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ABSTRACT

A linearized, steady state, primitive equation model is used to simulate the climatological zonal asymmetries
(stationary eddies) in the wind and temperature fields of the 18 000 YBP climate during winter. We compare
these results with the eddies simulated in the ice age experiments of Broccoli and Manabe, who used CLIMAP
boundary conditions and reduced atmospheric CO, in an atmospheric general circulation model (GCM) coupled
with a static mixed layer ocean model. The agreement between the models is good, indicating that the linear
model can be used to evaluate the relative influences of orography, diabatic heating, and transient eddy heat
and momentum transports in generating stationary waves. We find that orographic forcing dominates in the
ice age climate. The mechanical influence of the continental ice sheets on the atmosphere is responsible for
most of the changes between the present day and ice age stationary eddies. This concept of the ice age climate
is complicated by the sensitivity of the stationary eddies to the large increase in the magnitude of the zonal
mean meridional temperature gradient simulated in the ice age GCM.

1. Introduction

Large orographic features, such as the Tibetan Pla-
teau, the Rocky Mountains and, presumably, the con-
tinental ice sheets of the ice age climate, generate zonal
asymmetries in the atmospheric circulation. These
planetary-scale features of the climate, which are often
referred to as stationary eddies or stationary waves, are
also generated by zonal asymmetries in the transient
eddy transports of heat and momentum and by asym-
metries in diabatic heating. One of the major challenges
of dynamic meteorology is to relate the observed sta-
tionary waves to these forcing functions and, ulti-
mately, to the surface boundary conditions. An un-
derstanding of stationary waves is central to studies of
regional climates and their responses to changes in
boundary conditions. In this study we test linear theory
by comparing the generation of stationary waves by a
linear model with results from a general circulation
model (GCM) of the Northern Hemisphere winter
during the Last Glacial Maximum 18 000 years ago.
We then use the linear model as a diagnostic tool to
explore the relationship between the simulated sta-
tionary waves and the forcing functions in the GCM’s
ice age climate.

The steady response to a given zonally asymmetric
forcing is computed by a linear model using dynamical
and thermodynamical equations linearized about a
given zonally symmetric climate. Multilevel linear
models based on the primitive equations have evolved
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from the barotropic and quasi-geostrophic models of
Charney and Eliassen (1949) and Smagorinsky (1953).
An important step in the recent development of this
subject is the recognition of the crucial importance of
spherical geometry and the meridional propagation of
Rossby waves in addition to zonal and vertical prop-
agation. For a discussion of the relevant theory, refer
to the seminal paper by Hoskins and Karoly (1981)
and the review by Held (1983). Jacqmin and Lindzen
(1985) and Chen and Trenberth (1987) have made en-
couraging attempts to simulate the stationary wave
patterns observed during the present day Northern
Hemisphere winter using observations to define the
basic zonally symmetric climate state and the forcing
functions. One limitation of these studies is that the
distributions of diabatic heating and transient eddy
fluxes in the atmosphere are not known with any pre-
cision. This hampers linear model studies because it
can be unclear whether discrepancies between the
modeled and observed stationary waves are caused by
nonlinear interactions or simply by errors in the forcing
fields.

To avoid this problem, Nigam et al. (1986, 1988)
use a general circulation model (GCM) as a surrogate
atmosphere and a linear model designed to be com-
patible with the GCM. Forcing and zonal mean fields
can be specified exactly from any GCM climatology.
A result from Nigam et al. (1988) illustrates the poten-
tial of linear stationary wave theory. The linear model
result for the wintertime, orographically forced, sta-
tionary eddy geopotential at 300 mb is on the left in
Fig. 1. (According to this model, orographical forcing
is responsible for about two-thirds of the geopotential
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FIG. 1. (a) Wintertime stationary eddy geopotential at 300 mb predicted by the linear model forced by orography and linearized about
the zonal mean fields in a GCM with prescribed ocean temperature. (b) The difference in the stationary eddy 300 mb geopotential between
two GCM’s with fixed ocean temperatures, one with and one without mountains. Contour interval is 40 gpm and negative values are shaded.

signal at this level.) The right half of Fig. 1 shows the
difference between the stationary wave patterns from
two GCM integrations—one with realistic orography
and one with a flat surface. The good agreement sug-
gests that the linear model can provide useful approx-
imations to the orographic component of a GCM’s
stationary wave field.

The linearity of the response to diabatic heating and
transient eddies is less clear. Nigam et al. (1986) con-
sider a GCM with a flat lower boundary and find that
diabatic heating and transient eddies force a stationary
wave pattern in the linear model in good agreement
with the GCM. There is, however, considerable com-
pensation between the responses to low-level transients
and extratropical heating, suggesting that these forcing
functions are not independent and that the linear de-
composition of the flow into separate parts forced by
heating and transients may not be robust. In experi-
ments with realistic orography (Nigam et al. 1988), the
response is less satisfactory, especially at low levels.
This may be due to nonlinear interactions between the
thermally and orographically induced waves. One form
of this type of interaction has been recently analyzed
by Chen and Trenberth (1987). Of course, the formi-
dable problem of relating the diabatic heating and
transient eddy forcing functions to the boundary con-
ditions remains.

Although there are many unknowns concerning the
limitations of linear stationary wave theory, results as
in Fig. 1 encourage us to analyze the climate of the
Last Glacial Maximum (18 000 years before present)
in a similar way. The Laurentide ice sheet covered

much of North America during this period. It must
have been responsible for a stationary wave pattern
that was an important, if not dominant, feature of the
ice age atmosphere. In this paper we investigate how
these waves are forced by a prescribed ice age topog-
raphy and what their structure implies about the ice
age climate. We do not address the influence of the
stationary waves on the maintenance of the ice sheets.
(See, however, Lindeman and Oerlemans 1987.)

Modeling the ice age atmosphere is possible because
the CLIMAP Project (1976, 1981) reconstructed fea-
tures of the ice age climate that are used as boundary
conditions in GCMs. As a result, a number of models
have been applied to this problem. Gates (1976), Kutz-
bach and Guetter (1986), and Rind (1987) conducted
GCM experiments with the CLIMAP sea surface tem-
peratures prescribed at the surface. Manabe and Broc-
coli (1985a,b) and Broccoli and Manabe (1987) used
an atmospheric GCM coupled to a mixed layer ocean
model in an ice age experiment, allowing them to sim-
ulate the ice age sea surface temperatures and isolate
the influence of the ice sheets on the surface temper-
ature as well as the flow fields.

We use Broccoli and Manabe’s (1987) simulations
of the ice age climate to define the basic zonal state
and forcing functions for the linear model. The sta-
tionary eddies simulated by the GCM serve as a stan-
dard of comparison for the linear simulation. These
GCM calculations indicate that the strong surface
cooling over the North Atlantic that is the hallmark of
the ice age climate is related to the presence of the
Laurentide ice sheet. The ice sheet boundary conditions
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result in several changes in the external forcing of the
maodel climate, including the radiative, sensible, and
latent heat fluxes at the surface. But the elevation of
the land surface seems to be the most important, at
least in winter. With the linear model we can study
these forcings individually.

In section 2, the GCM experiments and the linear
model are described briefly. The ability of the linear
model to simulate the differences in the stationary
waves between the ice age and present day climates is
examined in section 3. In section 4 we explore how the
ice age stationary wave amplitudes depend on changes
in the zonal-mean climate, and in section 5 we address
the implications of these results for our understanding
of the ice age climate.

2. Models and experiments

The GCM data for the zonal mean and forcing fields
are taken from a series of four integrations described
by Broccoli and Manabe (1987). The lower boundary
conditions include realistic continents and orography,
with the oceans represented by a fixed depth (50 m)
static mixed layer. The GCM is a low-resolution spec-
tral model, with rhomboidal-15 truncation that is
equivalent to a transform-grid resolution of about 4.5°
lat and 7.5° long. Insolation varies seasonally, but not
diurnally. Sea ice extent is calculated as a result of the
surface heat balance over the oceans and clouds are
fixed at their observed seasonal and zonal-mean values
at each latitude and height. The effects of fixing the
cloud distribution for the ice age application are dis-
cussed in Manabe and Broccoli (1985b).

Broccoli and Manabe (1987) describe four GCM in-
tegrations: 1) present day; 2) ice sheet only; 3) ice sheet
plus land albedo; and 4) full ice age. The present day
and full ice age simulations have four differences in
boundary conditions: the distribution of continental
ice; atmospheric CO, concentration; the continental
outlines, which are modified due to the change in sea
level; and snow-free land albedos, which reflect differ-
ences in vegetation types and ranges. The continental
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ice distribution, snow-free land albedos, and sea level
are based on the CLIMAP reconstruction, while the
CO, concentration is reduced from 300 to 200 ppmv
for the ice age simulation according to the measure-
ments of Neftel et al. (1982) and Shackleton et al.
(1983). The changes in orography due to the presence
of huge ice sheets in North America and Scandinavia
are especially relevant for this study. Figure 2 shows
the ice age orography in the Northern Hemisphere.
More detail about the ice age boundary conditions and
their effects on the GCM’s climate, especially near the
surface, is included in Broccoli and Manabe (1987).

Despite the fact that changes in the surface albedo
due to the presence of the ice sheets are larger during
the summer in the Northern Hemisphere, the ice sheets
exert their most significant influence on the stationary
waves during Northern Hemisphere winter when strong
zonal winds pass over the Laurentide ice sheet. For this
reason we consider Northern Hemisphere winter only,
and use GCM data averaged over the 15 winter months
(DJF) from the last 5 yr of each integration.

Large changes in the GCM’s stationary waves occur
when the ice age boundary conditions are introduced.
Figure 3a shows the Northern Hemisphere wintertime
eddy geopotential, i.e., the geopotential with the zonal
mean removed, at 300 mb for the present day model
climate. The full ice age case, with CLIMAP boundary
conditions and reduced atmospheric CO,, is in Fig.
3b. There is a planetary-scale stationary wave associated
with the Tibetan Plateau in both cases, and a second
wave train in the ice age case that is associated with
the Laurentide ice sheet. When this stationary wave
pattern is added to the zonally averaged flow, the result
is the split jet stream over North America described
by Manabe and Broccoli (1985). The amplitude of the
dominant low in the Tibetan wave train is about 240
gpm in the present day simulation, and 160 gpm in
the ice age simulation. The ice age stationary wave in
the western hemisphere is the largest perturbation,
reaching 280 gpm in the high over western Canada.
These are the features of the GCM’s climate that we
wish to simulate and study with the linear model.
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FI1G. 2. Northern Hemisphere topography from CLIMAP. Contours are 500 m,
and the land/sea distribution drawn is for the present day.
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F1G. 3. Northern Hemisphere wintertime eddy geopotential at 300
mb from the GCM experiments of Broccoli and Manabe (1987) for
the (a) present day, (b) full ice age and (c) ice sheet only climatologies.
Contour interval is 40 gpm and negative values are shaded.
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FIG. 4. Differences in the Northern Hemisphere (a) zonal mean
zonal wind (1 m s™! contours) and (b) temperature (1 K contours)
in the GCM as a function of latitude and o-level. Values are for “ice
age” minus “present day.”

Figure 3c shows the 300 mb eddy geopotential for
the GCM experiment with ice sheets, but without re-
duced CO; and CLIMAP land albedos. The results are
similar to the full ice age case of Fig. 3b, especially in
the western hemisphere. The differences between Figs.
3b and 3c are largely due to the CO, decrease which
seems to amplify the effect of the ice sheets on the
eddies, but not change their structure significantly.
Changes in bare land albedos play a minor role in es-
tablishing this pattern. '

The zonal mean zonal winds and temperatures on
a-surfaces are required as inputs for the linear model.
Differences in these fields between the GCM equilib-
ria—“ice age” minus “present day”’—are shown in Fig.
4. The zonal wind is smaller at all altitudes in the trop-
ical troposphere in the ice age climate, and generally
larger in midlatitudes (Fig. 4a). The slower winds below
o = 0,680 near 50°N latitude are probably related to
the presence of the Laurentide ice sheet. Away from
the ice sheets, in the tropics and subtropics, the zonal
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wind changes are similar in both hemispheres. One
obtains similar results if one computes zonal averages
along pressure surfaces, taking care at low levels to av-
erage only over those regions where a given pressure
surface exists. The response of the linear model is not
changed significantly if one linearizes about a basic
state obtained by averaging along pressure rather than
o-surfaces.

General tropospheric cooling is evident in the zonal
mean temperature change (Fig. 4b), with maxima at
high latitudes near the surface. At the latitude of the
Laurentide ice sheet, the zonal mean temperature near
the surface is 15 K cooler in the ice age case. The tem-
perature difference directly south of the ice sheet turns
out to be particularly important for studying changes
in stationary waves in response to ice age boundary
conditions. Between 45° and 60°N, the magnitude of
the zonal mean meridional temperature gradient near
the surface doubles in the Northern Hemisphere.

Three types of forcing can be used to induce zonal
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asymmetries in the linear model—orographic forcing,
thermal forcing, and transient eddy forcing. They can
be included individually or in any combination. Oro-
graphic forcing can be thought of as the imposition of
a vertical velocity at the lower boundary given by the
product of the zonal mean zonal wind and the longi-
tudinal derivative of the surface height. A mountain
should be thought of as infinitesimal in the linear model
in that it does not represent a physical barrier to the
flow as in the GCM. The three-dimensional thermal
and transient eddy forcing fields include latent, sensible
and radiative heating, and horizontal momentum and
heat transport by transient eddies at each of the nine
o-levels. Experiments with the linear model suggest that
momentum fluxes play a minor role in the differences
between ice age and present day stationary waves, and
we do not discuss them further. Diabatic heating and
heat transport by transient eddies play a more signifi-
cant role, especially near the surface. Figure 5a shows
the difference between the ice age and present day dia-
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FIG. 5. Differences (“ice age” minus “present day”) in the GCM’s (a) diabatic heating and (b) transient eddy heat flux convergence
averaged over the lower troposphere (¢ > 0.575). Contours are 0.25 K day™. Shaded values are negative.
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batic heating (latent plus sensible plus radiative heating)
averaged over the lower troposphere, from the surface
to 515 mb. The unshaded region over the Atlantic in-
dicates an increase in the heating of the atmosphere
by the ice age ocean due to the much colder air in this
region. Increases in the sensible heat flux are largely
responsible for the increased atmospheric heating in
this region. The ice line moves south to about 55°N
in the ice age case, cutting off direct sensible heat trans-
fer over the northern North Atlantic. The low-albedo
ocean surface is replaced with high-albedo ice that in-
sulates the atmosphere from the warm ocean, causing
cooling over the Atlantic at high latitudes.

Figure 5b shows changes in the heat flux convergence
by transient eddies vertically averaged over the lower
troposphere. These forcing functions are calculated as
a residual from the GCM’s time-averaged thermody-
namic equation. Not surprisingly, the largest changes
in the temperature tendency due to transients occur in
the lower troposphere over North America and the
North Atlantic. These changes are due to the larger
heat flux by transient eddies in the enhanced Atlantic
storm track. The tendency is out of phase with, and
larger than, the diabatic heating changes in this region.
Since these tendencies are apparently correlated in
some regions, it makes little sense to use a linear model
to simulate the effects of the heating modification on
the circulation pattern without simultaneously consid-
ering the modified transient fluxes.

The linear model solves, by matrix inversion, for the
deviations from the given zonal means of the surface
pressure, and of winds and temperature at each of nine
vertical levels that match those of the GCM. Longi-
tudinal derivatives are treated spectrally as in the GCM,
with 15 waves retained. For computer efficiency in the
matrix inversion, the linear model is not fully spectral.
Finite differencing on a staggered grid with a resolution
of 1.8° is used to model meridional dependence. A
detailed description can be found in Nigam (1983).
We set the zonal mean meridional wind to zero in the
linear model. This does not have a major effect on the
éddy pattern in midlatitudes, and it does not change
our conclusions.

3. Results
a. Comparison of modeled stationary eddies

We first investigate the ability of the linear model
to replicate the GCM’s stationary wave patterns for the
present day and ice age cases. In the figures, eddies are
defined as deviations from the zonal mean, with neg-
ative values shaded. Data from the models are con-
verted from o- to p-surfaces before eddy fields are cal-
culated.

Figure 6 shows the Northern Hemisphere linear
model eddy geopotential fields at 300 mb for compar-
ison with the GCM eddies of Fig. 3, with present day
cases on the left and ice age cases on the right. The top
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figures (Figs. 6a and 6b) are the present day and ice
age simulations with full forcing (orography, diabatic
heating, and transient eddy transports of heat and mo-
mentum). The eddies in the figures on the bottom (Figs.
6¢ and 6d) are the linear responses to orography alone.

Comparing the present day linear simulation with
full forcing (Fig. 6a) with the present day GCM sim-
ulation (Fig. 3a), we note a serious discrepancy in the
western hemisphere. The linear simulation has a
strong low centered over northern Canada and Green-
land, but in the GCM there is little or no stationary
wave in this region. This situation is especially curious
because observations show a wintertime low centered
over the Hudson Bay, with the 300 mb geopotential
about 160 gpm less than the zogal mean. Since the
linear model forced by fields from the GCM actually
simulates a wave in this region, some nonlinear process
in the GCM must be damping the signal.

The situation is much improved for the present day
simulation in the eastern hemisphere. The eddies gen-
erated over the Tibetan Plateau in the two models are
similar, with the maximum perturbation in the GCM
eddy geopotential slightly larger than in the linear
model at this particular level. The stationary wave gen-
erated over Tibet in the ice age case is slightly stronger
in the linear model than in the GCM (compare Fig.
6b with Fig. 3b).

Agreement between the two models is also good in
the ice age western hemisphere. The locations of the
high and low over the continent are very similar.
Downstream of the Laurentide ice sheet, the errors in
the linear model (Fig. 6b) grow due to differences in
the path of the dominant wave train, which does not
curve equatorward as strongly as in the GCM simu-
lation (Fig. 3b). The subtropical Atlantic high generated
by the GCM is displaced by the linear model to Western
Europe and North Africa as a result.

The linear model was run repeatedly with each of
the three types of forcing—orography, diabatic heating,
and transient heat and momentum transports—in-
cluded separately to determine which were the most
important. (In the linear model, of course, the eddy
patterns caused by each forcing must sum to the pattern
with all forcings included.) At this level in the atmo-
sphere, orographic forcing dominates in both the pres-
ent day and ice age cases. The 300 mb stationary eddy
geopotential patterns with orographic forcing alone in
the linear model appear in Figs. 6¢ and 6d. The simi-
larities to the corresponding full-forcing cases are strik-
ing, especially in the ice age simulation where including
the effects of thermal forcing and transient eddies ac-
tually seems to degrade the simulation. The linear
orography-only experiments even capture the weak-
ening of the low over Tibet that occurs when ice age
conditions are imposed in the GCM.

Despite the discrepancy in the present day simula-
tions, a comparison between Figs. 6a and 6¢, and Figs.
6b and 6d, reveals the dominance of orographic forcing.
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FIG. 6. Eddy geopotential at 300 mb from the linear model with (a) zonal mean fields and full forcing (see text) from the present day
GCM, (b) zonal mean fields and full forcing from the ice age GCM, (c) present day GCM mean fields and orographic forcing alone, and
(d) ice age GCM mean fields and orographic forcing alone.

In the western hemisphere during the ice age, the re-
sponses to thermal and transient eddy forcing tend to
be out of phase, leaving the orographic response very
similar to the full response. In the eastern hemisphere,
including thermal and transient eddy forcing improves
the agreement somewhat at high latitudes.

The linear model experiments confirm the conclu-
sion from the GCM experiments that the continental
ice is the dominant cause of the change in the stationary
eddies in the ice age climate. In Broccoli and Manabe’s

‘“ice sheet only” experiment, the two distinct wave
trains of the ice age atmosphere have nearly the same
amplitude as in the full ice age experiment (see Figs.
3b and 3c¢). The linear model allows us to go a step
further in the analysis of these waves and say that it is
the direct mechanical effect of the ice sheet, as opposed
to the changes in the heating field and transient eddies
due to the presence of the ice sheet, that is largely re-
sponsible for the generation of these eddy patterns.
Figure 7 shows changes in the stationary eddy geo-
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FI1G. 7. Changes (“ice age” minus.“present day”) in the 300 mb eddy geopotential for the (a) GCM and (b) linear model
with orographic forcing only. Contour interval is 40 gpm and negative values are shaded.

potential at 300 mb, “ice age” minus “present day,”
for the GCM full ice age experiment (Fig. 7a), and the
linear model with orographic forcing alone (Fig. 7b).
The differences in eddy amplitude over the North At-
lantic (—320 gpm for the GCM vs —200 gpm for the
linear model) are largely attributable to the distortion

. of the GCM’s present day simulation. In the eastern
hemisphere, the weakening of the Tibetan wave is ev-
ident in the GCM differences, where the positive region
extends across the North Pacific and northern Asia.
This weakening is less pronounced, but still present,
in the linear model experiments.

In the standard GCM and linear model simulations
positive eddy temperatures cover thie North Atlantic
below 500 mb. Near the surface, 4-6 K amplitudes in
the subtropics increase to 8-10 K off the coast of
Northern Europe. In the ice age simulations, the pos-
itive eddy temperatures of the northern North Atlantic

are replaced by negative eddy temperatures. Figure 8 .

highlights the atmosphere at 940 mb over the North
Atlantic, and shows eddy temperatures superimposed
over the ice age continental outline as resolved by the
GCM. Locations where the surface is above 940 mb
in the GCM are blackened.

The GCM with full ice age boundary conditions is
shown in Fig. 8a. The negative eddy temperatures ap-
proach their maximum values near the ice sheets.
Comparing the full ice age and ice sheet only simula-
tions indicates that the ice sheet accounts for about
two-thirds of the amplitude of the eddies at this level,
with the rest due to enhancement of the ice sheet effect
by the reduced CO, concentration.

The linear response to ice age orography also results

in a reversal of the sign of the eddy temperature at 940
mb in the North Atlantic (Fig. 8b). In this model, a
single minimum of —10 K is centered over the ocean
just south of Greenland. The positive eddy tempera-
tures in the subtropical Atlantic are pushed farther
south and east than in the GCM. The inclusion of dia-
batic heating and transient eddy forcing amplifies the
perturbations, but also introduces significant “noise”
at low levels. There is cancellation between the separate
responses to heating and transient eddy fluxes in this
region, so we do not believe their effect is as robust as
the response to topography. A more complete model
would include some theory for how the diabatic heating
and transient eddy fluxes respond to the orographically
forced eddy.

Figure 9 shows the “eddy winds” at 940 mb for the
ice age North Atlantic in the GCM and the orograph-
ically forced linear model. The components of these
vectors #' and v’ are deviations from the zonal mean
zonal wind and zonal mean meridional wind, respec-
tively. In the GCM simulation (Fig. 9a) an anticyclone
is generated over the subtropical Atlantic, with cyclonic
motion over the North Atlantic south and east of the
low in the eddy temperature. The flow of cold air from
the north over the Laurentide and Greenland ice sheets’
eastern slopes is evident in both the GCM and linear
model (Fig. 9b) winds. A cyclone similar to the GCM’s
occurs in the linear simulation over the northern At-
lantic. The anticyclone to the south is less well defined
and displaced eastward with the positive eddy temper-
atures. This anticyclonic motion becomes better estab-
lished higher in the linear model’s troposphere. The
difference in orientation of the linear model and GCM
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F1G. 8. Eddy temperatures at 940 mb for the (a) full ice age GCM, and (b) linear model with orographic forcing alone. Contour intervals
are 2 K and negative values are shaded. Regions for which this pressure level does not exist in the GCM are blackened in panel (a). The
continental outline is from CLIMAP as resolved by the GCM.

ray paths in the upper troposphere seen in Fig. 7 is winds are somewhat stronger in the lower troposphere.
reflected in this distortion of the low-level anticyclone This does not improve or degrade the simulation of
in the linear model. the ice age winds uniformly. The anticyclonic rotation
When forcing due to transient eddies and diabatic over the subtropical Atlantic is not strengthened.
heating is added to the orographic forcing, the eddy In general, the agreement between the wind simu-
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FIG. 9. Eddy winds at 940 mb for the (a) GCM with full forcing, and (b) linear model with orographical forcing alone.
The scale is indicated by the arrow at the top of the figure.
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lations degrades somewhat with proximity to the sur-
face. One reason is that the GCM winds are interrupted
by the physical presence of the orography. For example,
the low level cold air advection over eastern Greenland
is disrupted by the ice sheet in the GCM, but in the
linear model the flow proceeds unchecked because the
orography is effectively infinitesimal. Another reason
is that in the vicinity of the low-level critical latitude
near 30°N, where the zonal mean wind vanishes, the
stationary linear solution becomes sensitive to the dis-
sipation included in the model. It is not clear that the
linear model’s winds are sufficiently similar to the
GCM s to justify using them to, say, estimate changes
in the wind driven ocean circulation.

b. Importance of changes in the zonal mean flow

The linear model can be used to demonstrate that
the changes in the basic zonal climate state shown in
Fig. 4 are large enough to affect how the model at-
mosphere responds to orographic forcing. Figure 10a
shows the linear response to ice age orography of the
300 mb eddy geopotential when the model is linearized
about the zonaily averaged basic state from the GCM’s
present day climatology. The stationary waves gener-
ated over the Laurentide ice sheet are much larger than
when the GCM’s ice age basic state is used (Fig. 6d),
and much larger than in the ice age GCM (Fig. 3b).
There is little change upstream so the amplification
seems to occur on the downslope of the ice sheet. Sim-
ilar, but less pronounced changes occur in the eastern
hemisphere downstream of the Tibetan orography. The
wave in Fig. 10a is so large that it could never be re-
alized in the atmosphere or in a GCM; the wave would
saturate by using up the existing mean gradients,

We can consider the charge in the basic state flow
as consisting of two parts: a change in the surface winds
and a change in the vertical shear of the winds or,
equivalently, in the horizontal temperature gradients.
In Fig. 10b, the ice age zonal mean wind is restored in
the lowest linear model layer (¢ = 0.99), but the vertical
shear of the wind and the temperature field are taken’
from the present day climate so that the thermal wind
relation is not violated. The situation is not improved
by this adjustment. The amplitude of the first low
downstream of the major orographical features in both
hemispheres is actually a bit larger than in the previous
case (Fig. 10a). In Fig. 10c, the ice age temperature
and vertical wind shear are used with the present day
surface zonal wind. The results are very similar to the
“correct” orographically forced waves of Fig. 6d. It ap-
pears that the changes in the zonal mean temperatures
between the present day and ice age have the effect of
damping the waves generated over the ice sheet.

To explore the influence of climatological changes
in the zonal mean zonal winds and temperatures in
more detail, consider the linearized, steady state ther-
modynamic equation. In the absence of diabatic heat-
ing and zonal mean vertical and meridional motion
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FiG. 10. Eddy geopotential at 300 mb for the linear model forced
with ice age orography and linearized about (a) present day zonal
mean fields, (b) present day temperature and ice age surface zonal
wind, and (c) present day surface zonal wind and ice age temperatures
(see text). Contour interval is 40 gpm.
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i ® v
a

a cosf oA 0 v 8z’

(1

where © is potential temperature. (Overbars refer to
the zonal mean and primes to deviations from zonal
symmetry, i.e., u = # + u'. Terms quadratic in the
primed variables are neglected in the linearization.) At
the surface,

a_oh
a cosf I\

where 4 is the deviation of the local height from the
zonal mean. Then (1) becomes

7 99 0v'ab a

acosﬂa-}’;;e_:_acos()a;?_z-' 3)

The roles of the zonal mean zonal wind, static sta-
bility, and zonal mean meridional temperature gradient
are apparent in Eq. (3). If the first term dominates the
left-hand side (LHS), then

o ~ —h(90/9z). “4)

Changes in the surface wind are irrelevant, and the
increased stability of the ice age atmosphere is the only
salient feature of the basic state modification. We ex-
pect the temperature perturbations to be in phase with
the topography, with low temperature coincident with

w=v-Vh ~

2
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the top of the feature in a statically stable environment
(60/3z > 0). This balance predicts that an increase in
the atmosphere’s stability near the surface leads to an
increase in the temperature perturbation. Since the ice
age climate is more stable than the present day climate
near the surface, this balance cannot explain why the
ice age basic state reduces the amplitude of the sta-
tionary eddies.
If the second term on the left is important, then

= A pe -1
u %8@/62_ u Oh (az) )

cos OX 80/68  cosf AN \88/,
where (3z/36)s is the slope of an isentropic surface.
Changes in the zonal mean zonal wind and the isen-
tropic slope at the surface effect the eddy meridional
velocity perturbation, which will be in phase with the
longitudinal gradient of the topography. Southward
motion will occur on the lee side of an orographic fea-
ture given 7 > 0 and 30/dy < 0. Since our linear model
results, in Fig. 10, clearly point to changes in the tem-
perature field and not the surface wind as being of
greatest importance, we must conclude that it is the
increased meridional temperature gradient (30/46) that
causes the reduction in stationary wave amplitude.
For a direct investigation of the balance indicated
in Eq. (3), the two terms on the LHS are drawn on
pressure surfaces in Fig. 11 using the orographically

(b)

90N

60

90N

60

30N LE

LONGITUDE

FIG. 11. Terms in the thermodynamic balance near the surface in the linear model: (a) first term, LHS of Eq. (3) for the present day case;
(b) first term for the ice age case; (c) second term for the present day case; (d) second term for the ice age case. Hatching indicates topography

above 1.5 km. Contour intervals are 1.5 X 107 K s,
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forced eddy fields from the linear model experiments
for the present and ice age climates. The terms are
computed near the surface at 990 mb. The first term
is drawn in the figures on the top and the second term
is on the bottom. Figures 11a and 1 1c are for the present
day case, and Figs. 11b and 11d represent the ice age
case. The plots are restricted north of the noisy critical
latitude near 30°N. Cross hatching indicates where the
surface is over 1.5 km as a reference. In the present
day case (left figures), both terms are important near
both centers of forcing, and the terms generally sum
constructively. For the ice age case, #(30//d\) intensifies
somewhat on the lee side of the Tibetan Plateau, and
weakens upstream (Fig. 11b). In the western hemi-
sphere, the map of #£(30'/0\) increases over the eastern
slope of the ice sheet, but these changes are much less
dramatic than the changes in v'(60/38) which becomes
the dominant term because the zonal mean meridional
temperature gradient has doubled in this region. _

Thus, in the western hemisphere, the adiabatic heat-
ing that occurs as air flows down the ice sheet toward
the North Atlantic is balanced by the advection of cold
air from the north by the eddy meridional velocity.
This process is more important in the ice age climate
than in the present day climate because the large change
in the meridional gradient of the zonal mean temper-

ature makes the import of cold Arctic air more efficient.’

Smaller eddy meridional velocities are required to bal-
ance the adiabatic warming because of this larger gra-
dient in the ice age climate.

4. Conclusions and implications

A linearized, steady state, primitive equation model
can provide a reasonable simulation of the stationary
waves in a GCM with ice age boundary conditions.
The presence of the ice sheets is the dominant cause
of the change in stationary waves in the GCM. Since
orographic features are represented in the linear model
by a forcing proportional to the horizontal slope of the

surface, but not as a physical presence that air must .

actually flow around as in the GCM, the resemblance
degrades over land surfaces very near the surface. But
this need not destroy the simulations at other levels or
at low levels away from the orography, and we find
that the Laurentide ice sheet in the linear model can
produce strong subpolar North Atlantic cooling.

We are encouraged to use the linear model as a di-
agnostic tool to explore in more detail the physical
mechanisms responsible for the GCM’s response to ice
age boundary conditions. Using the linear model anal-
ysis, we can separate the responses to orography, heat-
ing, and transient eddies to demonstrate that the me-
chanical effect of the changed slope of the surface—
and not changes in the diabatic heating or the transient
eddies that necessarily accompany the ice sheet in the
GCM—is responsible for the ice sheets’ influence on
the stationary wave field.
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Changes in the zonal mean climate state play an
important role in how the stationary waves respond to
the ice sheet forcing in the linear model. If the model
is linearized about the GCM’s present day basic zonal
climate state instead of the ice age state, the amplitude
of the glacier-induced stationary waves in the tropo-
sphere is roughly twice the amplitude of the waves that
result when the ice age zonal mean climate is used.
This effective damping of the stationary waves by the
ice age zonal mean fields is due to the large change in
the meridional temperature gradient, which doubles
between 45° and 60°N in the ice age GCM climatology.
During the ice age, cold polar air is closer to the area
of adiabatic heating on the downslope of the Laurentide
ice sheet and can be advected into the region by small
eddy meridional velocities to balance the heating. The
increased stability of the ice age atmosphere near the
surface does not seem to be an important factor in
determining the ice age stationary wave response.

It is surprising that the predictions of a linear theory
are useful for an obstacle as large as the Laurentide ice-
sheet. We suspect that this may be related to the result
from quasi-geostrophic theory that the steady linear
response to orography is also a solution of the fully
nonlinear equations if there is no meridional shear in
the basic state zonal flow (e.g., Held 1983). Much work
remains to be done to better define the limitations of
linear theory in the presence of meridional shear.

Insofar as the subpolar North Atlantic cooling and
changes in the tropospheric stationary waves are well
simulated with linear dynamics, the linear model can
be used to study the development of these features as
a response to ice sheet growth or decay. Indeed, to the
extent that linear theory is valid for this problem, one
can conclude that the atmospheric circulation evolved
in pace with the growing ice sheet and did not change
abruptly as the ice sheet reached some critical size.
While the present work suggests that linear theory is
approximately valid, further studies of the nonlinear
response to orography are needed to determine whether
or not abrupt transitions are a possibility.

The problem is complicated by the sensitivity of the
stationary waves to changes in the zonal mean basic
state. Our results suggest that information about the
time-evolution of the zonally averaged climate as well
as the glacial orography is necessary in order to predict
the time-evolution of the stationary waves. The changes
in the mean meridional temperature gradient are
probably more closely related to surface albedo changes
rather than the changes in the height of the glacier.
There could be a lag between, say, the time of the max-
imum magnitude of the meridional temperature gra-
dient and maximum ice volume, leading to a compli-
cated stationary eddy evolution.
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