as quickly as possible.

Keep Runoff Velocities Low
This should be achieved by conveying the storm water runoff away from the

steep slopes, preserving natural vegetation where possible and mulching and
vegetating exposed areas immediately.

Retain Sediment On-Site
Some erosion would occur in spite of well-planned mitigation measures.

These sediments should be retained on-site using sediment basins, sediment
barriers and related structures. If on-site sedimentation is required, the
sediment traps or basins should be constructed prior to land disturbing
activities.

Do Not Encroach Upon Watercourses

Where feasible, the project related buildings, access roads and borrow areas
should not be constructed in flood-prone areas. If unavoidable, temporary
bridges and culverts should be employed to permit passage of selected peak
discharges.

POTENTIAL LONG-TERM IMPACT

The project operation may have three longer-term impacts on water quality. First, normal

daily fluctuations in the reservoir may cause reservoir bank erosion or landslides. Second,
the flow released from the reservoir may cause bank and bed erosion in the reach of the
Rio Chagres between the dam and Lake Madden, and third, the water released through
the low level outlets for in-stream flow requirements may be cooler than normal.
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Based on an inspection of the reservoir area, the reservoir rim is not expected to exhibit
much erosion except in very limited areas. It is not expected that this local erosion will
have any significant impact. The most likely areas will be in the vicinity of the tunnel
portal, however, as a part of construction, all disturbed areas will be stabilized and
restored to natural conditions as far as feasible.

The stability of the river channel downstream from the dam is addressed in the next
section. The low-level outlet and spillway, to the extent possible, will be operated to
control the maximum hourly increase or decrease in flow so that it would be comparable
with natural conditions. This would check the erosion of river banks and bed.
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10 STABILITY OF THE RiO CHAGRES CHANNEL

The assessment of the Rio Chagres channel stability consisted of the estimation of flood
conditions without and with the project, a determination of the hydraulic and bed material
characteristics of the channel downstream from the dam, and an evaluation of channel
stability.

10.1 FLOOD REGIME DOWNSTREAM FROM THE DAM

Pre-project flood conditions are discussed in Section 6. The pre-project flood peaks with
return intervals are presented in Table 8.

Flood hydrographs were developed for the 20-, 25-, and 50-year return periods using
flood peak, and 1-day flood volumes of the selected return periods. The hydrographs
were shaped after the historic flood of December 1985, and adjusted for the flood peak
and volumes. The hydrographs for the 2-, 5- and 10-year return periods were shaped
after the flood of 20-year return period using ratios of respective peaks. The hydrograph
for 100-year return period was developed using the 50-year flood hydrograph and a ratio
between the peaks. Ordinates of the seven flood hydrographs are presented in Table 14.

The seven flood hydrographs were routed through Chagres reservoir and the resulting
maximum outflow peaks are given in Table 15.

10.2 HYDRAULIC CHARACTERISTICS
The ACP surveyed six cross sections identified by MWH downstream from the proposed

dam site. The cross sections were located about 400, 515, 775, 1685, 2320 and 3175
meters downstream from the dam axis.

A review of the cross sections indicated that the river channel widens from upstream to
downstream. The river banks have nearly same slopes at all cross sections.
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The FEQ computer model was used to determine the hydraulic characteristics of all cross
sections. The characteristics included: area, depth, top width and channel mean velocity.
Uniform discharge rates ranging from 200 to 3,000 m*/s were used.

All cross sections were plotted on one sheet. The shapes of the cross sections and the
hydraulic characteristics were compared. Cross section No. 4 was judged to represent the
hydraulic condition of the 3-km channel reach downstream from the dam. Therefore, this
section was used as a representative cross section to investigate the channel stability. The
hydraulic characteristics of the cross section are given in Table 16 and the section is
shown on Exhibit 44.

10.3 CHARACTERISTICS OF BED MATERIAL

ACP took six bed material samples at the locations of the surveyed cross sections and
analyzed the samples for particle size distribution. Exhibit 45 shows the particle size
distribution curves and an average, representative curve is shown on Exhibit 46. Based
on this curve, the median bed material size is 62 mm (based on USBR method) and the
characteristics are summarized below.

Size Particle
Designation Size
(mm)
D35 27
D50 46
D65 86
D90 150
Median 62

104 RIVER CHANNEL STABILITY

The sediment transport capability of a river depends upon flood flows. A natural flowing
river transporting sediment is usually in a state of regime or quasi-equilibrium with no
long-term trend toward aggradation or degradation. When a dam is constructed on the
river, three potential effects could be experienced — downstream effects due to changed
time distribution of flow, reduction in sediment load, and reduced competence to
transport sediment. These effects are discussed below.
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Downstream effects due to changed time distribution of flow are generally manifested as
degradation at the mouths of the tributaries. At the time of flood in the tributary, the
water level in the main river could be much lower than that under without/dam
conditions. This would cause relatively steep water surface slope at the mouth of the
tributary providing the potential for scour at the mouth.

A reduction in the sediment load occurs as the sediment is trapped in a reservoir. The
downstream effects are generally degradation of the channel and banks as the sediment-
free reservoir releases pick up sediment from the bed. The degradation continues until a
stable, gravel-armored bed is formed or until the slope is reduced to a value that prevents
further sediment removal from bed. However, if a reservoir is designed to pass sediment
through low-level outlets, most of the sediment passes to the downstream channel and
there is no degradation downstream. The trap efficiency of this type of reservoir is quite
low. For reservoirs with no low-level sediment excluders, the trap efficiency is high.
The released water is sediment-free and is capable of picking up bed material.

The reduced transport capability is due to the storage effect of a reservoir, i.e., flood
flows are significantly reduced. A river may no longer be able to move the bed loads
carried by its tributaries. This could cause extensive aggradation at the mouths of some
tributaries. In some cases, the main channel may not show any degradation.

10.4.1 Computation of Degradation Potential

The techniques for computing degradation below a dam vary considerably depending on
the size of sediments in the riverbed and banks, the magnitudes of release discharges at
the dam, and sophistication desired in the results. Sophisticated mathematical computer
models have become available for computing degradation. Such models simulate the
behavior of an alluvial channel by combining a steady-state backwater computation for
defining channel hydraulics with a sediment transport model. The models need detailed
hydraulic properties of the river channel, sediment characteristics of river bed and
suspended sediment in the releases, and flow pattern of the releases. These data are not
available for the Rio Chagres. Therefore, a mathematical computer model was not used.

In Design of Small Dams, the United States Bureau of Reclamation (the Bureau)
recommends two approaches, each specific to the type of bed material composing the
downstream channel. If the streambed is composed of sufficient quantity of large and
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coarse material that cannot be transported by normal river discharges, an armor layer will
develop. The smaller particles in the riverbed are picked up and transported further
downstream. Large particles that cannot be transported by the flood releases remain on
the river bed and gradually form an armor layer that stops further degradation below a
dam. The armor layer is formed for a certain magnitude of flood. If this flood release is
exceeded, the layer is disturbed and a new layer is formed. If the conditions required to
for an armoring are not present, then a second approach can be used. If the stream bed is
composed of fine transportable (usually sand and small gravels) material and the depth of
this material is greater than expected depth of degradation, stable channel slope (or
limiting slope) method is used. The method consists of computing the limiting slope,
estimating the volume of expected degradation and then determining a three-slope
channel profile that fits these values. Since the Rio Chagres has sufficient coarse
material, this later approach was not used.

As discussed above, the armor layer method is applicable if there is large or coarse
material in the channel bottom that cannot be transported by normal releases and there is
enough of this material to develop an armor layer. In the armoring process, transportable
material is sorted out, and vertical degradation proceeds at a progressively slower rate
until the armor is deep enough to control further degradation. Usually, an armoring layer
should be expected below a dam if 10 percent or more of the bed material is larger than
the armoring size corresponding to the flow magnitude (the Bureau).

The armoring layer is assumed to form as follows:
YA =Y - YD
in which
Y s = thickness of the armoring layer,
Y = depth from original stream bed to bottom of the armoring layer

Yp = depth from the original streambed to top of armoring layer
(depth of degradation)

By definition

YA= p*Y
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where ‘p’ is decimal percentage of material larger than the armoring size.
By combining the above two relationships, the depth of degradation can be computed as:
Yo=Ya((1/p)-1)

As per the Bureau, the thickness of an armoring layer (Ya) is usually three times the
armoring particle diameter or 0.15 meters, whichever is smaller. Therefore, if the
armoring size and the percentage of streambed material larger than that size are available,
the depth of degradation (Yp) can be computed.

10.4.2 Required Armor Sizes

The sediment particle sizes required for armoring can be computed by several methods,
and each is regarded as a check on the others. Each method indicates a different size and,
therefore, experience of the investigator and judgment are required to select the most
appropriate size. The basic data required to compute particle size includes:

» Samples of streambed material in the reach selected for degradation to a depth
anticipated to the scour zone.

» A discharge rate that will cause degradation equivalent to long-term
degradation below a dam, defined as dominant discharge and is equivalent to
mean annual flood (approximately a flood of 2-year return period).

» Average hydraulic properties of the channel reach — width, depth, velocity and
gradient.

The Bureau has recommended the following methods:

» Meyer-Peter, Muller (Meyer 1948, Sheppard 1960)

» Competent bottom velocity (Mavis 1948)

* Shield diagram (Pemberton and Lara 1982, ASCE 1975)
* Yang incipient motion (Yang 1973)

» Critical tractive force (Bureau 1952)
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Meyer-Peter, Muller:
D=(S*d)/K* (N/Dw)"' ")

in which
K = 0.19 English units (0.058 SI units)
N; = Manning’s roughness coefficient for streambed
Doo = bed material diameter in mm, 90 percent material finer than the diameter
D = armoring size , mm
S = stream gradient, ft/ft or m/m
d = channel depth, ft or m

Competent Bottom Velocity:

VB =0.7 VM
D = 3.84 (Vg)* (English units)
D =41.6 (Vg)* (SI units)
in which
Vum = mean velocity, ft/sec or m/sec

Vg = competent bottom velocity, ft/sec or m/sec
D = armoring size, mm

Shield’s Method:

The following method is used for material >1.0 mm and Reynolds’s number R* >500
Tc/ ((Ws — Ww)*D) = 0.06
or Tc/0.06 = (Ws-Ww)*D
or D = Tc/((0.06 (Ws-Ww))

in which

Tc=Ww *d * S, critical shear stress, Ib/ft? or gm/m2
Ws = unit weight (mass) of particle, 165 Ib/ft’ or 2.65 mt/m’
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Ww = unit weight (mass) of water, 62.4 Ib/ft® or 1.0 mt/m>
d = depth of water, ft or m

S = stream gradient, ft/ft or m/m

D = armoring size, mm

Yang Incipient Motion

Ver/w=2.05

w =6.01 D' (English units)

w =3.32 D'? (SI units)

D =0.00659 (Ver)* (English units)
D =0.0216 (Vcr)® (SI units)

in which
Ver = critical average velocity, ft/sec or m/sec
w = terminal fall velocity, ft/sec or m/sec
D = armoring size, mm

Critical Tractive Force:
tf.=Ww*d*S

in which
t.f. = tractive force, Ib/ft> or gm/m?
Ww = unit weight (mass) of water, 62.4 Ib/ft® or 1.0 mt/m’
d = water depth, ft or m
S = stream gradient, ft/ft or m/m

After computing the tractive force, Figure 4 given by Pemberton and Lara (1984), should
be used to find armoring size in mm. Usually the recommended set of “curves for clear
water in coarse non-cohesive material” gives the lower size limit of the non-transportable
material corresponding to a critical tractive force. Because a number of curves are
provided and sufficient field data were not available to select an appropriate curve, this
method was not considered.
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Four methods (Meyer-Peter, Muller, Competent Bottom Velocity, Shield and Yang
Incipient Motion) were applied to compute the armoring size (the particle size that would
not be removed or eroded from the bed under given hydraulic conditions). The armoring
sizes derived by using the Competent Bottom Velocity and Yang methods were judged to
be too large and were not considered representative. The estimated armoring sizes using
Meyer-Peter, Muller and Shield methods are given in Table 17 for both the pre- and post-
project flooding conditions. '

10.4.3 Potential for Degradation and Aggradation

A comparison of pre-project armoring sizes (Table 17) with the median diameter of 62
mm indicates the potential for degradation in the Rio Chagres. During a field visit the
river bed was smooth and appeared to be armored. Under pre-project conditions, the
required armor sizes (average of the sizes computed using Meyer-Peter, Muller and
Shield methods) corresponding to the selected flood peaks are greater than the median
diameter of the available bed-load material. Therefore, channel degradation is expected
during each major flood. However, due to supply of coarse particles, the river channel is
in quasi-equilibrium. Degradation-aggradation-armoring process occurs during each
major flood.

Under post-project conditions, the required armor size is also larger than the median
diameter of the available bed load material for all floods except the 2-year event.
Degradation could occur. Estimates of potential degradation were made for flood peaks
of the 25-, 50- and 100-year floods. Depths of degradation would vary from slightly less
than 0.3 m to slightly more than 0.3 m for the three flood conditions. These rates are for
instantaneous peaks and actual degradation could be less. For design of any downstream
structure, a degradation of about 0.3 m should be expected during most significant flood
events between the dam and the next major downstream tributary, Rio Esperanza.

Aggradation would occur at the mouths of the small tributaries downstream from the dam
up to Rio Esperanza, because the reduced flood peaks will not be able to transport the bed
load deposited by the tributaries.
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GLOSSARY

Alluvial Stream: A stream whose channel boundary is composed of appreciable
quantities of the sediments transported by the flow, and which generally changes its bed
forms as the rate of flow changes.

Basin-Average Rainfall: Rainfall considered uniformly distributed over a basin, derived
from point rainfall measured at a number of stations in the basin.

Bed Load: Material moving on or near the stream bed by rolling, sliding, and some
times making brief excursion into the flow a few diameters above the bed.

Bed Load Discharge: The quantity of bed load passing a transect in a unit of time.

Bed Material: The sediment mixture of which the bed is composed. In alluvial streams
bed material particles are likely to be moved at any moment or during some future flow
condition.

Boulders: Particle sizes larger than 256 mm.

cfs: Cubic feet per second.

Clay: Particle sizes of sediment less than 0.004 mm.

Climate: Long-term manifestation of weather.

cms or m*/s: Cubic meters per second.

Cobbles: Particle sizes between 64 and 256 mm.

Coefficient of Skew: This parameter represents lack of symmetry in a sample. A
positive skew indicates more observations of higher magnitudes than the mean of the
sample, and a negative skew shows more observations of lower magnitudes than the
mean.

Concentration: The ratio of the mass of dry sediment in a water-sediment mixture to the

mass of the mixture. This concentration when determined on a mass basis as parts per
million (ppm) may be converted to grams per cubic meter (gm/cum) or milligram per liter

(mg/]). '

Consistency: Also called “stationarity.” A time series is consistent (or stationary) if it
remains in equilibrium about a constant mean value, that is, the statistical properties
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(mean and variance) of the time series do not change with absolute time. The series is
divided into sub-sets and mean and standard deviation of each set are determined. If the
values of these parameters are same for each sub-set at a selected confidence level, the
series is consistent.

Correlation: The degree of association of the variables involved is called correlation
and defined by the parameters of correlation, covariance and correlation coefficient.

Correlation Coefficient: Correlation coefficient between two variables X and Y is
defined as the ratio between covariance and product of standard deviation of X and Y.

Deposition: The mechanical or chemical processes through which sediments accumulate
in a resting place.

Drainage Area: Also called as drainage basin or watershed, is an area at a point of
interest from which surface runoff is carried to that point by a single drainage system.

El Nifio: El Nifio is named after a Peruvian Christmas festival where the warming of the
waters off Peru is said to occur near the birthday of “The Boy” (El Niiio), or Christ child.
Meteorologists thus named the phenomenon as “El Nifio Southern Oscillation” or ENSO.

Gauging Station: A particular site on a stream where systematic observations of gauge
height and discharge are obtained. The station is equipped with water level sensor
(manual or automatic continuous) and facility for discharge measurements.

Homogeneity: If the means and standard deviation of the series do not change along a
line, that is, there is no trend in the series, the series is called homogeneous.

Hydrology: Hydrology is the science that treats the waters of the earth, their occurrence,
circulation, and distribution, their chemical and physical properties, and their reaction
with their environment, including their relation to living things.

Inconsistency: Jumps in a time series make it inconsistent or non-stationary. Jumps are
created by sudden changes that are either man-made or they occur by various kind of

changes in nature.

Isohyet: A line drawn through geographical points recording equal amounts of rainfall
during a given time period or for a particular storm.

Isohyetal Map: A map containing a set of isohyets.

Isthmus: A narrow strip of land, bordered by water on both sides, which connects two
large bodies of land.

Upper Chagres Water Supply Project
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ITCZ: Intertropical convergence zone (also called equatorial trough) is the zone located
in the tropical region where the trade wind trajectories converge from northern and
southern hemispheres.

La Nifia: The cooling of the eastern Pacific waters, reverse of El Nifio, is named as La
Nifia, “the Girl.”

Mass Curve: A curve of cumulative values of rainfall or flow plotted against time.
MCM: Million cubic meters.

Mean: Arithmetic mean of a sample of observations is usually referred to as the mean of
the sample. This is equal to sum of the observations divided by the number of
observations.

Measured Sediment Discharge: The quantity of sediment passing a stream transect in a
unit of time that is computed with information derived from sampling.

Median Diameter: The size of sediment such that one half of the mass of the material is
composed of particles larger than the median diameter, and the other half is composed of
particles smaller than the median diameter.

Meteorology: The science concerned with the atmosphere and its phenomena,
temperature, wind, clouds, precipitation, etc., and their variations.

Particle Size: A linear dimension, usually designated as “diameter,” used to characterize
the size of a particle. The dimension may be determined by any of several different
techniques, including sedimentation, sieving, micrometric measurement, or direct
measurement.

Particle Size Distribution: The frequency distribution of the relative amounts of
particles in a sample that are within specified size ranges, or a cumulative frequency
distribution of the relative amounts of particles coarser or finer than specified sizes.
Relative amounts are usually expressed as percentages by mass.

Precipitation: Precipitation is the discharge of water, in liquid or solid state, out of the
atmosphere, generally upon a land or water surface. The term is also commonly used to
designate the quantity of water that is precipitated. The term precipitation includes
rainfall, snow, hail and sleet.

Range: The difference between the largest and the smallest values of a specific data set.
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Rainfall: The quantity of water that falls as rain only.

Rain Gauge: Instrument for measuring the depth of water from precipitation (or rainfall)
that is assumed to be distributed over a horizontal, impervious surface and not subjected
to evaporation,

Recording Rain Gauge: A rain gauge that automatically. records the amount of
precipitation (or rainfall) collected as a function of time.

Regression: A curve fitted to all mean values of Y (mean or expected value of Y for a
given interval of X around Xi) is called regression of Y versus X.

Reservoir: An impounded body of water or controlled lake where water is collected and
stored.

Runoff: The portion of precipitation (or rainfall) on the land that ultimately reaches the
selected point on a stream.

Sand: Particle sizes between 0.062 to 2.0 mm.

Sediment Discharge: The mass or volume of sediment (usually mass) passing a transect
in a unit of time. The term may be qualified as suspended sediment discharge, bed load
discharge or total sediment discharge. The term is synonymous to sediment transport.

Sediment Load: A general term that refers to material in suspension and/or in transport.
It is not synonymous with discharge or transport.

Sediment Yield: The total sediment outflow from a drainage basin in a specified period
of time. It includes bed load as well as suspended load, and usually is expressed in terms
of mass, or volume per unit of time.

Sensor: The part of a measuring instrument that responds directly to changes in
environment.

Silt: Particle sizes between 0.004 and 0.062 mm.

Standard Deviation: This represents a measure of variability of observations in a
sample. The square of standard deviation is called “variance.”

Time Series: A time series is a sequence of observations arrayed in order of their
occurrence. An observation can be a quantity either observed at discrete times, averaged
over a time interval or recorded continuously with time. Hydrologic time series are
sequences of daily, monthly or annual rainfall, streamflow, sediment transport, etc.
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Trend: Trends are linear or non-linear slow changes in mean, variance, coefficient of
variation and serial correlation coefficients of a time series. These render a time serious
non-homogeneous. ‘

Variance: It is square of the standard deviation.

Watershed: An area draining to a lake or a specified point on a stream, it lies upstream
of the point and is enclosed by a hydrologic surface drainage divide, also called drainage
area or drainage basin.

Watershed Divide: A ridge of section of high ground between watersheds, also called
drainage divide.

Weather: The state of the atmosphere, mainly with respect to its effects upon life and
human activities. As distinguished from climate, weather consists of the short-term
(minutes to months) variations of the atmosphere.
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1930
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1933
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Table 1

MONTHLY RAINFALL AT CHICO (MM)

Mar

20
16
0
20
20
23
2
20
20
23
2
0
17
3
0
0
32
61
14
9
40
21
23
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Apr

22
80
55
67
240
208

179
243
104
113
38
22
98
28
30
109
40

144
47
154

49
23
67
55
112

21
62
60
83
189
70

34
29
44

116

144

153

149
27

43

38

May

320
289
306
221
190
206
275
339
119
236
207
385
205
313
166
174
415
169
230
341
532
251
269
440
365
419
180
617
149
139
268
310
305
291
230
368
191
176
295
421
376
305
409
500
140
333
102
348

Jun

246
291
286
226
383
315
308
399
171
293
371
391
389
283
388
332
489
272
197
121
413
265
139
241
384
286
188
305
318
186
372
330
277
308
330
363
354
282
495
408
268
243
264
368
359
290
201
406

Jul

98
221
141
117
599
422
581
387
323
419
481
167
363
612
354
317
787
447
259
333
199
221
305
293
560
322
392
373
97
118
341
287
224
372
450
389
319
560
445
406
290
287
410
426
352
445
229
354

Aug

205
276
243
274
475
254
470
256
410
366
425
247
157
359
304
393
260
471
313
162
271
418
337
274
485
300
318
593
260
290
324
323
263
408
553
222
335
149
306
425
360
261
236
312
576
250
178
269

Sep

358
246
327
439
337
370
278
274
403
279
438
278
316
342
244
339
307
297
304
322
420
327
309
247
266
429
422
334
407
322
370
390
440
254
185
379
320
246
334
290
449
450
278
389
276
254
217
284

Oct

571
385
236
397
504
611
351
245
396
488
627
338
656
271

495
441

318
521

321

287
341

513
264
390
302
322
474
476
393
370
430
442
469
503
278
308
479
371
432
215
357
493
410
248
269
409
463
234

Nov

289
322
235
330
470
342
680
224
286
240
287
334
266
240
251
239
360
325
330
190
833
600
478
385
1082
262
424
312
567
364
368
310
257
190
362
314
435
347
367
443
280
257
381
342
425
424
364
282

Dec Annual

105
38
227
118
239
76
267
59
122
16
281
210
0
64
163
223
327
152
156
52
114
112
223
147
276
61
496
356
264
11
113
333
308
232
230
242
179
101
116
375
75
261
166
107
131
97
47
67

2360
2192
2108
2243
3576
2876
3218
2490
2612
2527
3272
2554
2452
2653
2447
2494
3519
2827
2344
1961
3311
2966
2383
2496
3831
2492
3092
3517
2476
1896
2799
2813
2729
2799
2713
2623
2682
2286
2854
3145
2760
2754
2876
2768
2746
2766
1815
2383
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Year

1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

Mean
Max
Min
Std
Skew
CV

Note : Estimated rainfall in itzalics values.

Jan
8
107
9
13
89

0
53

0.

16
3
30
271
50
69
8
10
0
15
23
18
5
36
53
81
10
10
30
15
13
3
20
61
10
10
41
18
15
254
10
5
38
43

40
271
0
51
26
1.3

Feb
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19
229
0
34
3.8
1.7

MONTHLY RAINFALL AT CHICO (MM)
Mar

15
74
0
15
1.5
1.0

Apr May
11 110
66 503
98 210
25 357
182 245

130 183
0 226
152 272
166 256
27 246
42 170

300 430
23 307
193 213

8 269
30 122
23 259
79 272
13 267

173 269
193 152
23 226

348 269
76 234
112 157

0 320
48 173

122 140

249 417
46 343
25 160
20 211
114 320
94 419
147 272
36 262
84 305
127 302
64 135
64 414
53 361
66 226
83 276

348 617

0 102
73 103
13 07
0.9 04

Table 1, cont.

Jun

337
282
362
262
383
328
174
228
477
351
232
169
318
302
300
518
246
295
279
467
178
251
348
201
208
480
544
279
287
224
363
150
269
546
516
310
356
536
302
330
381
404

317
546
121
96
0.4
0.3

Jul

132
389
258
287
401
418
300
442
388
237
184
361
399
74
279
173
353
102
112
343
523
175
312
287
208
284
404
140
500
455
325
259
224
351
178
175
246
183
188
381
356
165

321
787
74
134
0.5
0.4

Aug

278
334
402
407
474
300
250
321
294
380
512
432
429
152
340
262
307
345
363
373
371
396
389
157
246
554
254
193
381
478
386
411
257
401
165
244
424
340
119
287
307
460

331
593
119
103
0.3
0.3

Sep

291
303
417
241
235
274
333
421
368
300
407
409
353
277
363
356
284
251
292
241
239
234
193
229
417
218
409
259
455
470
201
368
262
262
391
295
236
406
318
399
290
333

323
470
185
72
0.2
0.2

380

626
192
306
333
282
427
366
427
239
414
282
297
315
229
422
587
490
300
681
467
518
320
627
312
300
373
406
389
338
284
401
353
478

398
681
192
114
0.4
03

Nov

178
331
267
246
233
323
486
546
369
291
317
309
307
251
475
244
333
224
226
284
272
366
241
127
495
320
185
262
351
361
358
351
264
150
168
295
302
386
376
391
442
157

340
1082
127
139
2.5
0.4

Dec Annual

379
486
207
122
8
117
211
490
145
51
217
387
13
81
132
30
170
36
64
69
76
97
244
53
315
33
274
36
122
97
132
155
119
102
71
18
150
145
5
287
472
500

167
500
0
125
1.0
0.7

2022
3426
2569
2414
2490
2583
2435
3410
2943
2542
2338
3439
2612
1913
2606
2342
2408
1872
2057
2548
2311
2177
2672
1867
2779
2723
2654
2149
3259
3030
2350
2639
2210
2647
2383
2088
2548
3076
1811
2967
3139
2840

2631
3831
1811
433
0.4
0.2
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Table 2

MONTHLY RAINFALL AT RIO PIEDRAS MM)
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov DecAnnual

1911 15 104 24 183 276 164 119 131 352 604 235 4 2212
0

1912 11 0 60 190 227 213 136 258 382 326 14 1818
1913 29 25 0 5 361 321 220 281 420 337 266 142 2408
1914 0 0 0 0 135 291 77 317 448 242 275 99 1885
1915 0 133 76 320 135 367 374 300 207 297 373 88 2670
1916 27 60 8 157 189 247 329 221 225 320 255 7 2046
1917 0 0 3 72 224 279 292 299 351 158 378 16 2074

1918 81 37 30 144 456 362 205 88 267 262 155 16 2104
1919 92 37 22 237 133 178 145 254 434 279 209 83 2102

1920 12 0 37 82 222 345 275 189 266 388 256 0 2072
1921 40 67 46 269 234 362 449 459 566 481 235 187 3395
1922 67 4] 0 68 306 345 80 197 235 396 252 334 2322
1923 0 25 8 37 100 240 221 169 338 572 251 0 1961
1924 19 45 20 129 274 187 529 334 452 48 167 0 2202
1925 37 0 0 36 196 434 243 244 250 418 195 163 2217

1926 0 45 28 75 169 477 312 280 315 328 282 403 2714
1927 48 109 88 186 280 209 446 111 292 238 308 409 2724

1928 65 6 93 70 232 173 259 284 269 331 313 171 2265
1929 0 36 52 33 238 215 167 290 271 259 240 44 1846
1930 46 22 25 143 329 135 292 107 270 183 135 0 1687
1931 23 10 95 17 376 259 253 197 381 389 601 154 2755
1932 71 0 25 180 279 171 160 373 366 547 423 70 2665

1933 91 23 63 34 345 421 358 193 248 121 393 92 2382

1934 21 0 3 81 383 203 315 166 301 337 244 80 2136
1935 0 80 4 9 354 312 614 375 319 296 719 170 3252
1936 45 0 0 77 346 90 185 204 289 371 214 0 1821
1937 94 0 0 30 225 185 247 127 316 342 325 388 2299
1938 7 29 7 130 665 268 232 331 325 287 213 622 3317
1939 27 0 7 0 101 335 172 268 372 290 392 194 2157
1940 33 5 18 35 126 116 190 196 209 200 211 0 1359
1941 19 119 60 76 249 309 161 139 360 501 257 0 2252

1942 0 0 31 30 316 113 153 262 257 285 101 173 1722
1943 109 49 80 61 345 393 218 270 324 310 196 412 2766
1944 9 11 38 221 181 387 185 475 263 408 213 243 2632

1945 14 0 0 192 330 330 432 411 165 193 312 147 2525
1946 21 4 20 32 290 347 395 150 393 222 185 120 2181
1947 0 25 19 31 34 210 126 227 182 213 232 281 1579
1948 18 0 0 21 187 170 417 224 211 232 291 97 1868
1949 0 0 17 23 171 405 265 273 264 33 336 10 2075
1950 7 11 0 45 243 398 686 313 215 92 253 257 2521

1951 29 116 0 91 281 93 252 340 384 335 225 183 2329
1952 8 0 0 28 236 379 325 323 424 427 253 459 2862
1953 174 i6 48 69 421 43 114 139 120 352 323 64 1884

1954 0 74 0 0 336 362 375 258 466 362 392 135 2759
1955 129 18 84 0 88 292 278 353 232 268 467 144 2353
1956 122 122 33 154 446 298 394 280 254 299 310 86 2819
1957 0 23 8 45 217 143 106 79 142 318 168 106 1355
1958 48 23 12 4 199 388 244 281 220 186 281 0 1886
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Table 2, cont.

MONTHLY RAINFALL AT RIO PIEDRAS (MM)
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov DecAnnual

1959 0 0 0 46 178 325 184 399 366 364 i21 196 2179
1960 78 3 12 136 445 201 433 275 212 225 173 503 2696
1961 6 0 3 145 264 589 159 232 372 268 169 167 2374
1962 8 0 0 72 204 133 202 271 284 272 234 268 1948
1963 38 54 17 291 255 387 341 421 269 164 161 0 2399
1964 0 13 0 41 80 350 297 261 187 377 462 122 2190

1965 16 0 13 65 168 131 196 308 340 319 349 149 2053
1966 30 . 20 31 236 435 219 288 372 394 420 360 418 3243
1967 7 36 60 183 226 585 359 240 266 349 353 148 2810

1968 0 44 48 0 315 181 242 227 155 352 334 120 2017
1969 39 9 99 155 196 91 235 273 292 173 263 250 2075
1970 250 96 49 175 352 178 247 349 361 248 238 362 2905
1971 33 23 64 0 393 331 428 296 353 277 288 28 2516
1972 102 26 13 167 265 392 101 156 238 399 189 7 2054

1973 23 9 5 0 178 200 301 182 258 385 407 102 2048
1974 6 248 42 53 77 194 197 124 349 274 218 126 1907

1975 0 39 0 18 419 293 327 214 304 651 307 267 2838
1976 2 0 6 42 112 108 0 162 230 173 112 0 947
1977 49 0 16 15 193 124 152 253 242 311 208 26 1590
1978 1 28 65 206 477 309 249 241 265 382 303 122 2647
1979 0 0 0 118 87 123 353 162 151 345 431 388 2158

1980 86 82 16 29 148 317 221 275 159 191 281 302 2108
1981 139 18 59 482 256 369 215 273 178 169 198 114 2468

1982 9 0 0 18 160 262 216 77 265 449 110 0 1566
1983 9 41 18 167 289 178 110 155 376 436 295 309 2384
1984 12 68 0 0 15 134 215 350 157 328 246 5 1528
1985 32 1 72 19 30 168 231 165 320 175 107 284 1624
1986 28 0 41 191 290 234 130 112 284 528 284 74 2195

1987 33 41 13 310 462 201 330 318 340 373 340 99 2860
1988 13 102 23 48 478 404 406 394 406 447 330 109 3160
1989 56 114 30 51 102 185 389 264 206 292 353 193 2235

1990 0 0 0 0 307 69 274 259 371 470 226 236 2212
1991 13 38 81 91 257 216 335 178 353 254 277 28 2121
1992 13 S 10 58 366 345 201 300 234 399 264 109 2304
1993 61 3 147 188 368 577 193 188 399 310 163 74 2670
1994 28 28 41 30 401 251 213 239 165 340 483 66 2286
1995 23 0 8 28 244 470 381 467 244 206 259 168 2497

1996 226 84 74 213 455 290 287 396 251 351 414 297 3338
1997 10 33 10 104 216 231 58 112 264 198 312 28 1577
1998 20 15 33 84 472 145 429 290 394 264 419 335 2901
1999 79 155 48 175 315 650 302 348 371 254 300 716 3713
2000 119 28 33 142 274 ° 455 244 460 452 462 287 719 3675

Mean 38 34 28 96 263 273 264 257 295 318 281 166 2314
Max 250 248 147 482 665 650 686 531 566 651 719 719 3713
Min 0 0 0 0 15 43 0 77 120 48 101 0 947
Std 48 44 31 90 121 126 118 99 87 111 104 161 519
Skew 22 2.1 1.3 14 04 0.6 0.8 0.4 03 0.4 1.2 1.4 0.4
Ccv 1.3 1.3 1.1 0.9 0.5 0.5 0.4 0.4 0.3 0.3 0.4 1.0 0.2

Note : Estimated rainfall in italics values. @ MWH / TAMS
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Table 3

LIST OF RAINFALL AND STREAM GAGING STATIONS

Rainfall Station

01. San Miguel
02. Escandalosa
03. Rio Piedras
04. Candelaria

05. Peluca

06. Chico

07. Salamanca

08. Alhajuela

09. Santa Rosa

10. Balboa Heights
11. FAA

12. Diablo Heights
13. Miraflores

14. Pedro Miguel
15. Hodges Hills
16. Empire

17. Cascadas

18. Gamboa

19. Ciento

20. Agua Clara
21. Barro Colorado
22. Monte Lirio

Stream Gaging Stations

TQ@mmouOwy

Rio Chagres at Chico

(shown on Exhibit 7)

23

32

41

43

Rio Trinidad at el Chorro (drainage area 172 km?)
Rio Ciri Grande at Los Canones (drainage area 186 km?)
Rio Indio at Limon (drainage area 376 km?)
Rio Indio at Boca de Uracillo (drainage area 365 km?)
Rio Toabre at Batatilla (drainage area 788 km?)
Rio Coclé del Norte at El Torno (drainage area 672 km?)
Rio Coclé del Norte at Canoas (drainage area 571 km?)

. Coco Solo
24.
25.
26.
27.
28.
29.
30.
31.

Gatun
Limon Bay
Gatun West
Guacha
Cano
Raises
Humedad
Chorro

. Canones
33.
34.
35.
36.
37.
38.
39.
40.

Icacal

Miguel de la Borda
Boca de Uracillo
Santa Ana

Chiguiri Arriba
Sabanita Verde
Coclé del Norte
San Lucas

. Boca de Toabre
42.

Coclesito

. Tambo
44,
45.
46.
47.

Toabre
Chamon
Esperanza
Limpio
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Table 4

DEPARTURES OF ANNUAL RAINFALL AND STREAMFLOW FROM LONG-
TERM MEAN DURING SELECTED EL NINO EPISODES

Chico Rainfall Station

El Niiio Long-Term Annual Percent
Episode Annual Rain | Rainfall | Departure
(year) (mm) (mm)

1930 2631 1961 -25
1957 2631 1815 -31
1976 2631 1872 -29
1977 2631 2057 -22
1982 2631 1867 -29
1997 2631 1811 -31

Rio Piedras Rainfall Station

El Nino Long-Term Annual Percent
Episode Annual Rain | Rainfall | Departure
(year) (mm) (mm)

1930 2314 1687 -27
1957 2314 1355 -41
1976 2314 947 -59
1977 2314 1590 -31
1982 2314 1566 -32
1997 2314 1577 -32

Chico Streamflow Gage

Year of Mean Annual Recorded Percent

El Nifio | Annual Flow Flow (cms) Departure from
(cms) the Mean

1957 30.2 18.9 -37

1976 30.2 21.1 -30

1977 30.2 24.0 -21

1982 30.2 25.1 -17

1997 30.2 19.8 -34
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Table 5
UPPER CHAGRES RESERVOIR AREA-VOLUME DATA

Elevation Area Cumulative Volume
(m) (km?) (MCM)
88 0 0
90 0.02 Negligible
95 0.10 0.3
100 0.15 0.9
105 0.20 1.7
110 0.40 3.6
120 0.75 8.5
125 1.0 12.0
130 1.3 18.5
135 1.7 25.8
140 2.1 36.0
145 2.7 47.4
150 3.2 61.0
155 3.8 79.0
160 4.4 100
165 5.1 123
170 5.7 151
175 6.4 180
180 7.3 215
185 8.2 253
190 9.1 296
195 10.2 345
200 114 399
205 12.6 459
210 13.9 526
215 15.3 598
220 16.8 680
225 18.5 767
230 20.2 864
235 22.1 970
240 24.0 1090
245 26.1 1,210

Values in BOLD indicate measured contour data; all other values interpolated from curve
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Table 6

MEAN MONTHLY FLOW, RIO CHAGRES AT CHICO
(cubic meters per second)

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1933 255 14.9 11.4 9.0 19.5 213 204 243 309 19.1 42.1 67.6 25.5
1934 249 11.0 8.2 12.3 319 328 323 353 34.1 515 629 418 31.6
1935 39.5 17.7 1.7 8.5 26.8 253 646 434 34.9 304 1775 1036 48.7
1936 15.9 9.5 7.8 9.4 38.2 244 30.5 33.5 40.2 38.8 42.6 24.8 26.3
1937 385 20.3 11.2 99 200 22.1 24,5 28.6 34.1 44.4 54.5 80.3 324
1938 204 - 145 11.0 26.7 53.6 412 37.2 67.8 41.1 41.5 51.0 1069 427
1939 25.8 12.1 9.3 8.9 10.1 19.7 15.0 23.1 239 234 493 41.1 21.8
1940 22.0 16.0 14.2 11.9 15.5 18.2 15.6 26.9 224 35.6 31.8 214 21.0
1941 15.0 22.1 17.5 11.9 222 37.3 28.1 375 40.4 75.6 669 434 34.8
1942 21.2 15.9 159 248 179 297 33.1 322 39.1 522 40.8 34.6 29.8
1943 28.8 20.5 15.8 17.0 33.6 354 27.3 319 316 45.4 41.1 76.6 33.8
1944 26.7 20.2 10.7 17.8 37.7 311 420 429 375 56.3 53.5 89.1 38.8
1945 29.4 17.8 11.2 114 253 28.9 30.7 40.2 36.1 34.8 314 65.6 30.2
1946 19.8 14.4 9.8 12.7 24.1 27.7 39.6 42.8 349 30.8 25.5 58.7 284
1947 19.9 13.6 8.6 9.5 139 229 322 33.7 28.5 32.1 35.6 393 24.2
1948 16.6 9.0 6.3 6.1 14.2 237 40.0 315 26.6 389 45.8 29.5 24.0
1949 15.0 9.4 6.9 7.2 23.5 39.1 51.0 48.3 383 45.0 61.3 53.5 33.2
1950 20.6 17.1 10.8 20.0 404 30.1 53.9 45.8 329 26.2 50.8 60.1 34.1
1951 19.7 432 23.2 194 25.8 30.5 33.2 24.8 28.7 24.8 28.9 28.2 27.5
1952 18.4 12.4 9.0 10.6 24.1 23.8 315 38.2 35.0 49.4 315 53.2 28.1
1953 414 270 14.0 12.5 376 276 32,6 314 28.1 33.6 39.6 343 30.0
1954 18.3 13.7 12.4 12.8 21.7 34.6 34.7 39.0 38.1 25.0 64.2 63.2 315
1955 64.8 18.3 12.7 10.2 15.3 17.5 283 48.7 314 28.5 77.0 440 33.1
1956 62.4 21.7 19.2 19.8 43.4 37.2 63.9 34.1 35.7 44.6 86.3 41.5 42.5
1957 17.5 11.6 8.2 6.9 13.1 12.7 11.9 13.9 18.2 30.6 490 330 18.9
1958 32.8 14.8 10.7 13 176 212 22.1 25.2 27.0 27.7 333 27.2 222
1959 12.7 8.6 6.7 9.7 17.9 17.5 16.4 18.4 32.1 33.2 54.9 89.5 26.5
1960 53.9 12.3 89 214 274 296 308 29.1 30.2 343 35.6 94.0 34.0
1961 18.4 10.1 8.2 11.9 18.5 43.1 26.8 33.5 315 37.7 45.0 28.4 26.1
1962 17.6 11.2 9.0 9.5 276 202 33.0 44.1 38.1 364 406 3.7 266
1963 37.8 19.3 12.9 273 390 413 47.7 45.7 49.4 377 439 253 35.6
1964 154 12.1 9.9 169 269 455 28.0 26.4 317 279  39.2 222 25.2
1965 18.2 14.1 11.9 107 237 33.1 23.2 30.7 40.3 50.8 50.1 51.4 29.9
1966 25.9 16.8 126 347 410 32.7 34.0 304 38.1 423 73.0 77.1 382
1967 33.9 19.9 134 312 43.0 495 44.8 33.9 353 30.5 36.1 37.1 34.1
1968 13.8 13.3 6.9 7.3 14.4 15.2 24.9 35.8 39.6 31.8 340 177 212
1969 11.9 13.8 10.7 204  28.1 21.1 227 30.6 30.7 289  38.7 86.7  28.7
1970  46.6 18.0 13.7  26.7 367 35.1 37.3 43.2 45.4 572 482 = 504 38.2
1971 43.6 204 13.6 9.1 220 478 46.4 38.7 33.2 31.1 39.3 21.6 30.6
1972 57.4 14.6 10.3 25.8 176 217 14.1 253 19.7 31.7 34.0 199 243
1973 11.9 8.4 5.6 5.1 16.3 284 283 323 28.3 36.1 604 460 256
1974 272 13.2 9.7 7.5 13.0 16.8 219 313 313 42.8 39.7 26.7 23.4
1975 12.1 7.5 5.1 5.2 20.3 28.8 44.8 52.0 34.7 46.6 58.0 58.0 31.1
1976 25.8 14.0 11.2 12.7 19.9 18.5 12.9 15.0 223 39.8 42.6 179  21.1
1977 15.8 11.0 8.2 8.2 14.7 17.1 225 28.8 26.7 56.3 452 33.1 24.0
1978 13.8 11.7 8.4 26.6 28.2 39.8 46.7 48.8 324 346 426 235 29.8
1979 12.1 8.9 6.9 17.8 17.1 23.7 27.3 36.7 317 28.5 428  41.1 24.6

MWH / TAMS
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Table 6, cont.

MEAN MONTHLY FLOW, RIO CHAGRES AT CHICO
(cubic meters per second)

Year Jén Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1980 30.8 18.5 10.1 10.7 223 293 17.9 21.2 23.5 304 43.6 39.6 24.8
1981 17.7 144  100.6 46.3 37.2 40.0 389 27.9 33.1 40.7 61.6 32.1 40.9
1982 321 14.6 9.2 12.3 220 19.2 327 311 29.5 459 31.9 20.4 25.1
1983 85 6.2 54 36.6 222 19.6 21.6 27.7 343 40.0 76.5 256 270
1984 25.6 15.5 89 6.3 18.7 303 39.1 67.8 48.4 55.1 55.8 35.1 33.9
1985 12.9 12.9 9.4 19.5 342 26.2 21.2 37.8 30.6 29.8 519 17.7 253
1986 1777 11.8 12.1 21.9 493 30.6 253 22.0 36.6 57.6 64.7 30.2 31.7
1987 12.6 8.2 285 55.9 36.0 36.4 442 515 39.7 60.6 29.8 13.7 348
1988 13.7 14.5 9.1 7.0 245 223 438 57.2 40.8 50.8 44.4 324 30.0
1989 19.9 12.1 8.6 17.2 31.9 344 37.8 323 585 674 36.2 29.7 322
1990 29.7 17.6 14.0 22.3 74.5 21.0 19.1 34.1 44.7 574 58.6 63.0 38.0
1991 19.6 12.7 15.4 11.8 314 21.9 22.8 23.0 333 334 57.3 33.6 26.4
1992 16.4 10.9 8.8 14.0 46.6 45.2 349 49.8 41.1 334 48.8 31.1 31.8
1993 253 12.2 17.0 26.8 36.3 47.8 36.1 25.8 37.7 58.1 40.7 26.5 325
1994 12.9 8.6 7.3 6.4 254 36.7 37.9 33.0 344 37.0 65.2 30.3 279
1995 154 83 4.8 6.1 19.1 36.4 43.6 413 28.7 31.0 385 500 269
1996 73.2 30.5 22.6 19.3 475 42.5 453 49.9 33.7 42.1 83.2 947 487
1997 29.0 16.8 9.1 7.8 313 26.8 16.2 13.5 18.4 24.6 21.9 21.6 19.8
1998 12.2 8.4 5.0 14.3 39.6 24.0 31.0 339 34.2 335 385 54.8 27.5
1999 30.8 24.0 14.8 17.5 25.7 36.2 453 53.8 443 40.5 52.1  126.7 42.6
2000 50.9 19.6 11.7 9.0 21.8 41.7 282 32.8 40.8 539 333 84.2 35.7

Mean 255 14.9 12.4 15.7 27.6 29.6 323 353 34.1 39.8 49.3 46.4 30.2
Maximur  73.2 432  100.6 55.9 74.5 49.5 64.6 67.8 58.5 756 1775 1267  48.7
Minimum 85 6.2 4.8 5.1 10.1 12.7 11.9 13.5 18.2 19.1 21.9 13.7 18.9
St. Dev 14.0 59 11.7 9.8 1.7 9.1 11.5 11.3 72 11.6 21.0 25.6 6.5

@ mwH / TS

[N




Table 7

NET RESERVOIR EVAPORATION
(Period 1933 to 2000)

Month Evaporation
(mm)
January 143
February 147
March 168
April 153
May 104
June 81
July 88
August 86
September 82
October 82
November 79
December 108
Annual 1,321

@ MmwH / TAMS




Table 8

FLOOD PEAKS FOR SELECTED RETURN PERIODS

RIO CHAGRES AT CHICO
(annual peak series)
Return IRHE LP III LPIIL 5 %
Period Estimate | Computed " Upper Limit
(years) (m3/s) (m3/s) (m3/s)
2 1,031 957 1,048
5 1,546 1,399 1,569
10 1,882 1,708 1,956
20 2,241 2,002 2,365
25 2,353 2,113 2,487
50 2,689 2,421 2,917
100 3,081 2,739 3,342
200 3,059 3,795
500 3,512 4,446
1,000 4,425
10,000 5,938

M Recommended values
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Table 9

RIO CHAGRES AT CHICO

ANNUAL MAXIMUM INSTANTANEOUS FLOOD PEAKS

Year Peak Year Peak Year Peak
(m’/s) (m>/s) (m’/s)

1933 793 1956 1,209 1979 640
1934 552 1957 640 1980 535
1935 1,495 1958 473 1981 1,433

© 1936 1,031 1959 1,872 1982 770
1937 1,541 1960 634 1983 1,453
1938 1,119 1961 1,470 1984 768
1939 617 1962 498 1985 2,059
1940 374 1963 850 1986 1,433
1941 1,736 1964 295 1987 1,323
1942 940 1965 1,153 1988 544
1943 1,116 1966 3,812 1989 1,133
1944 1,342 1967 736 1990 1,079
1945 1,008 1968 728 1991 677
1946 1,371 1969 1,832 1992 779
1947 679 1970 700 1993 946
1948 799 1971 1,212 1994 872
1949 1,246 1972 935 1995 969
1950 1,020 1973 969 1996 1,662
1951 371 1974 527 1997 1,068
1952 1,068 1975 838 1998 1,164
1953 1,314 1976 810 1999 1,357
1954 1,371 1977 722 2000 1,903
1955 935 1978 711
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Table 10

HOURLY PMP INCREMENTS
PERCENT OF 24-HOUR PMP
Hour Increment

(mm)
1 1.5
2 1.6
3 1.6
4 1.6
5 1.8
6 2.0
7 2.5
8 5.0
9 14.0
10 25.0
11 18.0
12 5.0
13 3.0
14 2.0
15 2.0
16 1.6
17 1.6
18 1.6
19 1.5
20 1.4
21 1.4
22 1.4
23 1.4
24 1.4

@ MwH / TS

[T M



Table 11

ORDINATES OF THE
ONE-HOUR UNIT HYDROGRAPH
Hours Discharge

(m3/s)
0 0.0
1 3.0
2 11.1
3 31.7
4 25.1
5 13.9
6 8.9
7 6.1
8 4.8
9 3.8
10 3.0
11 2.5
12 2.1
13 1.5
14 1.2
15 0.8
16 0.4
17 0.2
18 0.1

runoff 1.04 mm
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Table 12

MONTHLY SUSPENDED SEDIMENT DISCHARGE

RIO CHAGRES AT CHICO
Jan Feb

1980
1981 762 981
1982 677 126
1983 439 161
1984 271 32
1985 280 224
1986 216 86
1987 72 55
1988 48 92
1989 353 1,847
1990 550 302
1991 168 155
1992 132 227
1993 1,388 57
1994 126 155
1995 273 12
1996 13,781 357
1997 69 43
1998

Mean 1,153 289

Mar

368
73
101
30
239
1,365
49
40
194
275
3,270
82
3,067
183

0
1,078
2

613

RIO PEQUENI AT CANDELARIA

1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
Mean

Jan

1,548
377
146
159

74
280
49
46
237
668
95
99
824
74
448
10,534
68

925

Feb

461
107
65
144
16
59
53
118
1,881
38
38
31
26
51
26
52
417

211

Mar

512
71
36
52
64

156
17
71
49

103

473
65

393
77
17

1,325

15

207

(metric tonnes)

DRAINAGE AREA 160 SQ MI (414 SQ KM)

Apr

73,458
226
2,148
42

149
3,068
13,452
27
377
1,520
1,542
1,247
6,365
53
439
1,210
208

6,208

May

16,517
526
34,182
9,510
3,832
55,169
60,093
7117
3,517
41,260
7,168
5,033
6,094
4,713
24,706
11,776
19,841

18,297

Jun

7,687
280
35,040
11,156
16,072
3,471
3,160
1,602
6,146
1,223
1,892
9,745
18,594
9,303
12,492
3,756
1,894

6,677

DRAINAGE AREA 52 SQ MI

Apr

289.267
119
10,652
21

127
3,558
4,095
74

25
202
464
1,894
10,433
43
838
738
122

18,981

May

40,078
234
26,589
930
3,259
33,621
38,666
2,357
5,251
7,188
6,037
11,770
1,768
2,386
2,491
6,652
5.901

11,481

Jun

10,710
198
26,012
4,593
5,046
6,406
17,912
1,758
5,988
1,318
1,331
1,956
3,193
8,828
1,730
4434
1,754

6,069

Jul Aug
31,683 44,578
8,607 3,724
4,618 10,474
6,866 27,779
4919 5,636
2,759 4,505
14,173 16,010
12,057 7,762
9,140 2,769
1,964 5,541
2,948 1,885
5,090 16,957
2,826 1,745
7.583 3,051
12,881 7,547
2,371 8,819
762 1,825
7,720 10,036

(135 SQ KM)

Jul Aug
35,101 12,365
733 5,522
7,267 3,874
3,264 6,249
1,388 294
5,652 4,003
5,839 12,933
17,269 9,568
14,774 5,745
1,834 8,067
1,069 3,340
3,067 10,770
1,173 833
1,270 9,706
1,835 698
1,123 2,816
1,332 4,804
6,117 5,976

Sep

18,956
4,326
8,859
8,747

14,475

11,290

52,045
3.429
2,854
5,885

11,397
9,539
5,600
3,100
1,994
3,234
1,046

9,810

Sep

5,818
4,780
5,874
1,716
3,709
10,318
12,806
800
2,693
2,994
18,429
3,731
3,236
972
683
2,035
2,177

4,869

Oct

26,299
9457
10,158
42,323
6,223
10,918
10,314
5,427
20,496
12,230
4,639
2,486
13,872
6,391
2,790
9,252
1,394

11,451

Oct

3,981
37,676
11,140

2,404

2,161

1,111

6,164

7,790
19,416

7,788

1,432

539

8.436

2,510

1,020

1,248

1,543

6,845

@ mwH /TS
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Nov

27,001
2,207
12,553
14,020
886
24,437
65,068
8,530
9413
11,296
24,619
14.108
1,642
16,728
7,227
119.678
1,033

21,203

Nov

3,463
1,653
13,975
3,562
1,581
6,242
13,175
1,828
11,614
3,397
17.751
6,084
1,719
7.900
2421
65,551
440

9,550

Dec

51,198
993
41,637
2,932
47,053
1,037
2,286
1.324
2,894
18,557
790
374
591
716
23,238
23,109
768

12,912

Dec

14,661
343
124,654
1,575
8,908
250
2,228
1,456
8,470
1,901
479
2,196
5,651
186
21,627
4,510
24

11,713

Annual

299,489
31,221
130,370
123,708
99,987
118,319
236,778
47454
59,999
100,601
60,474
65,022
61,842
52,103
93,599
198,423
28,884

106,369

Annual

417,964
51,812
230,302
24,667
26,626
71,656
113,936
43,134
76,142
35,498
50,938
42,201
37,684
34,002
33,833
101,018
18,597

82,942




Table 12, cont.

MONTHLY SUSPENDED SEDIMENT DISCHARGE
(metric tonnes)

RIO BOQUERON AT PELUCA DRAINAGE AREA 35 SQ MI (91 SQKM)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1980
1981 948 143 722 66910 15804 18,587 46,485 9,464 3,422 7,204 51,819 111,843 333351
1982 1,437 2,018 437 2,954 2,310 3,948 7,082 23,462 8,835 25,567 2,345 552 80,947
1983 192 25 23 5,080 9,711 6,599 13,583 8,298 9,104 11,826 19483 136,506 220427
1984 351 - 6l 29 17 1,866 31,857 8,719 11414 1,696 2,080 9,304 2,909 70,301
1985 28 7 29 26 1,278 7,986 4279 1,227 3,048 3,104 2,417 5.660 29,087
1986 161 71 32 4,610 8.963 3,793 1,889 1,879 11,684 1,309 5,081 118 39,589
1987 21 79 25 14,670 51,760 5,174 2,523 6,099 8,830 3,611 5,771 831 99,393
1988 45 127 49 41 2,465 742 18,947 8,217 891 8,932 1,598 1.679 43,733
1989 84 453 17 5 6,337 2,430 5,447 4,517 1,090 6,606 4,348 2,741 34,075
1990 99 69 205 171 5,346 892 1,171 5,573 2,067 4,021 2,459 883 22,956
1991 87 15 493 441 8,881 666 606 1,434 13,660 563 14,593 410 41,849
1992 3 3 3 1,463 6.890 1,421 2,049 13,484 2,731 712 5,175 1,715 35,648
1993 547 1 211 7,176 708 3924 3,295 2,098 3,395 5,144 2,645 3,688 32,831
1994 14 6 45 4 2,514 3,645 1,406 6,267 1,633 599 8,385 825 25342
1995 1,284 0 0 173 519 3,544 4,103 166 1,255 403 3,653 19,395 34,495
1996 5,324 123 819 1,014 7.599 1,058 1,035 1,764 1,262 1,795 73,898 20,589 116,280
1997 19 365 7 3 5,422 5,024 865 3,168 1,792 1,660 198 2 18523
1998

Mean 626 210 185 6,162 8,140 5,958 7,264 6,384 4,494 5,008 12,539 18,256 75,225

RIO GATUN AT CIENTO DRAINAGE AREA 45 SQ MI (116.6 SQ KM)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

1980
1981
1982
1983
1984
1985
1986
1987 23 25 13 14,193 2,666 906 1,466 2,251 5,317 24423 20,392 1,905 73,580
1988 39 20 11 11 604 316 8,358 10,995 6,246 32,806 3,526 2,642 65,573
1989 41 124 15 17 845 430 3,810 1,695 1,206 4,737 17,508 2,224 32,653
1990 67 6 19 6 1,808 309 839 4,049 3,612 6,541 2,638 809 20,704
1991 15 4 I5 81 1,866 116 479 554 4,053 2287 12,454 304 22,226
1992 22 26 13 138 7,458 2,298 743 4,855 3,821 2,281 1,387 1,177 24218
1993 329 11 80 652 601 1,339 3,624 968 4,091 4,245 4,103 484 20,526
1994 688 0 4 3 188 2,061 1,052 1,040 425 2,270 7,502 68 15,300
1995 344 23 5 21 333 1,783 1,762 2,803 1,007 1,502 6,872 3,863 20,318
1996 7,423 22 43 151 2,377 2,096 1,087 1,697 901 1,296 39,636 4237 60,966
1997 46 32 6 9 790 874 268 95 1,562 763 2,084 61 6,589
1998

Mean 822 26 20 1,389 1,776 1,139 2,135 2,818 2,931 7,559 10,737 1,616 32,968
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MONTHLY SUSPENDED SEDIMENT DISCHARGE

RIO TRINIDAD AT CHORRO
Jan Feb Mar

1980
1981
1982
1983
1984
1985
1986
1987 16 25 28
1988 135 6 1
1989 199 37 19
1990 180 21 5
1991 32 6 29
1992 14 5 2
1993 41 12 11
1994 3 0 22
1995 9 1 0
1996 13,475 63 134
1997 416 1 0
1998

Mean 1,320 16 23

RIO CIRI GRANDE AT LOS CANONES

1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
Mean

Jan

47
49
364
596
109
46
154
15
27
93,184
27

8,602

Feb

32
22
87
12
48
13
46

150
33

41

Mar

12

20
26
184

39
39
18
216

52

Table 12, cont.

(metric tonnes)

DRAINAGE AREA 67 SQ MI (173.5SQ Km)

Apr May Jun

99 696 502
77 2221 924
8 968 727

5 450 1,829

6 767 646
91 501 1,794
184 714 2,243
10 790 505

20 1,179 2,345
13 2,896 5,388
22 13 389

49 1,018 1,572

DRAINAGE AREA

Apr May Jun

57 2,812 1,094
29 728 1,551
5 1,135 844
7 1,042 1,062
31 591 537

286 1,047 1,267
272 485 2,461
33 859 1,348
163 4,297 3,246
31 3,695 6,064
44 119 533

87 1,528 1,819

Jul

1.085
1.366
2,053
2,492
197
352
467
226
1.939
3352
67

1,236

72 SQ M

Jul

1,437
1,469
2,180
1.494
158
1,268
467
391
2,299
9.620
253

1,912

Aug

2,774
4,756
2,935
1.667
391
1.232
563
176
3,320
5.367
28

2,110

Sep

4,042
4,639
3,047
9,023
1,386
3,741
3,307
3,110
2,832
4,534

285

3,631

(186.5 SQ KM)

Aug

4412
4,645
4,607
1.074
428
4,005
582
141
3,217
14,255
94

3,405

Sep

6,187
4,173
4,737
7,588
1,836
3,686
3,883
1,957
3,896
8,190
1,165

4,300

Oct

5,328
2916
2,529
7.462
2,246
1,343
2,163
3,165
5,818
6,586
1,557

3,737

Oct

8,753
5,040
9,667
5,774
3,041
1,974
3,449
3.960
4,584
13,264
1,551

5,551

Nov

793
1,707
1,487
4318
1,689
2,009
4,234
1,715
2,342
3,374

840

2,228

Nov

3,255
3,939
2,846
2,740
1,455
2,977
8,735
3.224
2,339
7,511
2,172

3,745

Dec

838
1,722
3,377

896

795

462

941

182

470
1,997

1,062

Dec

3,758
1,801
2,095
2,929
876
357
1,634
224
1,892
7,214
67

2,077

Annual

16,226
20,470
17.387
28,347

8,189
11,545
14,879

9,902
20,274
47,178

3,625

18,002

Annual

31,854
23,451
28,588
24,345
9,293
16,932
22,206
12,198
25,980
163,392
6,057

33,118
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Table 13

UPPER CHAGRES RESERVOIR
LOSS IN LIVE STORAGE BETWEEN 180 AND 200 METERS

Period of Live Loss in Percent
Operation Storage Storage Loss
(years) (MCM) (MCM)
0 450 0
50 439 11 2.4
100 427 22 4.8
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Table 14

ORDINATES OF FLOOD HYDROGRAPHS
RIO CHAGRES AT DAMSITE

2-Year Flood 5-Year Flood 10-Year Flood 20-Year Flood 25-Year Flood 50 -Year Flood 100-Year Flood
Peak=957cms  Peak=1399 cms Peak=1708 cms Peak =2002cms Peak = 2113 cms  Peak = 2421 cms Peak = 2739 cms

Time Discharge Time Discharge Time Discharge Time Discharge Time Discharge Time Discharge Time Discharge
(hr) (cms) (hr) (cms) (hr) (cms) (hr) (cms) (hr) (cms) (hr) (cms) (hr) (cms)

1 68 1 9 1 121 1 142 1 149 1 171 1 193
2 122 2 178 2 218 2 255 2 269 2 308 2 348
3 338 3 495 3 604 3 708 3 747 3 856 3 968
4 745 4 1089 4 1329 4 1558 4 1644 4 1884 4 2131
5 957 5 1399 5 1708 5 2002 5 2113 5 2421 5 2739
6 880 6 1286 6 1571 6 1841 6 1942 6 2226 6 2518
7 677 7 990 7 1208 7 1416 7 1494 7 1712 7 1937
8 474 8 693 8 845 8 991 8 1046 8 1199 8 1356
9 338 9 495 9 604 9 708 9 747 9 856 9 968
10 271 10 396 10 483 10 566 10 598 10 685 10 775
11 203 1 297 11 363 11 425 11 448 11 514 11 582
12 163 12 238 12 290 12 340 12 359 12 411 12 465
13 149 13 218 13 266 13 312 13 329 13 377 13 427
14 135 14 198 14 241 14 283 14 299 14 342 14 387
15 122 15 178 15 218 15 255 15 269 15 308 15 348
16 110 16 161 16 196 16 230 16 242 16 278 16 315
17 103 17 151 17 184 17 216 17 228 17 262 17 296
18 97 18 142 18 173 18 203 18 214 18 246 18 278
19 91 19 133 19 162 19 190 19 200 19 230 19 260
20 85 20 124 20 151 20 177 20 186 20 214 20 242
21 78 21 114 21 139 21 163 21 172 21 197 21 223
22 72 22 105 22 128 22 150 22 158 22 181 22 205
23 65 23 96 23 117 23 137 23 144 23 165 23 187
24 59 24 86 24 105 24 123 24 130 24 149 24 169
25 53 25 77 25 94 25 110 25 116 25 133 25 150
26 46 26 68 26 83 26 97 26 102 26 117 26 132

Note: the flood hydrographs for various return periods were generated using ratios of peaks.
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PRE AND POST PROJECT FLOOD PEAKS

Table 15

Return Pre-Project | Post Project
Period Flood Peak Flood Peak
(years) (m3/s) (m"’/s)
2 957 459
5 1,399 703
10 1,708 924
20 2,002 1,121
25 2,113 1,194
50 2,421 1,397
100 2,739 1,604
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HYDRAULIC CHARACTERISTICS

Table 16

OF REPRESENTATIVE CROSS SECTION

Disch SW:fter Top Maximum | Average A Mean
BOIATEE | Fiovafis | Width | Depth Depth T Velocity
(cms) (m) (m) (m) (m) (sq m) (m/s)

200 83.48 42.20 2.78 2.10 88.70 2.25
400 84.56 48.57 3.86 2.83 137.26 2.91
700 85.65 56.89 4.95 3.43 195.15 3.59
950 86.37 59.78 5.67 3.96 236.71 4.01
1400 87.43 63.63 6.73 4.75 302.36 4.63
1700 88.01 64.90 7.31 5.23 339.49 5.01
2000 88.53 66.04 7.83 5.66 373.53 5.35
2115 88.72 66.45 8.02 5.81 385.82 5.48
2420 89.19 67.47 8.49 6.19 417.59 5.80
2740 89.64 68.46 8.94 6.55 448.41 6.11
3000 89.99 69.21 9.29 6.83 472.79 6.35

@ MmwH / TS
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Table 17

ARMORING SIZES - RIO CHAGRES DOWNSTREAM FROM DAM

Armoring Size (mm) for Indicated Flood

Method of Estimation 2-Yr 5-Yr | 10-Yr | 25-Yr | 50-Yr | 100-Yr
Pre-Project

Meyer-Peter, Muller 99 118 130 145 154 163

Shield’s 120 144 158 176 188 198
Post-Project

Meyer-Peter, Muller 50 60 67 75 80 85

Shield’s 60 76 84 94 100 105
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Appendix A : Exhibits

EXHIBITS

Upper Chagres Water Supply Project
@ MwH / TANS
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CONTRACT NO. CC-3-536
UPPER CHAGRES WATER SUPPLY PROJECT
APPENDIX A - HYDROLOGY AND METEOROLOGY
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AUTORIDAD DEL CANAL DE PANAMA
Division de Proyectos de Capacidad del Canal

EXHIBIT:
36

SEPTEMBER, 2003

DATE:

Depth-Area-Duration Curves
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Percent of 10 M2 24-hour PMP
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