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ABSTRACT- The goal of this study is to develop different scenarios of water resource availability in 
Panama under climate change-induced temperature and precipitation variability, considering a poten- 
tial doubling of the atmospheric CO2 concentration in the next 100 yr. The water balance model 
CLIRUN3 was combined with 20 yr of basic climate information records (precipitation, potential evapo- 
transpirahon and water flow) to simulate monthly river runoff in the Chagres (Panama Canal) river 
basin. This basin supplies water to 25 % of the country's population and is of great importance for inter- 
national navigation. In the cases of the Chiriqui and La Villa river basins, 10 yr of records were used. 
The Chiriqui river basin is the main national source of hydropower, while the La Villa river basin is of 
agricultural importance. The Chagres river basin is part of the Atlantic watershed while the others 
belong to the Pacific watershed. The model was calibrated and run for both watersheds under scenar- 
ios with temperature increments of + l  and +2"C, while the precipitation changes considered were 
i 1 5 %  for the Pacific and i 2 0 %  for the Atlantic watershed. It was observed that the monthly runoff 
tends to decrease by 3 to 42% of the mean value in both watersheds when temperature increases and 
precipitation decreases. If both temperature and precipitation increase, the mean runoff value in the 
Pacific basins will be reduced by 5 to 35% from November to April and increased by 4 to 40% in the 
remaining months. In the basin of the Atlantic watershed all simulated monthly values are 3 to 50 % 
higher than the actual mean. 
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1. INTRODUCTION 

The Republic of Panama has abundant water 
resources. This fact determines to a large extent the 
economic activities on which the national economy is 
founded. Tertiary activities consisting of services and 
international trade are the main source of income for 
the country. 

In this study, we set out to assess the impacts of pos- 
sible future climate change on Panama's most irnpor- 
tant rivers. To select river basins suitable for study, 
both the relevance of their water resources for the 
country's economic development and the availability 
of hydrometeorological data were taken into account. 
The basins identified as the most significantly exposed 
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to the impacts of potential climate changes were the 
Chagres, the Chiriqui and the La Villa river basins. 

The Chagres river basin, pertaining to the Atlantic 
watershed, covers a drainage area of 3338 km2. Annual 
mean precipitation is 2600 mm, annual mean tempera- 
ture is 25"C, and the runoff coefficient is 0.58. 

The Chiriqui river basin pertains to the Pacific water- 
shed. It  has a drainage area of 1337 km2 upstream of 
the hydrological station used for the study. The mean 
annual precipitation in this area is 4280 mm, the mean 
temperature is 23°C and the runoff coefficient is 0.75. 

The La Villa river basin, which is also located on the 
Pacific watershed, is considered one of the most arid 
regions in the country. It covers a drainage area of 
1000 km2 upstream of the hydrological station. The 
annual mean precipitation is 1960 mm, the mean tem- 
perature is 27°C and the runoff coefficient is 0.54. 
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The availability of water for domestic consumption, 
hydropower generation (on which the country depends 
for 73 % of its power), irrigation, animal breeding and 
inter-oceanic navigation is important for the people's 
quality of life. A change in the climatic conditions 
would affect the water volumes required for the correct 
operation of the inter-oceanic waterway (Panama 
Canal). It would also impair the provision of services 
due to difficulties for hydroelectric generation and 
would provoke conflicts between domestic and agricul- 
tural water use. It was therefore considered necessary 
to assess the major impacts of a potential climatic 
change on the water flow of the main national basins. 

The use of 20-yr data series for precipitation, poten- 
tial evapotranspiration and monthly runoff was agreed 
upon for the conduct of water resource studies within 
the framework of the 'Proyecto Centroamericano de 
Cambio Climatico'(PCCC; Central-American Climate 
Change Study). However, in the case of Panama, it 
was necessary to have this period reduced to 10 yr for 
the Chiriqui and La Villa river basins due to the 
lack of complete temperature records prior to 1973, 
needed for estimating potential evapotranspiration 
values. 

Records from 48 precipitation stations were used for 
the study, which were distributed as follows: 21 at the 
Chagres river basin, 17 at the Chiriqui and 10 at the La 
Villa. The number of stations was deemed sufficient, 
considering the size of each basin and the spatial vari- 
ability 'of this parameter. 

However, in all 3 basins there are fewer stations hav- 
ing temperature records for the study period than 
required. In fact, there is only l station in both the Cha- 
gres and La Villa river basins, located at 20 and 16 m 
above mean sea level respectively. The Chiriqui river 
basin has 4 such stations, located between 388 and 
1340 m above mean sea level. 

Information on river flow was obtained directly from 
gauging stations, except for the Chagres river basin. In 
this case, the daily discharges to Gatun Lake estimated 
on the basis of the water balance were used (Table 1). 

Central American experts have analyzed several 
general circulation models (GCMs) for the develop- 
ment of climatic scenarios, namely the CCCM, UK86, 

UK89, GISS, GFDL-R30 and GFDL 1% (transient). 
Their assessment of the models' ability to reproduce 
current climate conditions has led to the conclusion 
that, in general, GCMs are not a highly reliable tool for 
studies in this region. Further, since water resource 
studies are carried out at a much smaller scale than are 
the GCMs, the direct use of GCM outputs in the water 
resource simulations is not considered appropriate. 
Thus, the CCCM and UK89 models, which are the ones 
that in general terms best simulate the current climate 
in the Central American region, were only taken into 
account as a reference. 

Due to the above considerations regarding GCM 
outputs and analogies, the use of conservative scenar- 
ios with incremental increases in temperature and 
incremental changes in precipitation was preferred 
instead. This decision was based particularly on find- 
ings by IPCC Working Group I presented in the report 
by the OMM/PNUMA (1995), which acknowledge the 
weaknesses of GCMs for the simulation of regional cli- 
mate. Incremental scenarios based on expert judge- 
ment were consequently developed. 

2. METHODOLOGY 

2.1. Model description. The rainfall-runoff hydro- 
logical model CLIRUN3 (Kaczmarek 1994) was used to 
estimate the impacts of climate change on water 
resources. The theoretical basis of this conceptual, 
global model was developed at the International Insti- 
tute for Applied Systems Analysis and at the Institute 
of Geophysics, Warsaw, Poland. It is based on the fun- 
damental hydrology theorem: 

where P = mean precipitation (mm d-l), PET = poten- 
tial evapotranspiration (mm d-') and Q = mean values 
of catchment runoff (mm d-l). 

Input data for this model are the effective precipita- 
tion, potential evapotranspiration and historical river 
flow data. The output data simulate the response of the 
basin in terms of surface runoff as well as changes in 
storage and evapotranspiration. 

Table 1. Hydrological gauging stations at each basin 

Basin Base station No. of years Area upstream Total area Mean altitude 
with records of gauging (km2) (upstream of 

station gauging station) 
(km2) (m) 

% of study 
area 

Chiriqui Interamericana 4 0 
Chagres (Discharges to Gatun Lake) 80 
La Villa Atalayita 30 
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Fig. 1. Conceptual description of water balance for the water 
balance model 

The model is continuous, which means that the vari- 
ables in the water balance equation are a function of 
the time interval used. In this particular case the 
model was calibrated with a 1 mo time interval. In the 
CLIRUN3 version used, the input variables (climatic 
variables) were considered representative of the entire 
basin. 

The model has 2 components: the first one calculates 
the water balance in the basin using continuous func- 
tions which describe the inflow and outflow, while the 
second one calculates potential evapotranspiration by 
means of the Priestly-Taylor method, which is based on 
radiation. In this study only the first component was 
used. 

The water balance is written as a differential equa- 
tion and the basin storage is considered to be a single 
'bucket', where the discharge and infiltration compo- 
nents are dependent on the state variables (Fig. 1). 

The model has 5 parameters, 3 of which are changed 
by the automatic calibration routine. These parameters 
are related to: (1) direct runoff, (2) surface runoff, 
(3) and (4) subsurface runoff, and (5) storage capacity. 

The model is calibrated using a non-confined induc- 
tive algorithm which seeks the optimum set of model 
parameters, estimated on the basis of error minimization 
between observed and simulated monthly runoff data 
by means of the method of least squares. The direct 
runoff coefficient and the power term of the subsur- 
face runoff are not included in the optimization routine. 

The measured flow data for the dry months (March 
and April) of the entire record were used to determine 
the base flow at each station, which is an important 
input parameter for the model. Probability tests were 
used to calculate the flow value which is equaled or 
exceeded 95% of the time. The minimum flows were 
estimated at 1.38, 0.20 and 0.21 mm d-' for the 
Chiriqui. La Villa and Chagres river basins respec- 
tively. 

The effective precipitation is a measure of the rain- 
fall which actually becomes surface runoff. For the 
purposes of this study the effective precipitation was 
considered equal to the precipitation measured at each 
station, since it is assumed that in the tropical regions 
the losses due to surface holding are minimal com- 
pared to total rainfall volumes. The average precipita- 
tion at each basin was estimated by means of the 
Thiessen polygons method (Chow at al. 1993). 

Statistical analyses (mean and standard deviation 
tests, linear correlation, tests of relative differences 
and range tests) were applied for assessing the consis- 
tency of the series simulated during calibration and 
validation. Linear correlation was applied in order to 
generate the missing data on precipitation and river 
flows. The double mass curve method was used to ver- 
ify the series (Linsley at al. 1977). 

The mean monthly potential evapotranspiration 
for the 3 basins was estimated with the Thornthwaite 
method and adjusted with Penman values, as described 
in the study reported in Hidrometeorologia (1993). 

The Thornthwaite method (described by Ortiz 
Solorio 1984) calculates potential evapotranspiration 
from mean annual temperature values. The values are 
corrected as a function of latitude, implicitly consider- 
ing the theoretical sunshine hours. 

The Penman method (WMO 1994) is the most com- 
plete, since it takes into account the majority of the fac- 
tors which determine evapotranspiration, namely 
energy supply and vapor transport. This method has 
been widely used with very good results, although in 
arid regions the values are usually underestimated. 

An equation from the study by Ortiz Solorio (1984) 
was used with some modifications in the above men- 
tioned study given in Hidrometeorologia (1993). In 
particular, the coefficients of the Armstrong equation 
(0.26 and 0.39) were estimated by means of linear cor- 
relation between the Rg/Ra and N/n ratios, where Rg 
is the total solar radiation, Ra is the theoretical solar 
radiation in absence of atmosphere, Nis  the maximum 
theoretical sunshine hours and n is the actual sunshine 
hours. 

The meteorological parameters used in this equation 
are: relative humidity, actual sunshine hours, wind 
speed (m S-') at an elevation of 2 m, and air tempera- 
ture. The remaining parameters are estimated as a 
function of elevation and temperature. 

The Penman method was not directly applied 
because it requires climatic information which is only 
measured at type A (complete) stations, of which there 
are only 7 in Panama. 

The Thornthwaite method, which is based only on 
temperature, usually underestimates values and pro- 
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Table 2. Calibration values used for CLIRUN3 in this study 

Basin Stabilization a E SMAX Objective 
iteration function 

Chiriqui 
La Villa 
Chagres 

duces fairly homogeneous results throughout the year. 
Since this is inconsistent with the monthly variations in 
the measured Pan A (Evaporation tank - class A; it has 
a cylindrical shape: 25.4 cm deep and 120.67 cm diam- 
eter) transpiration values, the estimates had to be ad- 
justed. 

Two correlation equations were obtained for that 
purpose: one for the dry season (r = 0.92) and another 
one for the wet season (r = 0.89). This was done by 
correlating the monthly potential evapotranspiration 
values estimated with both methods above for the 
7 weather stations having complete data series (WMO 
1985). A 20 yr period was considered (1963 to 1982). 

Few stations have temperature records available for 
this period and most of them are located in the low part 
of the basin. Therefore, the monthly potential evapo- 
transpiration series obtained was adjusted once again 
using altitude and temperature equations as well as 
the mean elevation value of each basin in order to 
make it representative of the entire basin. 

2.2. Calibration of CLIRUN3. The study period cov- 
ered 10 yr (1973 to 1982) for the Chiriqui and La Villa 
river basins, and 20 yr (1963 to 1982) for the Chagres 
river basin. Model calibration was performed with 
50% of the available data, while the remaining 50% 
were used for model validation. 

Land use is fairly similar in the basins studied, since, 
except in the case of the Chagres, they are character- 
ized by important agricultural activities. Therefore the 
vegetation consists of sabanas, crops and secondary 
native vegetation. The soils are mostly erosive lithosols 
and latosols. Based on these conditions and on the rel- 
ative characteristics of the measured runoff, it was 
established that the variations in the maximum storage 
capacity (SMAX) for model calibration should not 
exceed 500 mm, and that the initial water holding 
capacity values would range between 0.63 and 0.8. 

The initial SMAX value for calibra- 
tion was the same for all 3 basins 
(SMAX = 25). The initial water holding U = 1.94, E = 0.05, OF = 0.6, SMAX = 430, corr. coeff = 0.96 

capacity and base flow values were dif- 
ferent according to the conditions at 
each basin. E (power term of the sur- 
face runoff expression) and a (coeffi- 
cient in front of the subsurface runoff - 
expression) were the independent 
variables. 

The preliminary calibration process 
was intended to stabilize SMAX and m 

I. m I. 

the objective function (OF). The stabi- 'Z m F 

lized SMAX thus obtained is con- Years 
sidered representative of the storage rpE Observed , . . . . Simulated 
conditions in each case. This first cali- 
bration and validation effort resulted in Fig. 2. Comparison of observed and simulated monthly water flows, La Vllla 
high correlation coefficients, with a river basin, 1973 to 1982 

good fitting of the data according to the statistical tests 
applied. However, the simulated values corresponding 
to the dry season were far below the real values. In 
addition, the dry season had an early start and the sim- 
ulated values corresponding to the end of this season 
(March and April) were, in all cases, higher than the 
measured values. For this reason a new calibration was 
carried out in order to obtain simulated values for the 
dry season (which is the most critical period) with a 
better fit to measured values. The stabilization of para- 
meters was not performed, except for SMAX, which 
was adjusted to real storage conditions in the basins. 
As shown in Table 2, SMAX stabilization was achieved 
at iterations 8 and 9. 

Simulations were performed under 4 incremental 
scenarios for each basin. For the Pacific basins (La Villa 
and Chinqui) an increase in temperature of + l 0 C  and 
+2"C combined with + 15 % and * 10 % changes in pre- 
cipitation were considered. In the case of the Chagres 
basin (Atlantic) the increments used were of +2"C in 
temperature and + l 0  % and + 20 % for precipitation. 

The selection of the above scenarios was performed 
taking into account several criteria, namely basic 
considerations on regional climate and information 
provided by the Central American Hydrometeorologi- 
cal Sewices (140 hydrometeorological stations), the 
judgement of experts, Koppen's classification of cli- 
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mate, and the use of the watershed as a 
basic study unit. 

Different scenarios were considered for 
each watershed, since these watersheds 
are characterized by different precipita- 
tion patterns. The region of the Carib- 
bean watershed is more rainy and cloudy 
than the Pacific region. Therefore, the 
highest temperatures occur in the Pacific 
region. In addition, the prevailing winds 
(trade winds) which blow from the Pacific 
to the Caribbean are exposed to an adia- 
batic compression effect. 

a = 2.04, E = 0.26, OF = 67. SMAX = 437, corr. coeff. = 0.98 

3. RESULTS AND DISCUSSION 
m 
(D m U) 

m 
rc 

m 
m m m 

r- 
7 F r z 

The CLIRUN3 model provides a very 
good simulation of runoff. In all cases the 

Years 

. . . .  - Observed . Simulated l 
coefficient between the mean Fig. 3. Comparison of observed and simulated monthly water flows, Chagres 

monthly flow of the simulated and the river basin, 1963 to 1982 
measured series is higher than 0.95, both 
during calibration and validation (Figs. 2, 
3 & 4) .  

Correlation coefficients between ob- 
served and simulated monthly water flow 
values are also higher than 0.91 i f  the val- 
ues are classified into dry and wet sea- 
sons (Table 3).  

Good consistency in the means and 
standard deviation for all basins with 
regard to the observed and simulated 
data of the series used for calibration and 
validation was found using statistical 
tests (mean and standard deviation, with 
a confidence level of 95 %). 

Simulations under the different incre- 
mental scenarios for the 3 basins indicate 
that the river flows are affected differently 

W. = 4.38, F = 0.108, OF = 269.9. SMAX = 479, corr. coeff. = 0.95 
35 , I 

.......................... A..... I 

Years 
*p--- . 
- Observed - . .Simulated I 

with changes in the temperature and pre- 
Fig. 4 Comparison of observed and simulated monthly water flows. Chiriqui 

cipitation patterns. The basins located on river basin, 1973 to 1982 
the Pacific watershed (Chiriqui and La 
Villa) are the most critically affected. An 
increase in temperature (+ l°C and +2"C) causes a river 
flow reduction of 5 to 35 % during the dry season, inde- Table 3. Correlation coefficients between observed and sirnu- 

pendently of an increase (+10%, +15%) or decrease lated river flows (dry and wet seasons) 

(-10%, -15 %) in precipitation. Under the conditions of 
the most critical scenario (+ 2°C and -20 % precipitation 
in the Atlantic, and +2"C and -15 % precipitation in the 
Pacific) the mean annual flow decreases by 24% in 
Chiriqui river basin, 26% in the Chagres basin and 
35 % in the La Villa basin (Tables 4 ,  5, & 6). 

One of the limitations of this study was the lack of 
meteorological data, such as radiation, wind speed and 
relative humidity, at the national level. This is a con- 

River basin Season Correlation coefficient 

Chiriqui Wet 0.91 
Dry 0.94 

La Villa Wet 0.96 
Dry 0.95 

Chagres Wet 0.96 
Dry 0.99 
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Table 4. Chagres nver basin: monthly water resource availability (nver flow) under various climate scenarios. P. precipitation; 
diff.: dfference 

Month Observed flow Temperature and precipitation Temperature increase and 
(mm d-') increase scenarios precipltatlon decrease scenanos 

+2"Cand+2O%P +2"Cand+lO%P +2"C and -20%P +2"C and -10%P 
Simulated % diff. Simulated % diff. Smulated % diff. Simulated % diff. 

-- -p ~ --P 

Jan  2.41 2.49 3 2.29 - 5 1.65 -32 1.87 -22 
Feb 1.05 1.13 8 1.05 0 0.79 -25 0.88 -16 
Mar 0.67 0.77 15 0.72 7 0.55 -18 0.60 -10 
A P ~  1.65 2.00 2 1 1.79 8 1.22 -26 1.40 -15 
May 3.28 4.40 34 3.85 17 2.44 -26 2.87 -12 
Jun 4.33 6.18 4 3 5.33 23 3.17 -27 3.82 -12 
Jul 4.48 6.67 4 9 5.80 29 3.44 -23 4 17 - 7 
Aug 5.3 7.50 4 2 6.57 24 3.95 -25 4.78 -10 
S ~ P  5.38 7.60 4 1 6.69 24 4.09 -24 4.92 - 9 
Oct 6.91 9.45 3 7 8 33 21 5.08 -26 6.13 -11 
Nov 8.3 11.03 33 9 79 18 6.10 -27 7.32 -12 
Dec 4.93 5.68 15 5.14 4 3.46 -30 4.03 -18 

Average 4.06 5.41 28 4.78 14 3.00 -26 3 57 -13 

Table 5. Chiriqui river basln: monthly water resource availability (nver flow) under various climate scenanos. P: precipitation; 
diff.: d~fference 

Month Observed flow Temperature and prec~pitation Temperature ~ncrease and 
(mm d-') increase scenanos precipitation decrease scenarios 

+2"C and +15%P +l°C and +10%P +2"C and -15%P + l 0 C  and -10%P 
Simulated %diff. Simulated %diff. Simulated % diff. Smulated % diff. 

. p p p p  p - p p 

Jan  4 03 3 34 -17 3.32 -18 2.86 -29 3.00 -26 
Feb 2.8 2.35 -16 2 35 -16 2.04 -27 2.14 -24 
Mar 2.27 2.16 - 5 2.15 -5 1.84 -19 1.93 -15 
APr 2.54 3 18 2.95 16 2.3 -9 2.46 - 3 
May 6.58 9.23 40 8.74 33 5.38 -18 6.08 - 8 
Jun  12.55 15.44 23 14.69 17 9.34 -26 10.59 -16 
Jul 9.44 10.18 8 9.83 4 7.17 -24 7.82 -17 
Aug 11.89 13.59 14 13.01 9 9.05 -24 9 98 -16 
S ~ P  16.77 20.41 22 19.51 16 13.73 -18 15.07 -10 
Oct 22.23 23.88 7 22.86 3 16.72 -25 18.1 -19 
NOV 16.44 14.34 -13 13.81 -16 10 53 -36 11.26 -32 
Dec 7.27 5.5 -24 5.4 -26 4.54 -38 4.76 -35 

Average 9.57 10 29 5 9.89 2 7.13 -24 7.77 -18 

straint for the use of methodologies developed in other 
regions, particularly with regard to the estimation of a 
monthly series of potential evapotranspiration values 
representative of a basin. This parameter has a consid- 
erable influence on the study results. Therefore, it 
became necessary to develop methodologies which 
could be applied under such limitations. 

Another difficulty encountered during the study was 
the impossibility of directly introducing the evapora- 
tion measured at  the lakes into the calculations. In the 
case of the Chagres river basin, losses due  to evapora- 
tion are  significant, representing about 15% of the 
total inflow. It was therefore necessary to include them 

in the potential evapotranspiration series with a value 
proportional to the area of the basin. 

4. CONCLUSIONS 

In spite of the deficiencies with regard to the 
availability of temperature and radiation data, the 
CLIRUN3 model simulations provide a well-fitted rep- 
resentation of the observed nver flows. The correlation 
coefficients between simulated and observed values in 
the 3 basins s tuded  are higher than 0.9, both with 
respect to calibration and validation. 
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Table 6. La Villa river basin: monthly water resource availability (river flow) under various climate scenarios. P: precipitation; 
diff.. difference 

Month Observed flow Temperature and precipitation Temperature increase and 
(mm d-l) increase scenarios precipitation decrease scenarios 

+2"Cand+15%P +l°Cand+lO%P +2"C and -15%P +l°C and -10%P 
Simulated % diff. Simulated % diff. Simulated % diff. Simulated % diff. 

Jan 1.18 0.90 -24 0.94 -20 0.77 -35 0.85 -28 
Feb 0.68 0.44 -35 0.48 -29 0.39 -43 0 45 -34 
Mar 0.44 0.3 -32 0.32 -27 0.27 -39 0.3 -32 
A P ~  0.45 0.48 7 0.49 9 0.38 -16 0 42 - 7 
May 1.17 1.49 27 1.47 26 0.92 -21 1 06 - 9 
Jun 2.4 2.78 16 2.71 13 1.44 -40 1.74 -27 
Jul 2.21 2.82 28 2.76 25 1.52 -3 1 1.83 -17 
Aug 2.86 3.78 32 3.69 29 1.95 -32 2.38 -17 
S ~ P  4.89 5.75 18 5.62 15 2.94 -40 3.65 -25 
Oct 7.38 7.94 8 7.71 4 4.38 -41 5.32 -28 
NOV 6.32 5.71 -10 5.58 -12 3.66 -42 4.22 -33 
Dec 2.5 1.92 -23 1.93 2 3  1.5 -40 1.66 -34 

Average 2.71 2.86 1 2.81 1 1.68 -35 1.99 -24 

The results of the river flow simulations indicate that 
the basins located in the Pacific region would be the 
most affected under the conditions of the incremental 
scenarios considered in this study. During the months 
with a higher water demand, which occur in the dry 
season (November to April), there would be a decrease 
in flow associated with a temperature increase, irre- 
spective of whether the precipitation increases or 
decreases. This suggests a high sensitivity of the 
basins to changes in temperature, particularly during 
the dry season. 

Under a scenario of increase in temperature and 
decrease in precipitation, the mean monthly flow tends 
to decrease by 3 to 42 % both in the Atlantic and Pacific 
basins. 

If simultaneous increases in temperature and precip- 
itation took place, the flow in the Pacific basins would 
be reduced (by 5 to 35%) from November to March. 
During the remaining months the mean flow would 
increase by 4 to 40%. However, in the basin of the 
Atlantic watershed all the simulated values would be 
3 to 50 % higher than the mean value. 

There exists a great uncertainty in the assessment 
of changes in climatic conditions for different time 
periods due to the fact that GCMs are not a highly reli- 
able tool for studies in the Central American region. 
However, the use of incremental scenarios allow us to 
evaluate the degree of sensitivity of water resource 
availability under different temperature increments 
and precipitation changes. 
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