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analyses, were prepared as follows. Samples,
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Lake-Atmosphere Feedbacks Associated with
Paleolakes Bonneville and Lahontan

S. W. Hostetler, F. Giorgi, G. T. Bates, P. J. Bartlein

A high-resolution, regional climate model nested within a general circulation model was
used to study the interactions between the atmosphere and the large Pleistocene lakes in
the Great Basin of the United States. Simulations for January and July 18,000 years ago
indicate that moisture provided by synoptic-scale atmospheric circulation features was the
primary component of the hydrologic budgets of Lakes Lahontan and Bonneville. In
addition, lake-generated precipitation was a substantial component of the hydrologic
budget of Lake Bonneville at that time. This local lake-atmosphere interaction may help
explain differences in the relative sizes of these lakes 18,000 years ago.

At the last glacial maximum 18,000 years
ago (18 ka), paleolakes Bonneville and
Lahontan existed in the Great Basin of the
western United States (Fig. 1). The surface
area of Lake Bonneville (47,800 km?) was
about eight times that of the present Great
Salt Lake (6200 km?), and the surface area
of Lake Lahontan (14,700 km?) was about
six times that of the present lakes in the
Lahontan basin (2500 km?) (I1-3). Lake-
level chronologies (2) indicate that at 18 ka
the surface area of Lake Bonneville was
nearly as large as the postglacial maximum
that occurred at ~14.5 ka, whereas the
surface area of Lake Lahontan was about
two-thirds of its postglacial maximum,
which was at 13.5 ka.

The presence of these lakes from 30 to
12 ka has been linked to atmospheric cir-
culation changes, in particular changes in
the mean position of the polar jet stream
and associated storm track (4, 5). Simula-
tions with general circulation models
(GCMs) have shown that the jet stream
was split by the Laurentide Ice Sheet, with
the southern branch of the jet displaced to
the south (6-9). Hydrological modeling
(10) of the Lahontan basin showed that
variations of lake levels were consistent
with the regional climatic response to these
circulation changes. The large sizes of lakes
Bonneville and Lahontan suggest that lake-
atmosphere interactions (thermal effects
and evaporation) within the lake basins
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may have generated or enhanced precipita-
tion (5, 11, 12); thus, to some extent, the
large lakes may have been self-maintaining.

To investigate the hierarchy of controls
of the pluvial climates of the western Unit-
ed States, we used a regional climate model
(RegCM) (13, 14). Coastlines and moun-
tainous terrain that exert substantial forc-
ings on the climate of .the region were
resolved in this model (15). An interactive
lake model that can simulate lake temper-
ature, evaporation, and ice cover was also
included (16). We conducted a series of
90-day simulations with RegCM to describe
the climate of 18 ka and to separate large-
scale circulation changes from small-scale
lake-atmosphere feedbacks. The simula-
tions were conducted for perpetual January
and July conditions; initial and lateral

A T T |
Lake Bonneville
40° |-
Lake
Lahontan
N .
J TBonneville| 1
B Lahontan basin
basin
| |
ol [l :

RSN B

120° 115° 110°
Fig. 1. (A) Locations and sizes of lakes Lahon-
tan and Bonneville. Lake extents are for maxi-
mum lake sizes. (B) Model representation of the
18-ka lake surface areas and the lake basins.
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boundary conditions were from general cir-
culation model simulations of the climate of
18 ka (7, 17). We used estimates of vege-
tation type and distribution at 18 ka and
the areal coverage of montane glaciers and
the Laurentide Ice Sheet to set surface
boundary conditions in RegCM. The ap-

R

that occurs in the model at a resolution of
60 km (19).

In the January simulations for 18 ka, the
shallow parts of both lakes (4 of 6 grid
points of Lake Lahontan and 9 of 15 grid
points of Lake Bonneville) became covered
with ice, whereas the deeper areas remained

Table 1. Simulated and observed precipitation
and air temperature for the 0-ka control run. The
0-ka model was from the RegCM-GCM simula-
tion; observed values are the composite 30-
year averages of six National Oceanic and
Atmospheric Administration weather stations
selected in each basin. Jan., January; Jul., July.

proximate location, surface areas, and ice-free and water-surface temperatures sta- Precipitation Temperature

depths of lakes Bonneville and Lahontan  bilized at ~4°C. Surface air temperatures in Basin (mm) (C)

also were prescribed in a domain 3000 by  the vicinity of Lake Bonneville were up to

3000 km, centered over the western United ~ 1.5°C greater than they are at present (Fig. Jan. Jul. Jan. Jul.

States. A resolution of 60 km was used for ~ 2A), whereas those in the Lahontan region Model

the simulations (Fig. 1). were slightly lower than those at present  Lahontan 70 10 -6 17
To evaluate the model over the basins of ~ (but still warmer than those in adjacent ~ Bonneville 40 10 -7 18

interest, we compared (Table 1) precipita-  regions). The thermal effect of the lakes on Observed

tion and surface air temperature from pres-  surface air temperature at 18 ka was sub-  Lahontan 60 10 -2 17

Bonneville 40 20 -5 20

ent-day January and July simulations with
30-year averages of observations (I8).
When driven by the GCM, RegCM output
was in close agreement with observed pre-
cipitation and surface air temperature. The
January-July contrasts in precipitation and
temperature over both basins were cap-
tured, although the simulated January pre-
cipitation over the Bonneville basin was
somewhat higher than that observed over
the Lahontan basin. The Lahontan basin
lies in the lee (rain shadow) of the Sierra
Nevada, and the overprediction of precipi-
tation in the Lahontan basin may result
from smoothing of the actual topography

January

stantial (Fig. 2B): the difference in surface
air temperature over the Bonneville basin
between the simulation with the lakes and
that without exceeded 4°C.

The thermal contrast between the lakes
and the atmosphere, together with moisture
derived from lake evaporation, induced pre-
cipitation over both lake basins (Fig. 2C);
precipitation in the 18-ka simulation ex-
ceeded that for 0 ka by up to 125 mm over
Lake Bonneville and by up to 100 mm over
Lake Lahontan. A response of similar mag-
nitude was indicated when the lakes were
eliminated in the 18-ka January simulation
(Fig. 2D). (Precipitation was slightly great-

er over the Lahontan basin at 18 ka without
the lake because mesoscale circulations in-
duced by the lake deflected westerly winds
and transported most of the moisture gen-
erated by lake evaporation to the east of the
basin.) Over the Bonneville basin, precip-
itation in the 18-ka simulation that includ-
ed the lake was slightly less than in the
18-ka simulation without the lake in the
southern and western parts of the basin
because ice cover stabilized the air masses
and thereby suppressed precipitation. The

Temperature
H
<

Precipitation

¢

120° 115° 110° 120° 115° 110° 120° 115° 110° 120° 115° 110°

Fig. 2. Comparison of simulation results with and without lakes. (A)
January surface air temperature differences; shown are values for 18 ka
with the lakes minus the 0-ka contour interval of 0.5°C. (B) January surface
air temperature differences; shown are values for 18 ka with the lakes
minus values 18 ka without the lakes with a contour interval of 0.5°C. (C)
January precipitation differences; shown are values for 18 ka with the
lakes minus the 0-ka contour interval of 50 mm. (D) January precipitation
differences between the 18 ka simulations with and without the lakes, with
a contour interval of 50 mm. (E) July surface -air temperature differences;
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shown are values for 18 ka with the lakes minus the 0-ka contour interval
of 0.5°C. (F) July surface air temperature differences; shown are values for
18 ka with the lakes minus the 18-ka contour interval of 0.5°C. (G) July
precipitation differences; shown are values for 18 ka with the lakes minus
the O-ka contour interval of 20 mm. (H) July precipitation differences;
shown are values for 18 ka with the lakes minus the 18-ka contour interval
(without the lakes) of 10 mm. Temperatures were averaged over the last
60 days of the simulations, and precipitation values are totals for the same
period.
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Table 2. Model results for simulations with and without lakes 18 ka; control was 0 ka. Precipitation
and evaporation values (30-day values) are based on the last 60 simulated days. AP,
precipitation difference; AE, evaporation difference; L.E., lake effect computed as (AP/AE) E/P,
where E and Prepresent the evaporation and precipitation in the simulation with both lakes 18 ka.
Values are averages over the model grid points representing the lakes and basins; basin values

on the size and physiographic setting of the
lakes. Lake Bonneville, which was larger
than Lake Lahontan and was located up-
wind of a major mountain system, contrib-
uted more to its own maintenance than did

include the lakes.

Lake Lahontan.

P — E (mm) Lake versus no lake, 18 ka
. REFERENCES AND NOTES
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. face areas of the lakes are reconstructed—that is,
Lake Lahontan January 43 46 9 27 0.3 15 the areas that would exist without diversions of
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_ airs, Universi ah, , PP .
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America and Adjacent Oceans During the Last
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temperatures of both lakes were ~11°C  the polar jet stream (5, 10). 12. Lake-effect snows around the present-day Great
(~13°C lower than present-day lake tem- For the Bonneville basin at 18 ka, the Salt Lake have recently been documented by D.
p y ! ’ M. Carpenter [Weather Forecast. 8, 181 (1992)].
peratures) and the lakes exerted a minor  January P — E value exceeded the control ~ 13. RegCM is the climate version of the National
influence on regional air temperature (Fig.  value by 5 mm (13%). As with the Lahon- Center for Atmospheric Research (NCAR)—Penn-
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the 18-ka simulation that did not include  feedbacks in January 18 ka contributed 23% physics of radiative transfer, cloud, and precipi-
the lakes, precipitation was up to 30 mm  of the precipitation in the vicinity of the tation processes. A surface-physics package {the
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The relative contributions of external  precipitation over the basin was generated g}eRzméﬁﬁh‘;:‘: “’i'\tl';r:h;s%t\:v“r?:r‘;hgj; %ﬁg:'iggﬁ:‘;
and internal controls on climate to the by lake-atmosphere feedbacks. These re- grid Epacing S o e vosd bt tHis study;
hydrologic budgets of the basins can be  sults indicate that, in addition to the mois- typical GCMs use grid spacings of up to 500 km.
g g al & ! ;
assessed by comparison of changes in pre-  ture derived from changes in synoptic-scale 14 ;'5G|105;g;3')9i:1 G‘?;g‘reis- g Jg,'i'ﬁ&?"érﬁgﬁ';’"%'e $.
cipitation and’ evaporation (lake evapora-  atmospheric circulation, precipitation gen- Bat((es bid. in presgsf ‘ P
tion and land evapotranspiration) and  erated by lake-atmosphere feedbacks also  15. R. E. Dickinson, R. M. Errico, F. Giorgi, G. T.
evaporation-precipitation ratios (Table 2)  was important for maintaining the large size Bates, Climat. Change 15, 383 (1986); F. Giorgi
(21). Over the Lahontan basin in the Jan-  of the lake at 18 ka. ?1"535' T. Bates, Mon. Weather flev. 117, 2325
uary simulation of 18 ka, net basin moisture Our results indicate that the pluvial 16, S. W. Hostetler and P. J. Bartlein, Water Resour.
[precipitation minus evaporation (P — E)]  climate of the Great Basin was governed by Res. 26, 2603 (1990); S. W. Hostetler and F.
increased by 9 mm (16%) with the lake  climatic controls that operated both exter- 8'0{9?30"”" Dynam. 7, 39 (1992); 5. W. Hostetler,
. . . N . T. Bates, F. Giorgi, J. Geophys. Res. 98, 5045
present, relative to the O-ka January simu-  nally to the region (large-scale atmospheric (1993); G. T. Bates, F. Giorgi, S. W. Hostetler,
lation. Values for P — E for the 18-ka July  circulation) and internally to the basins Mon. Weather Rev. 121, 1373 (1993).
simulation are lower than those for O ka  (lake-atmosphere feedbacks). The relative ~ 17- Such boundary condition$ included (fixed) sea

because the presence of the lake increased
evaporation from the basin.

contribution by this latter component to
the overall pluvial climate strongly depends
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surface temperatures and vertical profiles of at-
mospheric temperature, wind velocity, and atmo-
spheric mixing ratio along the boundary of the
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model domain. The technique for providing
boundary conditions is discussed by F. Giorgi [J.
Climate 3, 941 (1990)].

18. Neither the Great Salt Lake nor any of the remnant
lakes in the Lahontan basin was included in
RegCM for the 0-ka simulations because at 60-km
resolution the lakes are smaller than the grid in
size.

19. S. W. Hostetler and F. Giorgi, Water Resour. Res.
29, 1685 (1993).

20. These results are consistent with the conclusions
of McCoy and Williams (77), who, on the basis of

7y Y i e

modeling the 18-ka size of the Little Cottonwood
Canyon Glacier, argued that lake-effect precipita-
tion was a substantial component of the hydrolog-
ic budget of the lake.

21. It is customary (2, 9, 10) to quantify change in
basin hydrologic budgets in terms of annual P —
E, but because our results are for perpetual
January and July conditions and not for a com-
plete annual cycle, we cannot infer how the
annual hydrologic budgets of the lakes may
have changed to support the lakes at their 18-ka
sizes.

Mortality Rates in a Genetically Heterogeneous
Population of Caenorhabditis elegans

Anne Brooks, Gordon J. Lithgow, Thomas E. Johnson*

Age-specific mortality rates in isogenic populations of the nematode Caenorhabditis ele-
gans increase exponentially throughout life. In genetically heterogeneous populations,
age-specific mortality increases exponentially until about 17 days and then remains con-
stant until the last death occurs at about 60 days. This period of constant age-specific
mortality results from genetic heterogeneity. Subpopulations differ in mean life-span, but
they all exhibit near exponential, albeit different, rates of increase in age-specific mortality.
Thus, much of the observed heterogeneity in mortality rates later in life could result from
genetic heterogeneity and not from an inherent effect of aging.

Human mortality rates show a profound
relation with chronological age in that mor-
tality increases exponentially with chrono-
logical age from 25 to 30 years of age onward
(1). Benjamin Gompertz (1825) was the first
to recognize this dependency of mortality
rate on chronological age and expressed it
mathematically by the equation (I, 2)

m(t) = Ae™

where m(t) is the mortality rate at time t, A
is the mortality rate at reproductive matu-
rity, and a is the Gompertz exponent,
which describes the rate of acceleration of
age-specific mortality with chronological
age. The exact shape of the function de-
scribing mortality rates in humans has im-
plications for predictions of demographic
trends (3).

Age-specific mortality rates also increase
exponentially with chronological age in a
variety of other mammals (2, 4) and inverte-
brates (4). Mortality rate is an exponential
function of chronological age in Caenorhabdi-
tis elegans (5, 6), and the rate of increase of
mortality is genetically specified in recombi-
nant-inbred (RI) strains (5, 7). Age-1 mutant
strains also have lower rates of increase of
age-specific mortality than wild-type strains
(6).

In contrast to these observations, recent
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studies (8, 9) have reported that in two insect
species—medflies (Ceratitis capitata) and the
fruit fly (Drosophila melanogaster)—mortality
rates are not an exponential function of chro-
nological age. In these studies, age-specific
mortality rose exponentially for a short period
after the emergence of the adult imago but
then remained near a high constant level
(about 10% mortality per day), or in some
cases actually decreased, through the remain-
der of life. Both studies examined large pop-
ulations of individuals (up to 1 million med-
flies), and both argued that exponential in-
creases in mortality in other species are simply
an artifact of small population sizes. The

Fig. 1. Age-specific mortality rates (= SEM) of
mass cultures of nematodes. A mass culture of
TJ1060 [spe-9(hc88)fer-15(b26)] was estab-
lished as described (72). We assessed the
mean mortality rate by taking eight subpopula-
tions of approximately 25 worms at each age
and monitoring daily mortality over a 3-day peri-
od in this smaller population, which was main-
tained under identical conditions as the mass
culture, except for nematode density. Symbols:
(@) age-specific mortality first day after subcul-
ture, (M) age-specific mortality second day after
subculture, and (A) age-specific mortality third
day after subculture. Regressions were per-
formed on mortality for each day of subculture;
the slopes of these regression lines were not
significantly different (P = 0.38) nor were the
intercepts (P = 0.25) by analysis of variance.

L, S0
SRR S e

22. We thank J. E. Kutzbach and P. Behling for
providing us with GCM history tapes, L. V. Benson
for discussions about this research, and D. L.
Zahnle for careful reviews of the manuscript.
Support for this research was provided by the
National Research Program, Water Resources
Division of the U.S. Geological Survey (S.W.H.)
and by NSF grants to the National Center for
Atmospheric Research (F.G. and G.T.B.) and the
University of Oregon (P.J.B.).

3 September 1993; accepted 2 December 1993

resolution of this argument is important be-
cause Gompertzian kinetics have become al-
most synonymous with “true aging” (4) and
because evolutionary models of aging assume a
positive relation [not necessarily exponential
(10)] between chronological age and mortal-
ity rate (11).

We report here that the exponential in-
crease in mortality rate that has been consis-
tently observed in C. elegans is not an artifact
of small population size. We -examined mor-
tality kinetics in C. elegans in two ways. First,
we assayed survival in 180,000 individuals of a
single genotype. To do this, we used a sam-
pling procedure in which a small fraction of
the population was analyzed for mortality on
each day of life. Second, we analyzed the
survival of 1625 hermaphrodites of 79 distinct
genotypes that were heterogeneous for mean
life-span. These results corroborate our earlier
studies, in which mortality rates increased
exponentially throughout life in small isogen-
ic populations (5, 6). These analyses also
suggest that age-specific mortality rates in
genetically heterogeneous populations appear
biphasic because they are comprised of sub-
populations, each with differing mortality ki-
netics. Once the subpopulations with the
faster rate of increase of mortality have ex-
pired, the age-specific mortality rate of the
overall population will appear to decelerate,
or even decrease, because the only individuals
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The mortality rate of the last 824 nematodes (V) from the starting population of approximately
180,000 is plotted beginning at 15 days of age. The line shown is the least squares regression

(£95% confidence interval) of mean daily mortality on age [log (hazard rate) =

age, r? = 0.789].
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—1.616 + 0.092




