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ABSTRACT

The sensitivity of a low resolution, spectral general circulation model (GCM) to specification of physical
processes is examined using a new version of the model with refined parameterizations. Specific refinements in
parameterization include: 1) smoothing the original orography to greatly diminish undesirable topographic
“ripples” occurring near high mountain ranges; 2) adding snowcover on the Tibetan plateau and representing
winter snowcover in middle latitudes more realistically; 3) decreasing the land ground wetness and adjusting
the drag coefficient and parameters governing condensation-moist convective adjustment.

Results of comparative 5-year integrations show that better parameterization in the low resolution model
produces significant improvement in simulation without resorting to the use of higher horizontal or vertical
resolution. The combined changes in ground wetness, drag coefficient and condensation-moist convective pa-
rameters produce more realistic zonal banding of precipitation belts and a better representation of continental
precipitation relative to the ocean. In addition, mass is more nearly conserved and mean sea level pressure and
temperature patterns are in better agreement with observations than in the previous model. Major deficiencies
in simulation that are not improved include zonal jet and stratospheric temperature structures. Overall, the
improvements in simulation suggest a wider applicability of the low resolution model for use in climate sensitivity
studies.

Analysis of sensitivity experiments assessing specific effects of parameterization indicate that decreased ground
wetness and the modifications to the drag coefficient and moist convective adjustment produced most of the
model improvement in the global surface energy budget and hydrologic response. The results further imply a
substantial seasonal variation in sensitivity of the hydrologic interaction between land and ocean to changes in
surface conditions. Major improvements in the simulation of the Asian monsoon during both seasons is achieved
by smoothing orography. The large sensitivity to orographic specification exhibited by the model indicates that
incorporation of realistic topography in a spectral GCM must avoid spurious terrain structures in the vicinity
of major mountain ranges. While the snowcover changes contribute only modestly to model improvement, the

experiments reveal a significant sensitivity of regional climate to snowcover.

1. Introduction

Over the past 35 years, a hierarchy of numerical
models have been developed to study the processes
governing seasonal variation-of climate and climate
change. These have ranged from a variety of statistical-
dynamical models (see Saltzman, 1978 for a review of
these models) to the complex three-dimensional general
circulation models (GCMs) of the earth-atmosphere
system (Smagorinsky, 1974 and Chang, 1977 provide
excellent reviews of these models). The application of
high resolution GCMs with their detailed physical pa-
rameterizations is essential, but will be somewhat lim-
ited by the computer time required for the large number
of simulations needed to investigate the sensitivity of
climate to various processes (and their parameteriza-
tion). Therefore, low resolution GCMs have a place in
the modeling hierarchy if they can be shown to produce
useful simulations of large-scale climate.

In a previous study, a low resolution spectral GCM
with simplified physical parameterizations was for-
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mulated to examine the sensitivity of the seasonal cli-
mate to specification of processes, particularly at the
earth’s surface (Otto-Bliesner et al., 1982). The model
was designed to be computationally efficient and yet
incorporate physical processes sufficiently well to sim-
ulate a realistic seasonal climatology. While the model’s
low resolution and simplified physical parameteriza-
tions put limitations on its simulation capabilities, an
analysis of a 5-year integration verified that the model
successfully reproduced much of the observed seasonal
and interannual variation of the large-scale features of
the atmosphere’s circulation and energetics (Otto-
Bliesner et al., 1982; Otto-Bliesner, 1984). This success
of the model led to its use in paleoclimate studies
(Kutzbach, 1981; Kutzbach and Otto-Bliesner, 1982),
in a sensitivity investigation of parameterized eddy
scale momentum fluxes (Holopainen and Otto-Blies-
ner, 1982), and in an analysis of the temporal and scale
dependency of orographic effects on the atmospheric
energetics (Ni et al.,, 1986). Kutzbach and Guetter
(1984) showed that the climate sensitivity of the low
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resolution model and the higher resolution NCAR
Community Climate Model (CCM) are similar for or-
bital parameter changes.

A number of important climatic features were not
well simulated by this model. The seasonal hydrologic
cycle showed unrealistically high precipitation and
evaporation rates over land relative to ocean and a
lack of zonal banding of precipitation over the tropical
oceans. Otto-Bliesner et al. (1982) suggested the need
to clarify whether these and other inadequacies in sim-
ulation were attributable to the model’s low resolution,
simplified parameterizations for physical processes or
some combination of the two. For example, in prelim-
inary experiments they found that modifications to the
convective adjustment parameterization improved the
simulation of tropical precipitation, temperature and
moisture structures. Answers to these questions should
help assess the range of applicability of low resolution
models in climate sensitivity studies. .

In this study, following the suggestion of Otto-Blies-
ner et al. (1982), the sensitivity of the model to mod-
ification of physical processes is examined. Physical
processes that are modified include specification of or-
ography, snowcover, and soil moisture and parame-
terization of surface fluxes and convective-condensa-
tion mechanisms. Emphasis is placed on designing
modifications to the parameterization of processes
which are physically consistent with the model’s low
resolution. In an analogous experiment to that de-
scribed by Otto-Bliesner et al. (1982), a new 5-year
model integration has been performed with the mod-
ified parameterizations. By comparing the 5-year model
simulations with and without the changes in physical
parameterization, two purposes are served by this
paper:

1) A significant improvement in simulation of cli-
mate, particularly for the hydrologic cycle, is shown to
. be achieved without resorting to higher resolution. In

documenting this improved climate simulation, the

potential applicability of the model for use in investi-
gating a wider range of climate sensitivity problems for

which low resolution is appropriate is demonstrated. |

With the lower cost of conducting experiments, a re-
liable low resolution GCM can play a complimentary
and supportive role for higher resolution model studies.
(For example, comparative results can provide input
.into what climatic processes require the need for high
resolution studies.) o
2) An examination of the contribution of individual
parameterization changes to the overall improvement
in simulation provides insight into model sensitivity
to specification of orography, snowcover and processes
affecting the hydrologic response. In particular the re-
sults have a bearing on questions involving the impact
of (i) specifying terrain elevation and slope in a spectral
GCM and (ii) changes in soil moisture, snowcover and
convective processes in global and regional land-ocean
hydrologic response.
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After describing the basic model and modifications
to the physical parameterizations in sections 2 and 3,
comparative results for the model hydrologic cycle,
temperature, zonal wind, mass balance and sea level
pressure are shown in section 4 to verify the major
improvements and limitations in the simulation. The
impact of the specific-changes in snowcover, orography
and parameterization of physical processes on the sim-
ulated global land and ocean hydrologic response and
on the model response in the region of the Asian mon-
soon are assessed in section 5, with the implications of
the sensitivity results to the changes in orography,
snowcover and soil moisture given in section 6.

2. Basic model

. The formulation of the original model is detailed in
Otto-Bliesner et al. (1982). The model is based on the
spectral form of the primitive equations of motion to-
gether with a prognostic equation for water vapor. The
model has five equally spaced sigma levels in the ver-
tical and has a horizontal resolution triangularly trun-
cated at wavenumber 10. Orography is incorporated
spectrally into the model, whereas parameterized
physical processes are added to the model on a 11.6°
by 11.25° latitude-longitude transform grid. Physical
processes include radiation, convection, large-scale
condensation, and the surface fluxes of momentum,
latent energy and sensible heat. A surface heat budget
equation determines the surface temperature over land,
snow, glacial ice, and sea ice areas. Ocean surface tem-
perature, the distribution of sea ice and land snowcover,
and the albedo for snow and sea ice are prescribed but
vary seasonally. Over snow free land, the surface albedo
is specified as an annual average, and the ground wet-
ness, which is used to calculate evaporation over land,
is made a function of the land albedo. For the radiative
calculation, cloudiness, empirical longwave emissivities
and the absorption rates for solar radiation are specified
latitudinally and seasonally.

3. Modifications to the model

In an effort to improve the model’s climatology, the
specifications of topography, snowcover, and soil
moisture and the parameterizations of surface fluxes,
convective adjustment, and condensational processes
have been modified. The major changes along with
their physical basis are described below. The details of
the specification and parameterization changes can be
found in the Appendix. For easy reference the original
low resolution model is denoted LRMO and the mod-
ified low resolution model is denoted LRM 1.

a. Topography

In spectral GCMs, the optimum representation of
surface topography, compatible with the model reso-
lution, is still an open question. Unsmoothed model
topography produces the least deviation from the actual
mountain elevation which is important for proper rep-
resentation of the dynamical influences of the major
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FIG. 1. Orography, triangularly truncated at wavenumber 10, for LRMO and LRM1. Contour interval in positive elevation
areas (unshaded) is 1000 m and in negative elevation areas (shaded) is 200 m starting at —100 m.

mountain ranges on the large-scale flow. On the other
hand, an unsmoothed representation of topography
generates undesirable negative “ripples” which cause
spurious vertical motion (sinking on the windward
flank and rising on the leeward flank of the negative
ripple) near the high mountain ranges. Smoothed
model representations decrease the undesirable prob-
lems associated with topographic “ripples.” However,
the smoothing reduces the heights of the mountain
ranges and expands the horizontal extent of orographic
features. A compromise representation (an “envelope”
orography), constructed by adding an increment pro-
portional to the standard deviation of the subgrid scale
variation of the topography to the heights and then
smoothing, is not considered in this study but holds
promise for reproducing realistic terrain height without
the negative effects of ripples (Wallace et al., 1982).
The surface topography is unsmoothed in LRMO
and smoothed in LRM1 (Fig. 1). The smoothing
greatly diminishes undesirable topographic “ripples”
that occur near the high mountain ranges, e.g., the deep
“hole” exceeding —660 m south of the Himalayan
range in the LRMO topography. The unfortunate cost
of smoothing topographic “ripples” is the damping of
mountain elevation, e.g., the maximum Himalayan
elevation is reduced from 4079 m in the unsmoothed
LRMO orography to 2845 m in the smoothed LRM1
orography. ‘

b. Snowcover

Snowcover can be either prescribed or predicted in
atmospheric GCMs. In either case, the distribution of
snowcover potentially influences temperature gra-
dients, vertical wind shear and both local and down-
stream atmospheric circulations through its effects on
radiation and availability of moisture. In addition,
longitudinal asymmetries of snowcover can also affect
the locations of diabatic heat sources and sinks which,
in turn, affect the stationary wave patterns, storm
tracks, and monsoonal circulations (e.g., a discussion
of some of these potential effects of snowcover is given
by Shukla, 1982).

The modifications to snowcover in LRM1 compared
to LRMO include changes in the specification for the
equatorward limit of the seasonal snowline and a pa-
rameterization for snow on high land elevation. The
differences in snowcover prescriptions for LRMO and
LRM1 are readily seen from Fig. 2. The modifications
made to the snowcover specification generally pro-
duced a much better representation of the observed
snowcover as determined from satellite data (Weisnet
and Matson,. 1979; Dewey and Heim, 1981; Streeter,
personal communication, 1985). Although the func-
tional change for the equatorward limit of seasonal
snowcover is relatively small (see the Appendix), the
effect in terms of actual days of snowcover on the coarse
model grid is quite significant. For example, LRM1
retains snow over the entire winter season (DJF) in the
middle lafitude band (40°-52°N) where previously in
LRMO snow was present for only about 50 percent of
the winter season. In summer, LRM1 has about 2
months more snowcover along the northern fringes
of North America and Asia. The main effect of adding
snow to high land elevations is to extend Tibetan
snowcover to 30°N in winter and to place some snow
over the Tibetan plateau in summer.

¢. Soil moisture and ground wetness

The dependency of the evaporation rate over land
on soil moisture is specified by a ground wetness ratio
in most atmospheric GCMs. Soil moisture and ground
wetness can be either prescribed or predicted. By con-
trolling the evaporation rate, soil moisture affects pre-
cipitation and the surface heat balance. No simple re-
lationship can describe the feedback between soil
moisture, precipitation, and the atmospheric circula-
tion. The sensitivity is dependent on the season and
geographic location.

In both LRMO and LRM 1, ground wetness is spec-
ified to depend upon the bare land surface albedo (high
albedo, low wetness; low albedo, high wetness). The
ground wetness values over land in LRM1 are reduced
by a factor of 2 to 3 from those in LRMOQ. This change
in ground wetness is made to reduce the excessive
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FiG. 2. Number of days of snowcover during the 90 day JJA and DJF seasonal extremes in LRMO and LRM1.

evaporation rate over land relative to ocean that was
noted in LRMO.

d. Surface fluxes, convective adjustment, and conden-
sational processes

The vertical transfer of heat, moisture and momen-
tum between the surface and atmosphere and within
the atmosphere by subgrid scale processes not explicitly
resolvable in atmospheric GCMs is specified through
surface flux and condensation-convective adjustment
parameterizations. The proper design of these param-
eterizations is important since atmospheric heating and
its interaction with circulation and the moisture dis-
tribution are sensitive to these terms.

In both LRMO and LRM1, these processes are rep-
resented (parameterized) as a function of the resolved
large-scale values of temperature, moisture, and winds.
The modifications to these parameterizations entail
changing the coefficients within the formulations rather
than the formulations themselves and are designed to
improve the model atmosphere’s temperature and
moisture distribution.

4. Comparison of LRM1 and LRMO0 5-year seasonal
simulations

A 5-year seasonal experiment has been completed
using LRM1. The simulation is analogous to the 5-
year experiment performed by Otto-Bliesner et al.

Note Greenland and Antarctica are permanently ice covered.

(1982) using LRMO. In this section, the distributions

- of components of the hydrologic cycle, temperature,

zonal wind and sea level pressure for LRM1 are com-
pared to LRMO and observations.

a. Hydrologic cycle
1) EVAPORATION

The meridional distribution of annual mean rate of
evaporation over land and ocean is given for LRM1,
LRMO and observations in Fig. 3; the global average
values are in Table 1. Both the zonal and global average
results show the significant reduction in simulated land
evaporation for LRM 1. Even taking into consideration
the uncertainty of observed estimates, the reduced
evaporation rates for LRM|1 correspond far better with
observations than do those in LRMO. In particular the
excessive annual mean, global land evaporation rate
of 0.367 ¢cm day™! in LRMO is reduced to 0.133 cm
day™! in LRM1, which is in good agreement with the
estimates of Baumgartner and Reichel given in Table
1. Based on the estimates of Sellers, land evaporation
in LRM1 is high between 40°S and 40°N and low
poleward of 40°S and 40°N. The basic improvement
in simulated land evaporation is a direct consequence
of the decrease in ground wetness in the LRM 1 param-
eterization.

Over the oceans, both models simulate comparably
realistic distributions of evaporative rates with the larger
global value in LRM1 being very close to the observed
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Fic. 3. Annual mean LRMI (solid line), LRMO (dashed line) and
observed (squares after Sellers, 1965) zonal average evaporation rates
(cm day™") over land and ocean.

estimate (Table 1). The major discrepancies with ob-
servation are the high LRM1 estimates in the tropics
and the low estimates in both models in extratropical
latitudes. The principal mechanism for the larger global
LRM1 evaporation rate is the increase in ocean wetness
from 0.85 to 1.00.

2) PRECIPITATION

A comparison of the seasonal extremes (JJA and
DJF) of simulated and observed precipitation rates over
land and ocean are given for the global averages (Table
2) and zonal averages (Fig. 4). The following results
are indicated:
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(1) The excessive rainfall over land for the LRMO
experiment is greatly reduced in the LRM1 experiment
with the result that the global and zonal profile of av-
erage precipitation rates over land generally compare
more favorably with the observed rates during both
seasons. In terms of seasonal change, both models sim-
ulate the observed seasonal shift of the tropical rainfall
maximum. The largest differences between LRM1 and
observed land precipitation are the significant 1) un-
derestimate of the tropical rainfall maximum in both
seasons which is simulated better in LRMO and 2)
overestimate in DJF and underestimate in JJA of mid-
dle latitude rainfall in the Northern Hemisphere.

(i) The simulated ocean precipitation rates of both
models are in comparable agreement with observations.
Generally both models capture the intensity of the
tropical rainfall maximum reasonably well although a
more pronounced seasonal shift occurs for the model
maxima. Another discrepancy with observation is the
less pronounced structure of the subtropical dry belt
and middle latitude wet belt of the models.

The spatial distributions of precipitation rates, for
JJA and DJF, are shown in Fig. 5 for observations and
both model simulations. Generally, LRM1 precipita-
tion rates agree more favorably with observations than
the LRMO precipitation rates. The spatial distribution
in LRM1 has better zonal banding of precipitation in
the Intertropical Convergence Zone (ITCZ) and a better
representation of the Southern Hemisphere subtropical
drybelt. The excessive continental rainfall in LRMO
over North America, China, and Australia in DJF and
over North America, northeastern Europe, central
eastern Asia, South America, South Africa, and Aus-
tralia in JJA is substantially reduced and in far better
agreement with observation in the LRM1 experiment.
The observed continental wet aréas (South America
and South Africa in DJF and the monsoon region of
central Africa through southeast Asia and northern
South America in JJA) are also simulated by LRM1.
An unrealistic split of the Asian summer monsoon
rainfall into two areas in LRMO, one over China and
another over the tropical western Pacific and eastern
Indian Ocean does not occur in LRM1.

Several parameterization changes combined to pro-
duce a less noisy and improved precipitation clima-
tology in LRMI1. The decrease in ground wetness
greatly reduced the excessive land evaporation rates
and, in turn, precipitation rates produced by LRMO.

TABLE 1. Globally averaged annual mean model and observed precipitation (P), evaporation (E), and precipitation-minus-evaporation

(P — E) rates in cm day
and Reichel as presented in Manabe and Holloway (1975).

!, Global averages are computed for land (L) and ocean (O) areas. Observed results are taken from Baumgartner

LRM1 5-year experiment l

LRMO 5-year experiment Observed
P E P—E P E P—E P E P—-E
L 0.402 0.367 0.035 0.218 0.133 0.085 0.205 0.132 0.073
(o) 0.294 0.293 0.001 0.292 0.320 -0.028 0.292 0.322 —0.030
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FIG. 4. JJA and DJF LRM1 (solid line), LRMO (dashed line) and observed (squares are Méller and
triangles are Jaeger-data from Jaeger, 1976) zonal average precipitation rates (cm day™) over land and ocean.

The setting of the critical convective adjustment lapse
rate to 0.8 times the moist adiabatic lapse rate and the
changes in critical and condensation relative humidities
in the moist convective adjustment and condensation
mechanisms led to improved zonal banding of precip-
itation in the LRM1 experiment. The smoothing of
" the orography helped eliminate the unrealistic split of
monsoon rainfall over Asia in LRMO (see section 5 for
a more detailed discussion of the impact of specific
changes in parameterization on model response).

3) PRECIPITATION MINUS EVAPORATION

The zonal average distribution of annual mean pre-
cipitation minus evaporation (P — E) over land and

ocean are shown in Fig. 6; the global average results
are in Table 1. The P — E distribution for LRM1 is
improved over LRMO in several important respects:

(i) LRM1 simulates a larger global excess of precip-
itation over evaporation over land (runoff) and an ex-
cess of evaporation over precipitation over the oceans
that compare favorably with the observations.

(ii) The zonal distribution of P — E over land in
LRM1 is generally positive, indicating runoff at most
latitudes.

(iii) Over the oceans, LRM1 produces a better sim-
ulation of the subtropical source region for atmospheric
water vapor (negative P — E) than LRMO.

TABLE 2. Globally averaged model and observed precipitation rates (cm day™') for the seasonal extremes, December-February (DJF) and
June-August (JJA). Global averages are computed for land (L), ocean (O), and land plus ocean (L + O) areas. Observed results are taken

from Méller (M) and Jaeger (J) as presented in Jaeger (1976).

. Observed
LRMO 5-year LRM1 5-year
experiment experiment DIJF JIA
DIJF JJA DIJF JJA J M J M
L 0.381 0.414 0.216 0.203 0.200 —_ 0.250 Jp—
(o] 0.286 0.306 0.281 0.313 0.307 —_ 0.313 —
L+0O 0.316 0.348 0.261 0.279 0.273 0.232 0.293 0.235
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FIG. 5. Distributions of JJA and DJF average precipitation rates (cm day™*) for LRMO, LRM1 and the observed (Moller, 1951).
Areas with values in excess of 0.5 cm day™" are shaded.

The change in P — E response between the two ex-
periments indicates more realistic and enhanced land—
ocean hydrologic interaction for LRM1 compared to
LRMO. In particular, an increased water vapor trans-
port by the circulation from the atmospheric water va-
por source region over the.ocean (E — P > 0) to the
sink region over land (E — P < 0) occurs in LRM]1. In
contrast, precipitation over land in LRMO is derived
substantially from the high rate of local evaporation.
More discussion on the mechanism for the hydrologic
response of the model is presented in the next section.

Within the limitations of the data, the LRM1 zonal
distribution of P — E differs from the observed in sev-
eral important respects. While capturing the basic shape
of the observed profile, the simulated P — E for LRM
systematically underestimates the magnitude of ob-
served P — E south of 20°N over land. This discrepancy

for LRM1 is a combined result of underestimating
tropical land rainfall and overestimating evaporation
between 40°S and 40°N. Poleward of 20°N, LRM1 is
slightly worse than LRMO in overestimating P — E.
Most of the discrepancy with observation in higher lat-
itudes is the result of the simulation of too much winter
precipitation over the snow-covered land in the North-
ern Hemisphere. Over the oceans, although the profile
for P — E is adequately determined, LRM]1 fails to
simulate a positive P — E near the equator and strongly
overestimates, in a relative sense, P — E in extratropical
latitudes.

b. Temperature

A comparison of the simulated seasonal extremes of
temperature structure is presented for both models as
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differences of model and observed temperatures (Fig.
7). The systematic 5°-10°C cooler-than-observed
temperatures found in LRMO over a substantial portion
of the troposphere have been eliminated in LRM1. The
improvement is primarily attributable to the modifi-
cations in the convective adjustment and condensa-
tional parameterizations which permit greater convec-
tive heating of the middle troposphere in LRM 1. These
improvements in midtropospheric temperature struc-
ture produce more realistic static stabilities than those
diagnosed for LRMO (Otto-Bliesner, 1984). In the
model stratosphere (around 100 mb), large temperature
departures from observed still exist. This deficiency is
likely due to the model’s inadequate vertical resolution
and simplified radiation parameterization.

The modifications in convective adjustment also led
to increased upward conveyance of water vapor into
the troposphere. As a result, tropospheric mixing ratios
in LRM1 are greater, particularly in the tropics, and
are in better agreement with observations than for
LRMO (figure not shown).

The simulated land surface temperature in both
models generally agrees with observations (figures not
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shown). However, the balance of the surface energy
fluxes responsible for the temperature simulation are
quite different for the two models (Table 3). In LRMO,
the latent heat flux, as noted previously, is significantly
overestimated while the sensible heat flux is signifi-
cantly underestimated, resulting in a small Bowen ratio,
Since the error in sensible heat flux only partially com-
pensates for the error in latent heat flux, the sum of
the two terms, which is balanced by the net surface
radiation, is noticeably larger than observed. The excess
net surface radiation is in part a consequence of the
underestimation of snowcover in LRMO which led to
excess surface absorption of solar radiation.

The changes in surface flux parameterization gen-
erate significantly increased sensible heat and decreased
latent heat fluxes over land areas from those produced
in LRMO. While the LRM1 Bowen ratio is a bit high
due to a larger than observed simulation of sensible
heat flux, the estimated value is in better agreement
with observation than for LRMO. With the more re-
alistic snowcover, the net surface radiation in LRM1
is also closer to the observed (compare sums of sensible
and latent heat fluxes in Table 3).

¢. Zonal wind

The zonal mean westerlies at 300 mb in LRM1 (not
shown) are stronger than for LRMO by about 5 m s™*
in JJA and 2 m s™! in DJF for the latitude belt 30°~
60°N. By the thermal wind relationship, this result is
consistent with the greater tropospheric warming for
lower latitudes in comparison to higher latitudes in
LRM1 due to the moist convective adjustment im-
provements (Fig. 7). Although these changes improve
the simulation of zonal westerlies, the intensity is still
significantly underestimated in LRM1 at 300 mb. Part
of the problem is related to the fact that the model fails
to simulate a closed zonally averaged westerly jet in
the upper troposphere (winds are too strong at 100
mb) and correspondingly a reversal of the meridional
temperature gradient between the troposphere and
stratosphere (see also Otto-Bliesner et al., 1982).

LRMO, LRM1 and observed zonal wind distribu-
tions at 300 mb are presented in Fig. 8 for JJA and
DJF. While broad features of the seasonal change are
correct, the failure to determine important regional
details in the structure of zonal wind is a major sim-
ulation deficiency for both- LRMO and LRM1. Fur-
thermore, the simulation of zonal wind in LRM 1 shows
no basic improvement over LRMO. The most notable
deficiencies for both models are as follows:

(i) LRM1 fails to simulate the observed zonal jets
straddling the eastern coasts of North America and Asia
at 30°N in DJF. In contrast, while LRMO produces a
moderate Asian jet, it is too far north and west over
Asia. Furthermore, in LRMO a zonal wind minimum
is positioned off the east Asian coast at 30°N where
the observed westerly jet should be located.
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FIG. 7. JJA and DJF meridional cross sections of LRMO minus observed and LRM1 minus observed atmospheric zonal average temperature
(°C). Observed temperatures are taken from Newell et al. (1972). Uncontoured areas have absolute temperature departures less than 5°C.

(i) Both models do not adequately simulate the ob-
served tropical easterlies. In this respect LRMO simu-
lated a better overall structure of easterlies in compar-
ison to LRM1.

At present no explanation has been found for the
deficiency in simulation of the major westerly jets,
however, several points can be made.

(i) While the parameterization changes involving
surface fluxes and moist convective adjustment im-
proved the zonal structure of tropospheric temperature
and momentum, they did not affect the large-scale lon-
gitudinal structure (e.g., lack of the development of a
deep cold-core trough over Siberia in winter).

(ii) As shown in the next section, the changes in
orography and snowcover have a significant impact on
the model jet. These involve developing stronger west-
erlies in the region where the observed jets occur off
the Asian coast near 30°-35°N in DJF. The experi-
ments also indicate that the Asian jet in LRMO occurs
in conjunction with unrealistic latent heating over
eastern Asia forced by the unsmoothed orography. The
sensitivity to orographic change supports further efforts
to improve specification of orographic height in the
model without contamination by “ripples” (e.g., testing
some form of envelope orography specification as dis-
cussed by Wallace et al., 1982).

(iii) The major jets are simulated reasonably well

TABLE 3. Globally averaged annual mean model and observed surface sensible heat flux (Q), surface latent heat flux (LE) and Bowen
ratio (B = Q/LE) over land. Units for fluxes are in ¥ m~2 and observed results are from Sellers (1965).

LRMO 5-year experiment

LRM]1 5-year experiment Observed
0 LE B=Q/LE 0 LE B=Q/LE 0 LE B=QJ/LE
1.5 106.3 0.01 49.1 38.4 1.28 31.9 33.2 0.96
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FIG. 8. Distributions of JJA and DJF average 300 mb zonal wind (m s7!) for LRMO, LRM1 and the observed
(taken from Newell et al., 1972). Areas of easterlies are shaded.

with high resolution (horizontal and vertical) spectrai

- models using detailed calculations for radiative transfer

(Pitcher et al., 1983). The higher horizontal resolution
of the NCAR Community Climate Model (CCM) also
permitted more realistic incorporation of orographic
height for the Tibetan plateau than the low resolution
model. Preliminary experiments using a low resolution
version of the CCM indicate horizontal resolution may
be a contributing factor to the simulation failure for
the major jets (Otto-Bliesner and Williamson, 1983).

d. Global mass and sea level pressure

Unlike models formulated in the flux form which
assures mass conservation as an integral constraint,

neither LRMO or LRM1 incorporates such a formal
constraint. The form of the tendency equation for the
logarithm of surface pressure, Inp,, in both models
permits the existence of errors in the evaluation of the
vertical integral and area mean correlation of Inp, and

‘the divergence field. Nevertheless, LRM1 conserves
. mass to a high degree. The increase in the global mean

surface pressure averages 0. mb yr~' over the 5-
year LRM1 simulation, whereas it averaged 1 mb yr™!
for LRMO. An explanation for this improvement is

" not available, but the model formulation suggests it is

related to the vertical resolution (unchanged) in com-
bination with the improved temperature structure and
specification of orography in LRM1 compared to
LRMO. : _
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FIG. 9. Distributions of JJA and DJF average sea level pressure (mb) for Year 1 of LRMO and for the 5 years of LRM1.
The observed sea level pressures (taken from Schlesinger and Gates, 1980) are for January and July.

LRMO, LRM1 and the observed spatial distributions
of mean sea level pressure are presented for JJA and
DJF in Fig. 9.' Several key features in the simulated
sea level pressure distribution are improved in the
LRM1 experiment over the LRMO experiment.

' The results of LRMO are presented for only the first year of the
S-year experiment as the routine analysis of 5-year averages for mean
sea level pressure was not implemented in postprocessing until after
the LRMO experiment was completed. Due to the mass gain in the
LRMO experiment, the first year results for global average sea level
pressure are closer to the LRM1 5-year results than any of the sub-
sequent years.

(i) Excessive mean sea level pressures over the winter
polar regions simulated in LRMO have been reduced
substantially (by 20 mb) in LRM1.

(ii) Over land, LRM1 simulates the intensity of the
continental low over North America and Asia during
JJA more realistically than LRMO. Although still too
far north, the Asian high in DJF is better defined in
LRM1. In part this improvement is associated with the
elimination of the large negative topographic ripple
south of the Himalayan mountains. This spurious ter-
rain feature is responsible for the simulation of an un-
realistic low over southeast Asia in LRMO (see section
5 for more discussion).
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