
Verh. Internat. Verein .. Limnol. Stuttgart, Oktober 1978 

The heat budget of a large tropical lake, 
Lake Titicaca (Peru-Bolivia) 
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With 3 figures and 1 table in the text 

Introduction 

The annual cycle of a lake's chemical and biological regime is driven by the pattern 
of stratification and circulation. Factors that control the extent and timing of mixing 
are best understood through studying the heat budget sources and sinks. Though ther­
mal stratification has been studied in several tropical lakes (e. g., TALLING 1966; LEWIS 
1973) work lags behind that in temperate lakes and analytical heat budgets have been 
neglected. In addition, year-to-year and long-term variability in the frequency and 
depth of circulation is an important environmental parameter that has received little 
attention in either tropical or temperate lakes. This paper presents the analytical budget 
for Lake Titicaca for 1973 and a preliminary estimate of the budget's variability based 
on 10 years of weather records available from the lake basin. 

Lake Titicaca is a large (8,100 km2, 281m max. depth), high altitude (elev. 3803 m) 
lake that lies at 16° S latitude. Lake Titicaca's surface heat fluxes are strongly influ­
enced by the region's cool, semi-arid, and equable climate. There is a prominent 
though variable annual cycle of a cloudy rainy summer, December to March, and a 
dry sunny winter, May to August. A survey of physical, biological, and chemical para­
meters was undertaken in 1973 and has been reported by RICHERSON et a!. (1975, 1977) 
and WIDMER et a!. (1975). 

The pattern of mixing in 1973 resembled the warm monomictic type of HuTCHINSoN's 
(1957) thermal classification. However, the lake was never quite isothermal in 1973 
and chemistry data indicate that mixing to 150m did not occur. Thermal profiles in 
Lake Titicaca resemble those of other tropical lakes, having a thick epilimnion only 
a few degrees warmer than the hypolimnion. 

Methods 

Temperature profiles were obtained on eighteen dates from February to December 
1973, at a station 10 km east of the village of Capachica (Departamento de Puno, Peru) 
in waters of 175 to 200 m depth. Measurements were made with a thermistor or with 
a water bottle thermometer, both calibrated against a laboratory standard thermometer. 
Heat content for the main basin was calculated from the temperature data and from 
a hypsographic curve as the heat required to be lost to cool the lake to 0 °C. These 
data are presented in RICHERSON et a!. (1975). The heat content data are revised in 
RICHERSON et a!. (1977). 

Using data from the Capachica weather station, estimates were made of the various 
components of the heat budget. The equation used for the heat budget of a water 
body was: 

S = Rn-LE-H + Ll 

where S is storage rate, Rn net radiation, LE is evaporative heat loss, H is sensible 
heat transfer, and Ll is a residual term. This equation neglects advective effects. Monthly 
averages of S were calculated from the heat content data. Rn was calculated as the 
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sum of short-wave radiation, R8w, incoming long-wave radiation, I ·L and outgoing 
long-wave radiation, I t. Rsw was computed from per cent insolation data from the 
Puna weather station (based on pyrheliograph measurements), extraterrestrial radiation 
(from LIST 1951), and surface albedo (assumed 6 °/o in summer, 7 °/o in winter; SELLERS 
1965). I t was calculated using SwiNBANK's (1963) equation with GEIGER's (1965) modi­
fication for cloud cover (see SELLERS 1965). The STEFAN-BOLTZMANN equation was used 
to determine It. Evaporative heat loss was estimated using }Acoss' (1951) empirical 
equation for the ocean. Sensible heat transfer was es timated from the BowEN ratio, 
B, and LE. See RICHERSON et a!. (1977) for a discussion of estimates of total annual 
evaporation. Correlation coefficients and linear regressions were determined using the 
regression program of Nm et a!. (1975). 

Results 

The heat budget for Lake Titicaca in 1973 is summarized in Fig. 1 and 
Table 1. Net radiation (Rn) shows a definite seasonal pattern (though small com­
pared to temperate regions) that was dominated by changes in solar radiation 
(Rsw). Though extraterrestrial radiation (R) was high in the summer months, with 
the sun passing overhead in February and October, extensive cloud cover reduced 
Rsw during the rainy season (February-March, December). The fall peak of 
Rn in April resulted from increasing Rsw due to decreased cloud cover and from 
decreasing It due to decreased cloud cover and air temperatures. Soon after­
wards, Rsw also decreased, following more closely the annual curve of R, with 
a winter minimum and a rise in the spring, due to high sun angle and low 
cloudiness. 

The storage rate had a moderately seasonal pattern that closely followed net 
radiation (r = .90, p < .01, n = 11) (Fig. 1). Seasonal changes of heat storage 
rate vs. depth are shown in Fig. 2 a. During the summer Rn minimum, the lake 
lost stored heat, and epilimnetic thermal discontinuities (of 0.2-0.7 °C) were 
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Fig. 1. Summary of the analytical heat 
budget of Lake Titicaca, 1973. 
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Table 1. Heat budget for Lake Titicaca, 1973. Negative values represent loss of heat 
from the lake. Energy fluxes are given in cal · cm-2 • day-1• E is the calculated estimate 
of daily evaporation. Monthly plan evaporation, Epan (mm · day-1), and mean wind 
speed, Wa, (m · sec-1) , data from the Capachica station are also given. 

s Rsw I..j- -It -LE -H !::::.. B E Epan Wa 

Feb -14 442 651 -788 -267 -65 + 13 .24 4.6 5.3 3.0 
Mar - 103 440 616 -795 -271 -72 -21 .26 4.6 4.2 2.8 
Apr + 12 506 617 -783 -269 -62 + 3 .23 4.6 4.4 2.9 
May -181 531 548 -776 -300 -71 -113 .23 5.1 4.2 3.0 
Jun -186 478 519 - 759 -258 -66 -100 .26 4.4 4.5 2.6 
Jul -138 501 513 -747 -312 -82 -11 .26 5.3 4.1 3.4 
Aug + 12 530 549 -754 -333 -82 + 102 .25 5.7 5.4 3.7 
Sep + 24 511 589 -757 -308 -72 + 61 .23 5.2 4.9 3.7 
Oct + 197 621 615 -774 -335 -67 + 137 .20 5.7 6.2 3.5 
Nov + 51 559 620 -777 -369 -72 + 90 .20 6.3 6.5 3.8 
Dec - 96 486 617 -776 -372 -77 + 26 .21 6.3 5.7 4.0 
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Fig. 2. Heat storage rate vs. depth, 1973. a, seasonal profiles . b, winter cooling period. 
c, spring development of stratifi cation. Depths are in meters. 

removed by mixing to 30 m. The April rise of S to slightly above zero coincides 
with the fall Rn peak. In the \\·inter, high net long-wave radiation loss, high 
evaporative heat loss, and low short-waye gain caused a large loss of stored heat 
from May to July (Fig. 2 a, profile II). The loss of stored heat from progressively 
deeper depths during this period is illustrated in Fig. 2 b. Profile C (Fig. 2 b ) 
shows that heat was transferred upwards from at leas t 100m. Changes of ± 
0.006 cal · cm-3 

• day-1 are within measurement error. 
During the late winter, surface heat fluxes were nearly balanced and there 

was little change in storage (Fig. 2 a, profile III). The spring radiation maximum 
resulted in high rates of storage (October-November, Fig. 1 and Fig. 2 a, pro-
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file IV). Fig. 2 c shows that the development of stratification as heat storage gain 
was limited to a progressively shallower epilimnion. 

Evaporative loss was high and relatively constant during the year. The pattern 
of LE only loosely follows Rn (r = .60, p"" .05, n = 11), and is not significantly 
correlated to the storage term (r = .36, p :P .05, n = 11). Because of this pattern 
and the high magnitude of both LE and Rn, the storage flux results mainly from 
the small imbalances of these two terms during the course of the year. Sensible 
heat transfer was small and positive (a loss) throughout the year, with li ttle or 
no fluctuation. This resulted from the lake being consistently warmer than the 
mean air temperature for all months. The average difference between mean air 
and epilimnetic (3--40m) temperatures was 5.1 °C, with a standard deviation 
of 1.1 °C. The BowEN ratio was nearly constant and averaged 0.23 (s.d. = 0.02). 

The storage term is correlated to the sum of source and sink terms, 
R0-LE-H (r = .79, p < .01 , n = 11). However, during some months the resi­
dual was high relative to other budget terms. This discrepancy may be in part 
the result of some of the simplifying assumptions. Advective heat flux from 
rivers, advection from precipitation, and the change in heat content per unit 
surface area caused by the seasonal fluctuation of lake volume are probably each 
responsible for no more than ± 5 cal · cm-2 

• day-1
• The residual term is cor­

related with the storage term (r = .90, p < .01, n = 11), which indicates that, 
while the pattern of the fluctuation of S is explained by the source and sink 
terms, the magnitude of the fluctuation is not accurately estimated. The residual 
is probably largely the result of having to use western shore-station weather data 
rather than accurate overwater data to estimate the terms. Errors or biases may 
also arise from applying JACOBs' (1951) evaporation equation to a high elevation 
lake and from the use of relatively few temperature profiles to estimate S. Resi­
duals in heat budgets can usually be made small only by using long-term aver­
ages of parameter estimates (T. PowELL pers . comm.). 

The year-to-year differences in storage were estimated from a 10-year weather 
record (1964-1973) from the Puno weather station, 30 km southwest of 
Capachica. Based on monthly per cent insolation, air temperature, and Piche 
evaporimeter data, a multiple linear regression equation was formed : 

S' = 2.13 R0 - 0.60 LE - 563 

(R2 = 0.72, p < .01 , n = 11). The results of this equation are given in Fig. 3 
along with estimates of seasonal heat gain and loss. Based on S', tl1e estimate 
of seasonal heat loss from February 1973 on is 19,000 cal· cm-2 

• yr-1, equivalent 
to the BIRGEAN annual heat budget, 19,300 cal· cm-2 

• yr-1
, determined by 

RICHERSON et al. (1977). 
Though variable, the S' curves show a common annual pattern which con­

sists of two maxima (fall and spring) and two minima (winter and summer), as 
in 1973. This pattern largely results from the opposing patterns of extraterrestrial 
radiation and cloud cover. However, the degree and duration o£ the peaks and 
troughs vary greatly between years. Apparently, large summer heat losses (and 
hence deep mixing), comparable to winter losses, occurred in some years (e. g. 
1967, 1971). In contrast, there may have been major heat gains during other sum-
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Fig. 3. Annual pattern of storage flux for years 1964-1973, calculated with the linear 
regression equation (see text). The storage term based on 1973 temperature profiles 
is also presented (open dots). Total heat gain or loss is given at the end of each major 
heating and cooling period. 

mers (1966, 1968) that were followed by the persistence of stratification through­
out the winter. It would be reasonable to expect that this variability is the case, 
as the long-term ( ~ 10 yr.) oscillation of lake level indicates that the length and 
intensity of the cloudy rainy season is irregular. The cumulative heat storage 
over the 10 years appears to have a similarly long-term oscillation about 0, from 
- 9000 cal · cm-2 in 1964 to + 28,000 in 1969 and to -29,000 in 1973. These 
results suggest that the depth and timing of circulation in Lake Titicaca varies 
greatly year to year. 

Discussion and conclusions 

The heat budget of Lake Titicaca provides interesting insights into what 
controls the pattern of mixing and heat exchange in tropical lakes. At low latitu­
des, seasonality is reduced so that heat inputs and outputs are nearly in equilib­
rium. Consequently, heat storage results from small fluctuations in the main 
budget terms, net radiation and evaporative heat loss, and the lake is only weakly 
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stratified. This is strikingly different from temperate lakes where the high annual 
oscillation of climate produces strong and more or less regular seasonal changes. 
HuTCHINSON (1957) and GoDDEN (1976) have summarized the budgets for several 
temperate lakes, all of which show very large storage terms, on the same order 

as Rn. 

In Lake Titicaca, epilimnetic temperatures were above median air temperatu­
res for every month in 1973. This was also observed in Lake Lanao (8° "\' lat. ), 
where mean epilimnetic temperatures were greater each month by an a\·erage 
of 2.1 °C (LEWIS 1973). Elevated water temperature increases all heat outputs, 
It , LE, and H, until high radiation inputs are nearly balanced. Howe\·er, this 
would only be expected in equable climates , because, in temperate lakes , \\·ater 
temperatures lag behind the season to the extent that H is often a beat input 
in the summer. vVe predict that most low latitude lakes will be found to h::l\·e 
epilimnetic temperatures nbove mean air temperatures year round. 

Most well studied tropical lakes of intermediate depth appear to have patterns 
of circulation similar to that of Lake Titicaca, with more or less substantial mix ­
ing once annually (TALLING 1969; LEWIS 1973). However, because the annual 
fluctuations of the heat fluxes that result in storage are small, year-to-year Yaria ­
bility in the annual climate pattern can have a strong influence on mixing . Con­
sequently, on certain years, a tropical lake may mix more than once (polnnixis) 
or not at all (oligomixis). In contrast, the seasonal pattern in temperate localities 
is so strong that climatic variability may have only small effects on circulation . 
Lake Titicaca apparently circulated more thoroughly in the winter of 197-.1 (to 
depths greater than 150m, W. W uRTZBAUGH pers. comm.) than in 1937 ( GILS0:-1 

1964) and 1973. Irregularity of circulation in Lake Titicaca is also suggested 
by the 10-year extrapolated storage term results. Highly variable thermal regimes 
may have substantial consequences for biotic processes (RICHERSON et a!. 1977). 

As discussed by BAXTER et al. (1965) , lake depth is probably more important 
than altitude in producing departures from the warm monomictic pattern in 
tropical and equatorial lakes. Pure examples of the polymictic and oligomictic 
types of HuTCHINSON & Li:iFFLER (1956) are apparently limited to sbal!O\\' or 
very high altitude lakes (polymictic) and to protected or Yery deep lakes (oligo­
mictic). Heat loss conditions that giYe rise to polymixis in shallow lakes are 
probably the same as those that result in the infrequent deep epilimnetic mixing 
observed during stratification in deeper lakes, such as Titicaca and Lanao (LEWIS 
1973) . In regions with climates similar to that of Lake Titicaca, even moderately 
deep lakes may have two heat storage minima and regularly mix t\Yice J. \·ear 
(e. g. Lake Victoria, TALLING 1966) . The classification of circulation behavior may 
not always be clear-cut. In low lamude regions, a lake's circulation pattern may 
be highly suspectible to year-to-year differences in climate. 
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