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Abstract. Low average •5180 values and large sea- summer and fall (November-April) and higher 180 
sonal variations in •5180 in snow accumulating on the abundances are associated with winter precipitation 
tropical Quelccaya ice cap in Peru can be quantira- (dry season). This seasonal 180 pattern of the trop- 
tively explained by a balance calculation of water va- ical Quelccaya ice cap is opposite to that frequently 
por mass and isotopes. Important factors are (1) vari- observed for middle and high latitudes, where the 
ations in air mass stability over the Amazon Basin, (2) seasonal 1 8 0 cycle correlates positively with the 
the surface elevation of Quelccaya, and (3) seasonal prominent summer-winter temperature cycle 
changes over Quelccaya. Seasonal changes in evapo- [Dansgaard, 1964; Rozanski et al., 1982]. 
ration of snow on the surface of the ice cap amplify The •5180 record in the Quelccaya ice reflects (1) 
the seasonal •5180 cycle. Air circulation and air mass atmospheric processes between the oceanic source of 
stability, rather than temperature, determine the sea- water vapor and Quelccaya that determine the iso- 
sonal 15180 cycle at Quelccaya and, probably, at other topic composition of snow deposited on the ice cap, 
low-latitude sites. and (2) local conditions determining how the depos- 

itional isotope signal is modified during firnifica- 
Introduction tion. The focus of this paper is on understanding the 

15180 signal deposited. For this reason, we discuss air 
The Quelccaya ice cap, Peru (13ø56'S, 70ø50'W, ele- circulation over Quelccaya, and the 18 0 depletion 

vation 5,670 m), is located in the easternmost glaciat- that results from water vapor loss from the air in a 
ed mountain chain of the Peruvian Andes (Figure 1). Rayleigh condensation model. Isotopic alteration 
Since 1976 it has been studied in detail for potential during firnification is briefly discussed. 
ice core paleoclimatic reconstruction [Thompson, 
1980; Thompson et al., 1979, 1982, 1984 a, b, 1985, 
1986]. Drilling to bedrock during the summer of 1983 Air Circulation Over Quelccaya 
yielded two long cores containing about 1500 years of 
accumulation [Thompson ct al, 1985, 1986]. These The location of Quelccaya on the crest of the 
cores have been analyzed for their microparticle Andes at 5670 m places it near the atmospheric 500- 
content, conductivity, and the oxygen isotopic com- mbar level, which stands in this area around 5850 m 
position. Global significance of the record is clear [Chu and Hastenrath, 1982]. From June to September 
from the correlation between the Quelccaya record (winter), winds on Quelccaya are predominantly 
and northern hemisphere temperature records from from the west or the northwest, while during the 
1580 to 1975, showing the "Little Ice Age" [Thompson rest of the year winds are quite variable, with an 
et al., 1986]. To interpret the oxygen isotope results increasing prevalence of tropical easterlies in 
of the long cores, the factors controlling the oxygen summer [Thompson et al., 1984a]. 
isotope signal preserved in this tropical ice cap must In summer and fall (November-April), winds on 
be identified. Quelccaya are strongly influenced by the South 

Figure 2 shows three short Quelccaya 15180 pro- American heat-low developed between about 15 ø and 
files. The oxygen isotopic composition is given as the 30øS, 60 ø and 68øW just east of the Andes [Schwerdt- 
relative deviation 15180 of the isotopic abundance feger, 1976; Van Loon, 1972]. This low-level con- 
ratio R = 180/160 of the sample from that of the vergence brings humid, unstable Amazon air masses 
standard mean ocean water (SMOW) of the Interna- into central Brazil, near the Andes, on north to 
tional Atomic Energy Agency (IAEA) in Vienna (V): northwesterly winds [Ratisbona, 1976; Taljaard, 1972] 
•5180 = [(Rsample- Rstandard)/Rstandard]. The •5 (Figure 1). The Amazon air mass brings abundant 
values are usually expressed in per mil units (ø/oo). precipitation. At the 500-mbar level the rising air 
The most striking features in the oxygen isotopic leads to a divergence [Van Loon, 1972] and easterly 

flow across the Andes and Quelccaya. It forces west- composition of snow on Quelccaya are the strong 180 erlies connected with the southern polar vortex back 
depletion and the large seasonal cycle. The latter is to just south of the tropic [Ratisbona, 1976]. Abun- surprising, in view of the small seasonal change in dant wet season (summer-fall) precipitation falls on 
average surface temperature on Quelccaya (about Quelccaya from thunder-storms in these uplifted air 
2oc; Thompson et al., [1984a]). Moreover, 180 deple- masses. 
tion occurs during the wet southern hemisphere In winter the low-level continental heat low is 

replaced by a small high-pressure cell. Westerly 
winds strongly predominate above 5000 m at the 

Copyright 1989 by the American Geophysical Union crest of the Andes, south of 10øS [Ratisbona, 1976]. 
These winds block airflow from the Amazon Basin to 

Paper number 88JD003706. Quelccaya. The increasing importance of the west 
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Fig. 1. Average low-level (1-3 km) flow patterns over southern tropical South America in 
summer (open arrows) and winter (solid arrows) [from Taljaard, 1972]. Q indicates 
Quelccaya; Cr, Cruzeiro do Sul; Cu, Cuiaba; M, Manaus. 

latitude of the concentration of annual rainfall over anticyclone [Ratisbona, 1976; Taljaard, 1972] (Figure 
the altiplano of southern Peru and Bolivia in the 67 1). Winter rainfall in this area is low or absent. 
month period November-April (summer-fall) Field observations and the airflow pattern over 
[Johnson, 1976]. Field observations on Quelccaya tropical South America (Figure 1) thus indicate that 
over many dry seasons indicate that winter precip- the water vapor source areas for the isotopically 
itation falls from convective disturbances in the quite different summer and winter precipitation on 
lower-level air masses to the east that occasionally Quelccaya are both located over the tropical Atlantic 
break through the westerly flow [Thompson et al., Ocean to the east. The observed large 6180 changes 
1984a]. With the disappearance of the continental can be reconciled with the common source area and 
heat low in winter, a large part of central Brazil, the small difference between average summer and 
extending to the Andes, comes under the influence of winter temperature on Quelccaya by a balance cal- 
dry stable air and easterly winds from the Atlantic culation for water vapor mass and isotopes. 

-15 

-17 

Fig. 2. Oxygen isotopic composition 6180 as a function of snow depth on the Quelccaya ice cap, 
Peru. (a) Composition of 1980 crevasse wall and core samples; (b) 1981 core samples; and (c) 
1982 core samples. The large-amplitude 6180 cycle at the top of each profile is plotted on the 
6180 scale on the left. The remainder of the profile, to the right of the vertical dashed line, 
uses the right-hand scale. Shaded areas indicate 6180 above average for each profile (Figure 
la, -17.1O/oo; Figure lb, -17.6O/oo; Figure lc, -17.7O/oo). Site A is a crevasse profile 1 km east 
of the summit at 5600 m above sea level. A time scale derived from dust layer snow stratigra- 
phy is used for the time correlation. 
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Fig. 3. Oxygen isotopic composition of atmospheric water vapor and precipitation from the 
tropical Atlantic Ocean across the Amazon Basin to Quelccaya. The 180 depletion accompany- 
ing net water vapor loss from the air is calculated using a Rayleigh condensation equation 
(equation (1)). Step 1), Water vapor depletion over the Amazon Basin varies from 0% (dry 
season) to 85% (wet season), resulting in a seasonal $180 change in precipitation of up to 
18.4ø/oo; Step 2), a 5.6 km increase in surface elevation from the Amazon Basin to Quelccaya 
results in a /5180 decrease in precipitation of about 11ø/oo; Step 3), strong convection in 
summer showers can increase the range of the seasonal /518 0 cycle by at least 50/00 (-10.5 to 
-33.70/00). Enrichment of 180 at the surface during the dry season may produce snow with 
/5180 = -4.1ø/oo. The observed range of /5180 values in snow pits (-8.0 to -30.80/00) and its 
phase agree with the predicted range of-4.1 to -33.70/00. 

Atmospheric Water Vapor Mass and Isotope Balance cloud models that consider various size water droplets 
and ice crystals as well as an admixture of outside air 

The change of the isotopic composition of atmo- have been developed [e.g., Federer et al., 1982]. These 
spheric water vapor, accompanying loss of water va- models are, however, unsuitable to describe the 
por from the air (precipitation minus evapotranspi- effect that seasonal changes in water vapor balance 
ration), is treated as a Rayleigh process [cf. Dans- over a large geographic area, such as the Amazon 
gaard, 1964; Rozanski et al., 1982]. This assumes that Basin, have on the monthly average isotopic compo- 
condensation occurs under equilibrium conditions sition of precipitation. 
and that the condensate is removed immediately. The Dall'Olio et al. [1979] studying isotopic composition 
relationship between the fraction F of the original of precipitation in the Amazon Basin, and Rozanski et 
amount of water vapor remaining in the air and the al. [1982], dealing with the same problem in Europe, 
change in isotopic composition it has undergone is used a Rayleigh process with the temperature at the 
then given by the Rayleigh equation: 850-mbar level (corresponding to the average cloud 

base level) as the effective condensation temper- 
R/Ro = F c•-I (1) ature. This choice of temperature reflects the influ- 

ence (through vapor and isotope exchange) of the 
Here R and Ro are the current and the original iso- lower region of the convective system on the isotopic 

composition of precipitation. Dall'Olio et al. [1979] 
topic abundance ratio 180/16 0 of the water vapor, re- found qualitative agreement between the calculated spectively, and c• is the isotopic fractionation factor 
of the water liquid-vapor (or ice-vapor) equilibrium. and the observed seasonal /5180 cycle in precipitation 

in the Amazon Basin [cf. Salati et al., 1979]. Rozanski For comparison with the 180 depletion observed in 
precipitation, the isotope ratio of the precipitation 
(Rp) has to be calculated from that of the vapor (Rv) 
via Rp = c•Rv. For convenience both isotope ratios 
are converted into their relative deviation /5 from a 

standard (V SMOW) using: 

/sv = Fc•-l( 1 +/svo) - 1 

8p =c•(1 +8v)- 1 

et al. [1982] obtained the correct 8D change with in- 
creasing distance from the ocean in Europe (conti- 
nentality effect) as well as realistic seasonal changes 
(temperature effect). The Rayleigh process appar- 
ently can provide an adequate description for our 
purposes. We use it to show that the observed 8180 
values in snow on Quelccaya can be obtained from 

(2) water vapor from a single source area, that is, the 
tropical Atlantic Ocean. For the discussion we con- 

(3) sider separately (1) the Amazon Basin up to the 
Andes, (2) the altitude effect, and (3) fractionation 
over Quelccaya. The results are summarized in 
Figure 3. 

Here subscripts v and p indicate vapor and precipita- 
tion, and vo refers to the original water vapor. In 
the original water vapor over the ocean, /5vo_=-9ø/oo 
for 180. 

The Rayleigh process is an oversimplification of 

The Amazon Basin 

The hydrometeorology of the Amazon Basin has 
what goes on in a convective cloud system. Realistic been studied extensively to define the role of the 
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tropical rain forest in the hydrological cycle [e.g., topically light wet season precipitation, stored in 
Salati et al., 1979; Salati and Vose, 1984]. The influx of groundwater, to dry season evapotranspiration can 
oceanic water vapor is only about half of the amount lead at inland stations to dry season •i 180 values lower 
of rainfall over the Amazon Basin [Marques et al., than those calculated [cf. Rozanski et al., 1982], since 
1977]. The remaining rainfall is water recycled the calculation assumes that the isotopic composition 
through evapotranspiration of the tropical rain for- of the water vapor recycled by evapotranspiration is 
est [Molion, 1975; Villa Nova et al., 1976; Salati et al., the same as that of contemporaneous local precip- 
1979; Lettau et al., 1979; Leopoldo et al., 1982]. In itation. Calculated minimum •i180 values are likely to 
evapotranspiration, water is carried to the point of be more extreme than the monthly means reported 
evaporation (leaf and/or soil surfaces) by plant for •i180 in precipitation at the IAEA/World Meteoro- 
vessels or soil capillaries. Therefore heavy isotope logical Organization stations. The seasonal alterna- enrichment at the evaporating surface cannot reach 

tion of abundant rains with light rain or drought. 
the bulk of the water reservoir by mixing, and evap- caused by the alternating dominance of humid un- otranspiration proceeds without isotope fractiona- 
tion [Eriksson, 1965]. stable and dry stable air masses, respectively, results 

In summer and fall (November-April), precipi- in a seasonal •i180 cycle near the Andes with a phase 
tation from convective showers over central Brazil, and amplitude similar to the observed seasonal iso- 
especially the Amazon Basin, may be double or triple tope cycle on the Quelccaya ice cap. 
the evapotranspiration of the rain forest [Dall'Olio et 
al., 1979]. The net water vapor loss from the air re- The "Altitude Effect" 
sults in depletion of the heavy isotopes in the water 
vapor remaining and in precipitation. During June- As air rises, either in a convection cell or at a 
August, rainfall is low or absent. No depletion of mountain range, it undergoes adiabatic cooling. This 
water vapor or isotopes occurs as precipitation is leads to precipitation and to depletion of the heavy 
recycled by evapotranspiration. isotopes. The isotopic "altitude effect" is independent 

To obtain the range of 180 depletions of water of the source of the water vapor. The airflow pat- 
vapor in air that passed over the Amazon Basin from terns and field observations indicate that its isotopic 
the tropical Atlantic Ocean to the Andes, we need not change should be added to that occurring over Brazil 
repeat Dall'Olio's modeling. We can use in the Ray- just east of the Andes. 
leigh equation (equation (1)) directly his estimates We use again the Rayleigh model (equation (1)) to 
of the fraction F of the original amount of water calculate the 180 depletion of the atmospheric water 
vapor that leaves the Basin during different seasons vapor and its precipitation. The calculation takes air (15-20% during the rainy period, close to 100% in the 

at 27øC and 80-90% relative humidity in the Amazon dry spring [Salati et al., 1979]). For • we use 1.00979, 
Basin [Ratisbona, 1976] and cools it (adiabatically) to 

its value at 20øC calculated from Majoube [1971a]. -3 ø to-5øC and 100% relative humidity at about 5700 This value is associated with the 850-mbar level at 
about 1500 m altitude near the cloud base [Salati et al., m altitude (the elevation of Quelccaya) in tempera- 
1979; Rozanski et al., 1982; Saxena and Eriksson, 1985]. ture steps of 1øC. The fraction F of the original 

amount of water vapor remaining in the air (F • 1; The relatively constant average temperature (27 øC) 
and relative humidity (80-90%) in large parts of the equation (1)) is calculated as the ratio of saturated 
Amazon Basin [Ratisbona, 1976] suggest that • can be water vapor pressure to water vapor pressure with- 
taken constant from ocean to Andes. Equations (1) out condensation. Empirical vertical profiles of 

average atmospheric temperature and pressure are 
and (2) predict that the 15-20% of water vapor re- used to calculate these quantities in an approach 
maining during the wet season will be depleted in similar to that of Jouzel and Merlivat [1984] for pre- 
180 by 18.2-15.5ø/oo, while depletion during the dry cipitation in East Antarctica. The use of measured 
winter is virtually zero (Figure 3, see step 1). profiles eliminates the need to estimate the relative 

The tropical ocean surface, source of the water importance of adiabatic and isobaric cooling. The 
vapor, has a •i180 value of_= +1ø/oo [Craig and Gordon, saturation pressure of water vapor in the air is ob- 
1965]. Therefore the first rain to fall over the ocean tained from the average temperature profile of the 
will have a similar composition. The calculated sea- atmosphere over the east slope of the Andes in Peru 
sonal variation in •i 1 80 in precipitation is from and Ecuador [Johnson, 1976] and from tables of water 
+0.70/00 (no vapor loss)to-17.7ø/oo (85% vapor loss). vapor pressure as a function of temperature [Chemi- 

cal Rubber Company, 1965]. The temperature profile The calculated •i180 range agrees with the range of 
used extrapolates to about -5oc at 5680 m, close to the monthly average •i180 in precipitation observed at 

IAEA/World Meteorological Organization south- average annual temperature of -3øC on the 5670 m 
Quelccaya ice cap [Thompson et al., 1984a] The water western stations (Figure 1)' Cuiaba, +5.2 to -15.8ø/oo ' 

over the years 1961-1982 [International Atomic vapor pressure after uplift without condensation 
Energy Agency, (IAEA) 1969, 1970, 1971, 1973, 1975, follows from the pressure distribution of the tropical 
1979, and IAEA unpublished results for the years (15øN) supplemental standard atmosphere [Sissen- 
1976-1982], and Cruzeiro do Sul -2.0 to -14.9ø/oo over wine, 1969]. Average values of • over each 1øC in- 
the years 1972-1975 (E. Salati, personal communi- terval are calculated from Majoube [1971a]. 
cation, 1984). The minimum 5180 values correspond We consider two sets of conditions for the •i180 
with F values of 0.18 and 0.20, respectively, compared altitude effect: (1) a dry season with no 180 depletion 
with the estimated values of 0.15 to 0.20 used in our over the Amazon Basin, 80% relative humidity, and 
calculation. The high •i180 value (>+1ø/oo) at Cuiaba cooling from 27oc to-5øC; and (2) a wet season with 
is attributable to enrichment in 180 as raindrops fall 85% of the water vapor lost in the Amazon Basin, 90% 
through undersaturated air below the clouds during humidity, and cooling from 27øC to-3øC. The alti- 
the dry season [Dansgaard, 1964; Stewart, 1975], an ef- tude-related decrease in •i 1 80 in precipitation on 
fect neglected in our model. A contribution of iso- Quelccaya defined by conditions (1) and (2) is 
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11.2% o and 11.0% o, respectively. The altitude and/or meltwater percolation increasingly smooth 
effect is thus practically independent of the seasons. the isotopic signals. Firnification smoothing is out- 

Values of tx and vapor pressure for the liquid side the scope of this paper and will be discussed only 
phase were also used below 0øC. This implies forma- briefly at the end. 
tion of snow by freezing of condensation droplets in 
the cloud. The direct transition from vapor to ice has Mass Loss and Isotopic Enrichment at the Surface 
a larger fractionation factor a [Majoube, 1971b] and 
therefore produces heavier snow from the same Hastenrath [1978] concluded from the approxi- 
water vapor. This is at least partly offset by kinetic mate balance between daily totals of incoming short- 
isotope fractionation at the surface of the ice crystal wave and outgoing longwave radiation for the cen- 
which favors the light isotopes [Jouzel and Merlivat, tral part of the Quelccaya ice cap that nearly no 
1984]. Near 0øC both freezing of droplets and ice for- energy was available for ablation. Yet the strong 
marion from vapor will occur, and for our calcula- diurnal variation in incoming shortwave radiation 
tion, which extends only to -3øC (or-5øC), the sim- (zero at night, up to a maximum of over 1000 Wm '2 
plification of considering only liquid condensation during the day) and the fairly constant outgoing 
will be allowed. longwave radiation [Hastenrath, 1978] result in a 

The combined effect of isotopic fractionation over strong diurnal temperature cycle in the upper firn. 
the Amazon Basin and the altitude effect is a sea- During the day, radiation energy is available near 

the surface of the firn for melting and evaporation. 
sonal /5180 cycle in precipitation, with values from Energy loss at night cools the upper firn and sends a 
-10.5% 0 during the dry season to -28.7% 0 during winter cold wave into the firn. The measured diur- 
the wet summer and fall (November-April) (Figure 3; nal dry season temperature cycle (average of several 
step 2). Measured /51 8 0 values in fresh snow of 24-hour cycles) is from -2.6 ø to -20.6øC at 2 cm below 
-!3.8ø/oo in June !981 and of -!!.3, -!!.!, and the surface and from. -9.4 ø to-!!.2øC at 30-cm depth. 
-10.4ø/oo in the June/July 1983 dry season agree Below 50 cm the diurnal temperature variations 
with the calculated value. The altitude effect of about become insignificant, and temperatures increase 
11% o and the predominance of wet season snow, with depth (-5.3 ø to-5.6øC at 1.0 m;-1.1 o to-1.5øC at 
isotopically light because of 180 depletion over the 2.8 m)to 0øC between 15- and 43-m depth [Thompson 
Amazon Basin, cause the low average b180 values in et al., 1984a, and unpublished data, 1984]. During the 
Quelccaya snow. 1983 field season, meltwater was observed in the 

Fractionation Over Quelccaya 

Precipitation on Quelccaya falls from convective 
showers. Intense summer insolation [Johnson, 1976] 

upper 6 cm of firn, but not at or below 12 cm depth. 
No data are available for conditions during the wet 
season. Modification of the isotope signal at and near 
the surface will occur mainly in the dry season, 
since a heavy cloud cover and frequent precipitation 

results in strong uplift and cooling of the air in sum- during the wet season will tend to reduce the diurnal 
mer showers and in the precipitation of a larger temperature cycle as well as evaporation loss. More- 

over, rapid accumulation will leave wet season snow fraction of the available atmospheric water vapor 
than in winter. This leads, as can be seen from (1) to near the surface for only a short time. 

Isotopic enrichment of the surface layer of firn 
(3), to both lower average and minimum b180 values grains caused by evaporation fractionation can be 
in the summer snow. The seasonal insolation differ- distributed throughout the firn grains by isotopic 
ences may thus amplify the seasonal b180 cycle al- diffusion [Whillans and Grootes, 1985]. Yet for rapid 
ready present in the water vapor reaching Quelc- evaporation the speed of solid diffusion limits the en- 
caya. The potential effect of shower intensity on the richment that can be obtained. Meltwater, present 
average b value is demonstrated by the b 180 = -9% 0, near the surface mostly on grain surfaces, is well 
measured in precipitation from a particularly heavy mixed and allows stronger average isotopic enrich- 
shower at Manaus where most "normal" rain storms ment. Strong surface cooling during the night re- 
gave b180 =-4% 0 (E. Salati, personal communica- sults in freezing of the meltwater and in transport of 
tion, 1984). The last precipitation to fall from such a water vapor depleted in 180 from underlying warmer 
storm is strongly depleted in 180 to produce the low layers to the surface. Large hoar-frost crystals can 
average b180 value. The snow on Quelccaya will not regularly be seen. Freezing occurs with isotopic 
only preserve the low average b180 of a summer fractionation, the ice being about 3% 0 heavier than 
shower but, until isotopic smoothing occurs, will also the water from which it forms [O'Neil, 1968; Souchez 
preserve the extreme depletion of its final precipi- and Jouzel, 1984] and about 15% 0 heavier than 
tation. Even if just the average b180 value is consid- water vapor [Majoube, 1971b]. The result of freezing 
ered, a summer shower with intense convection and sublimation is ice depleted in 180 at the surface 
could produce snow with b180 =-33.7% 0, instead of of the firn and on the outside of firn crystals. En- 
the -28.7% 0 calculated for the initial wet season richment of 180 occurs inside the snow crystals and 
precipitation over Quelccaya, based on Amazon Basin at some depth (5-20 cm) beneath the snow surface. 
depletion and altitude (Figure 3; step 3). Mass loss to the air during the day will first eliminate 

the outer 18 0 depleted layers. Percolation of melt- 
Modification of the Depositional Isotope Signal water, enriched in 180 by evaporation, during the 

day may add to the enrichment of the immediate 
The isotopic composition of snow deposited on subsurface layers. The large diurnal temperature 

Quelccaya, discussed above, undergoes significant cycle on Quelccaya with day temperatures at the 
changes during firnification. At the surface these surface near freezing during the dry season thus 
lead to 180 enrichment and amplify the seasonal favors 1 80 enrichment of the upper firn layer 
cycle. At greater depths, water vapor transport between the infrequent dry season snow showers. It 
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should be noted that even when dry season precipi- then the 7.2O/oo depletion would require a remain- 
tation is lost by evaporation, dry season isotopic ing fraction of 46% and the final fraction at Quelc- 
enrichment will create a layer with higher •51 80 caya would also be 15%. Evidently, the 18 0 depletion 
values near the surface. is little affected by the geographical location of the 

The 1 80 enrichment is evident in a series of depletion. Weighted average annual •518 0 values at 
samples of surface snow on Quelccaya taken at Manaus and Cuiaba of -5.680/00 and -5.260/00, re- 
various times after a fresh snowfall during June/ spectively [International Atomic Energy Agency, 
July 1983. The samples show •5180 increasing with (IAEA), 1981] suggest F = 0.52 at Manaus and F = 0.54 at 
time over a 12-day period from a value of-10.4 to Cuiaba. Thus most of the depletion leading to the 
-4.1ø/oo. Evaporation enrichment of 180 may thus be average F = 0.48 calculated from Quelccaya fim must 
responsible for •51 80 values higher than those pre- have occurred over the Amazon Basin. If isotopically 
dicted by the altitude effect, like the-80/00 observed heavy dry season snow makes a non negligible con- 
in a snow pit [Thompson et al., 1984a]. tribution to the total accumulation on Quelccaya 

The Quelccaya Seasonal •5180 Cycle 

The possible range of •5180 values in near-surface 
firn on the Quelccaya ice cap, estimated from mea- 
surements and from the four isotope fractionation 
steps discussed above, is from -4.1 to -33.70/00 

and/or if near-surface enrichment increases the 

annual average •51 80, the wet season F values will 
have to be lower. 

Firnification 

Considerable smoothing of the •5180 signal be- 
(Figure 3' step 4). This range exceeds the observed tween the surface and the firn-ice transition at 
seasonal extremes of-8 and -30.80/00 measured in about 20-m depth reflects present climatic conditions 
Quelccaya snow pits [Thompson et al., 1984a]. The on Quelccaya. Percolation of meltwater was not ob- 
seasonal •5180 cycle observed on Quelccaya is thus served at or below 12-cm depth and thus does not 

contribute to isotopic smoothing at depth under the compatible with a common source for both winter winter weather conditions observed. Therefore dif- 

and summer snow (the tropical Atlantic Ocean) and fusion of water vapor in the pore spaces is mainly 
with the small seasonal temperature differences. responsible for vertical mixing and the smoothing of 

Of the four fractionation steps, only the change the isotopic signal [Johnsen, 1977' Whillans and with altitude is well defined. An increase in relative 
Grootes 1985] Smoothing is rapid at temperatures humidity in the Amazon Basin from 80 to 90% ' ' 
near freezing, as found on Quelccaya, as a result of 

decreases •p by 1.1ø/oo and 2øC cooling on Quelccaya the relatively high water vapor pressures. The ob- 
likewise decreases •p by 1.1ø/oo. This is the typical served diurnal temperature cycle creates strong and 
range of humidity and temperature observed. In the varying temperature gradients in the upper 50 cm of 
change from wet season to dry season, the two effects firn. In conjunction with dynamic pressure fluctua- 
almost cancel. The calculated •p change over the tions in the firn [Clarke et al., 1987], these gradients 
Amazon Basin depends critically on the choice of the accelerate vapor mass transport and isotopic mixing 
fraction F of the original water vapor leaving the near the surface. The presence of meltwater near 
Basin. A decrease in F from 0.20 to 0.15 increases the surface and the diurnal temperature cycle de- 
depletion by 2.70/00. The minimum •180 values tectable down to about 50 cm indicate that firnifi- 
reported for Cuiaba and Cruzeiro do Sul point toward cation conditions in the upper meter of firn may 
0.15 as a reasonable choice to determine the maxi- vary rapidly with weather conditions on the ice cap 

and that smoothing by percolating meltwater cannot mum range of • values. The local •18 0 depletion that be excluded, based on the limited field observations 
may occur in the last phase of a wet season intense available. 
thundershower over Quelccaya is quite uncertain. 

More data are needed to obtain a quantitative This is not particularly serious for our range esti- 
understanding of the smoothing process and to 

mate, since the extra range of 2.1ø/oo needed to determine, for example, what caused a section with 
match the -28.70/00 from steps 1 and 2 with the less •180 variability and higher average •180 values 
observed -30.80/00 is well within realistic limits. like the one between about 20- and 30-m depth in 
Thus the Quelccaya •180 values can be described by Figure 2. Possible causes include (1) less wet season 
our model. precipitation; (2) wet season precipitation less de- 

We can use our model in reverse to derive the pleted in 180, and (3) increased dry season smoothing 
average atmospheric water vapor balance from ob- and evaporation enrichment. These causes may be- 
served average Quelccaya •180 values. The average come separable based on differences that they gen- 
15180 of the three profiles in Figure 2 is -17.5O/oo. erate in the •5D/•5180 relation, the microparticle con- 
Since we calculated +0.70/00 for coastal precipitation, tent, and the chemical content of the ice. 
the depletion is 18.2O/oo. Assuming negligible influ- Large seasonal •5180 fluctuations are present in 
ence of dry season snow and surface enrichment on the cold ice below 43 m [Thompson et al., 1986]. Evi- 
the annual average •5180 value leads to an 18.2ø/oo dently, smoothing varies with time and was substan- 
total depletion, of which 11ø/oo is due to the wet tially less in the past under cooler conditions (Little 
season altitude effect (water vapor remaining: F = Ice Age). 
0.32). If the additional 7.20/00 depletion occurs over 
the Amazon Basin, then an average of about 48% of Conclusions 
the original water vapor reached the Andean foot- 
hills near Quelccaya during the period 1960-1980, The main factors influencing the isotope record 
and about 15% of it reached the ice cap. If no deple- on Quelccaya are (1) the duration and relative 
tion were to occur over the Amazon Basin and the strength of the continental heat low over South 
full 7.20/00 were caused by depletion over Quelccaya, America determining the Quelccaya wet season' (2) 
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the atmospheric water vapor balance over central Federer, B., N. Brichet, and J. Jouzel, Stable isotopes in 
Brazil, especially over the Amazon Basin; (3) the hail stones, I, The isotopic cloud model, J. Atmos. 
surface elevation of the ice cap; and (4) the local Sci.,39, 1323-1335, 1982. 
climate over the ice cap, influencing both the iso- Hastenrath, S., Heat-budget measurements on the 
topic signal deposited and its subsequent modifica- Quelccaya ice cap, Peruvian Andes, J. Glaciol., 20, 
tion during firnification. 85-97, 1978. 

Interpretation of the large changes in /5180 on International Atomic Energy Agency, Environmen- 
Quelccaya in terms of surface temperature change tal Isotope Data No. 1' World Survey of Isotope Con- 
gives unrealistic results. A seasonal /5180 cycle of centration in Precipitation (1953-1963), Tech, Rep. 
about 200/00 would require on Quelccaya a wet Ser.,9.•_6, IAEA, Vienna, Austria, 1969. 
season/dry season temperature difference of 20 ø _ International Atomic Energy Agency, Environmen- 
25øC, instead of the observed annual range of 2øC tal Isotope Data No. 2' World Survey of Isotope Con- 
[Thompson et al., 1984a]. centration in Precipitation (1964-1965), Tech. Rep. 

Understanding of the quantitative relationships Ser,, 117, IAEA, Vienna, Austria, 1970. 
between isotopic smoothing and local climate is International Atomic Energy Agency, Environmen- 
needed before changes in the isotope record related tal Isotope Data No. 3' World Survey of Isotope Con- 
to smoothing, like those observed at Quelccaya be- centration in Precipitation (1966-1967), Tech. Rep. 
tween the upper 43 m and the cold ice below it, can Ser,, 129, IAEA, Vienna, Austria, 1971. 
be interpreted properly. The oxygen isotope profile International Atomic Energy Agency, Environmen- 
of the Quelccaya ice cap records past changes in the tal Isotope Data No. 4' World Survey of Isotope Con- 
seasonal pattern of large scale airflow and air mass centration in Precipitation (1968-1969), Tech.. Rep. 
stability, as well as changes in local climate that Sen, 147, IAEA, Vienna, Austria, 1973. 

affect firnification. The same holds probably true International Atomic Energy Agency, Environmen- 
for other low-latitude isotope records and, to some tal Isotope Data No. 5: World Survey of Isotope Con- 
extent, also for mid-latitudes. centration in Precipitation (1970-1971), Tech. Rep. 

Ser,, 165, IAEA, Vienna, Austria, 1975. 
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