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PREFACE

For the reader's convenience in examining the figures along with

the text, we have divided this technical note into Volume lo-Text and

Volume 2--Figures. The purpose of this technical note is to document

the capability of the National Center for Atmospheric Research (NCAR),

2.5° latitude-longitude, second-generation, 6-layer General Circulation

Model (GCM) to simulate a typical January or July. This version is a

modification of an NCAR model for which results of similar simulations

were published earlier. The new diagnostics are storm tracks for

both mountain and no-mountain experiments, soil moisture, snow cover,

and energy balance at the earth's surface and model top. To clarify

the cause of a deficiency in the temperature distribution, we include

results of additional experiments.

We appreciate the comments on this work by many NCAR scientists

and visitors; we benefited from suggestions by Wayman Baker, Robert

Chervin, Robert Dickinson, Akira Kasahara, Takashi Sasamori, Richard

Somerville, Harry van Loon, and David Williamson. We particularly

acknowledge T. Sasamori's computation of the radiation budget at the

top of the model atmosphere. R. Dickinson provided a more detailed

analysis of the globally and zonally averaged radiation budget at the

model top. We are grateful that R. Chervin uncovered an error in one

of the processing programs that affected the radiation comparisons;

he also computed the cloudiness charts. The NCAR Computing Facility

provided time on the Control Data Corporation 6600 and 7600 computers

and programming support. The illustrations were prepared by Roger

Landing, John Maly, Gerald Meehl, and Elizabeth Rosenberg.

Warren M. Washington

Bette Otto-Bliesner

Gloria Williamson

July 1977
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I. INTRODUCTION

This technical note documents the capability of the National

Center for Atmospheric Research (NCAR) 2.5° latitude-longitude,

second-generation, 6-layer General Circulation Model (GCM) to simu-

late the global climatology for January and July. Many aspects of

global climate, such as the zonal and geographical patterns of meteoro-

logical variables, are well-simulated in general circulation modeling.

We point out, in particular, Kasahara and Washington (1971), Gilchrist,

Corby, and Newson (1973), Kasahara, Sasamori, and Washington (1973),

Manabe, Hahn, and Holloway (1974), Manabe and Terpstra (1974),

Somerville et al. (1974), Gates (1974), GCM Steering Committee (1975),

Manabe and Holloway (1975), and Stone, Chow, and Quirk (1977). Most

of the simulations are for January, although a few are for July or

annual.

In previous experiments with the NCAR model, we assumed that the

earth's surface was saturated--an unrealistic treatment of surface

hydrology. The hydrological processes of soil moisture and snow

cover have since been included and we show their distribution for

January and July simulations. We compare model-generated zonal means,

horizontal eddy transports, and mean transports of momentum, sensible

heat, and moisture with the observed data. The geographical distri-

butions of sea-level pressure, 850 and 250 mb flow, precipitation,

cloudiness, storm tracks, snow cover, and soil moisture are also com-

pared with observed data. In earlier publications of simulations with

the NCAR model, we did not explicitly discuss the geographical distri-

bution of the various components of the energy balance. Here we com-

pare evaporation, sensible heat flux, and solar and net radiation at

the ground with the data of Budyko (1963), and at the model top we

compare planetary albedo and radiation components with the values com-

puted from satellite measurements.

From the comparisons between simulated and observed parameters,

we are able to draw conclusions about the successes and failures of

the present model in simulating the "typical" winter or summer
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climates and to indicate directions for improvement in model physics

and in the numerical treatment of dynamics.

II. MODEL DESCRIPTION

Following is an abbreviated description of the NCAR GCM; for a

more complete description, see Kasahara and Washington (1967, 1971),

Washington and Kasahara (1970), Washington (1974), and Washington and

Williamson (1977).

The model uses spherical polar coordinates of latitude and longi-

tude as horizontal coordinates and height as the vertical coordinate.

For results discussed here, a 2.5° latitude-longitude grid is used

except near the poles, where the longitudinal mesh size is coarsened

to maintain a more uniform geographical resolution poleward of 600°.

The continents and oceans are delineated in Fig. 2.1 by showing the

grid over only the continental and snow- and ice-covered areas. Note

the decreased number of points near the poles in the longitudinal

direction. Oliger et al. (1970) discusses the method of computation

near the poles.

The vertical resolution is 6 layers, each with a thickness of 3 km.

With the top extending to 18 km, the model is essentially tropospheric.

In Section III, we comment on the effects of the absence of the strato-

sphere in the model. The prognostic variables are longitudinal and

latitudinal components of momentum pu and pv, pressure p, and water

vapor content pq, where q is specific humidity, p is density, and u

and v are the east-west and north-south wind components, respectively.

The diagnostic variables are vertical velocity w, density p, and

temperature T. The principal dynamical assumption in the model is that

the atmosphere is hydrostatic.

The physical processes incorporated into the model are absorption

of incoming solar energy in the atmosphere, infrared radiational heat-

ing and cooling, heating due to the release of latent heat of water

vapor condensation in convective and nonconvective clouds, and boundary-

layer transports of sensible and latent heat and momentum. In most
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previous simulations with the NCAR GCM, the cumulus convection param-

eterization was convective adjustment (for example, Kasahara and

Washington, 1967, 1971; Washington and Kasahara, 1970). In this ver-

sion, we test a convective scheme developed by Kuo (1965) and

Krishnamurti and Moxim (1971) and adapted to the NCAR model by

Kanamitsu (1971). A description of this scheme can be found in

Washington and Williamson (1977) and is referred to as the Kuo-

Krishnamurti scheme in this technical note.

Fig. 2.2 is a schematic vertical cross section of the 6-layer

version with mountains, showing the placement of variables. Surface

pressure p and vertical velocity w are computed along the earth's

surface, and other pressure and vertical velocities are computed in

multiples of 3 km. The horizontal wind components, temperature,

density, specific humidity, and heating are represented by layer

averages and are computed at the intermediate point of the layer, i.e.,

1.5, 4.5, . . . up to 16.5 km. In the vicinity of mountains, the

first layer is displaced upward. The method for including orography

in this NCAR model version is the same as in Kasahara and Washington

(1971). The enlarged section (inset) near the ground shows the sur-

face or Prandtl layer, whose variables are denoted by subscript s,

and the Ekman layer above it. The model's Ekman layer does not allow

turning of the wind with height.

The horizontal distribution of orography is depicted in Fig. 2.3.

This 2.5° simulation includes only the large-scale features of

orography, such as the Rockies, Greenland, the Himalayas, and the

African highlands, the Andes, and Antarctica. As mentioned in Section

VI, these features play a dominant role in determining regional aspects

of climate.

The method of incorporating cloudiness is essentially the same

as in Kasahara and Washington (1971), where the cloudiness is linearly

related to relative humidity at 3 and 9 km. Because we have added a

surface hydrological cycle, the cloudiness parameters have to be

adjusted over continental regions.

Over oceans, we assume fixed sea surface temperatures, as in

Washington and Thiel (1970), whereas over continental surfaces we
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compute the surface temperature from a surface energy balance equation

including diurnal variations. This surface energy balance takes into

account solar and infrared radiation, sensible heat flux into both

the atmosphere and subsurface layers, and evaporation. To distinguish

properly between desert and wet regions, we use a parameterization of

ground hydrology. By adding these processes, we remove an important

deficiency of previous versions of the NCAR GCM--land surfaces were

assumed to be saturated so that evaporation was not dependent on soil

moisture. In earlier versions, a Bowen ratio of unity was assumed

and the snow and ice line was geographically fixed. These restrictions

were removed from GCMs by Manabe (1969a,b) and Bryan (1969), later by

Holloway and Manabe (1971) from the Geophysical Fluid Dynamics Labora-

tory (GFDL) model, and in 1971-1972 from some NCAR models. The basis

for the soil moisture formulation comes from Budyko (1956); more

details can be found in Washington and Williamson (.1977). Because

the snow depth is variable, we allow a modification of surface albedo

based on snow depth. This feedback mechanism is important to the

surface heat balance equation and is parameterized as follows. Over

snow, the surface albedo Ab change is

Ab = 0.2 + 0.4S , (1)

where S is the liquid equivalent snow depth. There is also the

restriction that A cannot exceed 0.6. This value is obtained by

assuming that a 1 cm liquid equivalent is roughly equal to a 10 cm

snow depth. The surface albedos over areas not covered by snow are

from Posey and Clapp (1964).

The initial conditions for the experiments are a cold, isothermal

atmosphere of 240K at rest, a sea-level pressure of 1013.25 mb, initial

specific humidity of zero, and the sun's declination set at mid-January

or mid-July and held fixed for 120 days.

Following are the model changes in the numerical treatment and

parameterization of physical processes:

1. To prevent the change of global mean sea-level pressure in

the second-generation model that was caused by numerical approximations
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near the poles and in the vicinity of mountains, we compute the

global mean difference from 1013.25 mb each time step and subtract

the difference from the next time step. The pressures above the sur-

face are recomputed hydrostatically from the temperature distribution.

The global mean is defined as

7T /2 27TJJ | P cos dXd4
= o /(2)
SL T/2 r 27T

Jf j cos dXdb
-77/2 0

where PSL is sea-level pressure, C is latitude, and X is longitude.

2. The empirical relative humidity factor @ in the atmospheric

hydrological cycle has been changed from 95 to 80 percent. This

factor allows precipitation in unsaturated conditions and was lowered

because, in earlier experiments with the new surface hydrology and

cumulus convection parameterization, the rainfall rates over the con-

tinental regions in the tropics were too small.

3. The proportionality constant k , used to define the hori-
o

zontal kinematic eddy viscosity [see Oliger et al., 1970, p. 10,

Eqs. (2.3-5)], has been increased from 0.40 to 0.45. This change was

needed because the smaller value previously used allowed formation of

small-scale tropical disturbances which led to numerical instabilities.

As discussed in Washington and Williamson (1977), k controls compu-
0

tational stability in the second-generation NCAR GCM.

4. For an unstable lapse rate near the earth's surface, the

vertical eddy viscosity KT has been increased by modifying A 2 from

106 to 107 cm2 s 1 IOliger et al., 1970, p. 15, Eqs. (2.5-9); or

Washington and Williamson, 1977, Eq. (3.83)]. In its interaction

with the new surface hydrology, this change lowers the surface

temperatures to more realistic values over continental tropical

regions by increasing the vertical sensible heat flux.

5. The new Kuo-Krishnamurti scheme changes the tropical tempera-

tures, but it does not directly affect the vertical transfer of

momentum. To remedy this, vertical eddy viscosity for momentum KM
MV
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in regions of active precipitation has been increased from its normal

value of 10 3 to 107 cm2 s- 1. This modification lasts only a few time

steps, since saturation in the model is discontinuous. Stone, Quirk,

and Somerville (1974) made a similar adjustment in the Goddard

Institute for Space Studies (GISS) GCM.

6. With the new surface hydrology (Washington and Williamson,

1977), cloudiness over the tropical continental areas is much less

than observed because, as above, in the previous formulation of

surface evaporation the ground is assumed saturated and excessive

evaporation occurs over continental regions. In the new formulation,

the evaporation becomes less over continental regions and the relative

humidity lower, resulting in less cloudiness. To correct this

deficiency, we incorporate convective cloudiness. The calculated

cloudiness described in Kasahara and Washington (1971, p. 661,

Section 3) has been increased by 0.3 over continental areas if the

boundary layer is convectively unstable, i.e.,

az-CG (3)

where 0 is potential temperature and YCG is the countergradient lapse

rate near the ground [Oliger et al., 1970, p. 15, Eqs. (2.5-9)]. We also

require that the motion be upward at the n level (usually 3 km). The

cloudiness parameterization is otherwise unchanged.

7. Cloudiness immediately above 3 km creates a cooling at 4.5 km

and a warming at 1.5 km, resulting in a more unstable lapse rate than

observed between these two layers (Fig. 14 of Kasahara and Washington,

1971, p. 673). The rate of heating or cooling owing to infrared radi-

ation QA (Oliger et al., 1970, p. 14) is averaged for 1.5 and 4.5 km

values, with the effect of smoothing the QE profile in the vertical
AE

as if there were a random distribution of cloudiness in the layers

from the ground to 6 km.

8. Solar flux FSA arriving at the earth's surface has been

modified to allow for diffuse radiation.l The new formulation is

1Suggested by S. Schneider (personal communication).
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FSAS = (1 C- C)( - Ch) + 5*Ch) [ Socos- (F ]-(F
s,7 s,1

(4)

where S is the solar constant, , is the zenith angle, C and Ch are

cloudiness at 3 and 9 km, respectively, and (F ) and (Fare
ASs,l ASs,7

the absorbed solar flux at the earth's surface and model top, respec-

tively. The second term in the first set of brackets is the diffuse

solar radiation factor which is added to the old formulation in

Oliger et al. [1970, p. 83, Eq. (7.10-11)]. Since Ch < CR and Ce is
h k )I

less than unity, we have an increase in FS over the amount given by
SAS

the old formula. For example, if C = 0.5, then the F increase
*~R~ ~ SAS

due to diffuse solar flux would be 50 percent.

As mentioned in the preface, the model develops a deficiency

which is explored in detail in subsequent sections. The tropics

become much too warm, particularly in the upper troposphere, because

of excessive latent heat. To reduce the amount of latent heat, an

additional 5° horizontal resolution experiment has been performed

with the cumulus parameterization scheme modified as follows:

(a) The drag coefficient for water vapor C has been
DW

changed from 0.7 to 0.3, resulting in a reduction in rainfall,

mostly in the tropics, and release of latent heat.

(b) In (4) above, the vertical eddy viscosity was 107 in

regions of active convection; this change was eliminated in the

modified experiment.

(c) The Kuo-Krishnamurti scheme assumes that the heating

rate is proportional to the temperature difference between the

moist adiabat and the model temperature. The use of the

moist adiabat probably makes more sense on the cloud or cloud

cluster scale but not on the GCM grid scale, which in the

tropics is approximately 250 km for the 2.5° version and 500 km

for the 5° version. In retrospect, it is probably not appropri-

ate to have cumulus heating over the entire grid volume for a GCM,

so we attempt to area-weight the cumulus heating more than what

is already built into the scheme. We make several assumptions:
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(1) The area occupied by cumulus heating, a, could not exceed

1 percent, which is in line with the early studies of Riehl

and Malkus (1958) and later satellite studies. (2) Instead

of a saturated grid volume, which is quite unrealistic, we

assume a moisture content of 1/10 saturated. (3) The temp-

erature difference between the moist adiabat and model temp-

erature is reduced by one-half before being used in the

cumulus heating term. These changes substantially reduce

cumulus heating in the model.

III. ZONAL MEANS

The zonal and time averages of variable A are defined as

=1 Ad,2 71

[A] = 7 AdX ,
0.

1 r 2
A ---- I Adt ·

t 2 - t J
1l

where X is longitude and t1

density-weighted zonal mean

and t2 are two

is defined as

different times. The

[pA]A = I

and the deviation of A from A as

A"and the deviation of A from A
A" = A - A

where

[pA"] = 0.

The time-averaged kinetic energy per

[] + [] = [] 2 + 2) +[Kz] + [¥K E - 2 2

unit volume becomes

[pu" 2 + pv"2 ] ,

where [K ] and [K ] are the zonal and eddy components of the kinetic

energy.

(5)

(6)

(7)

(8)

(9)
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Some sources of observed data, such as Oort and Rasmusson (1970,

1971), compute transport and energy quantities on pressure surfaces

so that density weighting is not explicitly included. Therefore, we

have for variable A

A = [A] + A* ,

where the asterisk denotes the deviation of A from [A].

In this system, kinetic energy becomes

[K] + [K*] = []2 + [ ) + [ *] + [ ](11)
2 2

The density weighting does not make much difference in, say, [u] or

U.

The zonal means of temperature, wind, and kinetic energy are

depicted as functions of latitude and height. Fig. 3.la shows the

observed and simulated January and July temperature distributions;

the three-month averages from Newell et al. (1972) are the observed,

and the simulation is the 30-day monthly mean from Day 91 to Day 120.

The simulated tropospheric temperatures for January and July are

warmer than observed, especially in the upper tropical troposphere.

The southern hemisphere polar stratosphere is about 100 to 200C too

warm in the July simulation and 10°C too cold in the January simula-

tion. This excessive warmth could be adjusted by changing parameters

in the Kuo-Krishnamurti scheme. As mentioned, a modified experiment

with reduced cumulus heating was carried out (Fig. 3.1b). The

tropical temperatures in the upper troposphere are 20° colder and

closer to observations, but the polar temperatures are also colder

than observed by 5° to 20°. From the vertical temperature gradients,

we can see that the lapse rate in the modified experiment is larger

than the previous experiment and closer to that obtained with con-

vective adjustment by Kasahara and Washington (1971).

Fig. 3.2a shows the simulated zonal wind component [u] observed

from Newell et al. (1972). In the January simulation, the jet stream

in the northern hemisphere is located at the correct latitude, but it

does not close off, as does the observed. Kasahara et al. (1973) found

that adding six layers in the stratosphere solves this problem because

the horizontal temperature gradient reverses in the lower stratosphere
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causing a closed-off jet. This can best be seen by applying the

thermal wind equation which gives an approximate relationship between

the horizontal temperature gradient and the vertical wind shear. The

southern hemisphere jet is also too high in altitude compared to the

observed.

Although the model does not reproduce the zonally averaged

tropical easterlies in the mid-troposphere in January, they can be

simulated by increasing the vertical eddy viscosity in the tropics in

order to transport more easterly momentum from the lowest layer

(Stone et al., 1974; Somerville, 1975). Another possibility we have

not explored in this paper is to use a smaller horizontal eddy vis-

cosity. In the July simulation, the shift of the westerlies in the

northern hemisphere appears too far north, but the tendency for the

reduction of intensity of the zonal wind seems to be simulated.

Easterlies are also generated in the tropics and north of the equator

in agreement with observations, although the strength of the easter-

lies is less than the observed. In the southern hemisphere, a stronger

jet stream in July than in January is simulated, but its maximum is

again too high. The model produces a region of weak easterlies at

the ground near 60°S that is not observed.

The January zonal wind for the modified experiment (Fig. 3.2b)

shows that most of the change is in the upper troposphere. The winds

have a double maximum in the northern hemisphere and are weaker.

Fig. 3.3a compares the zonally averaged meridional wind [v] with

values observed by Oort and Rasmusson (1971) for the northern hemi-

sphere and by Newell et al. (1972) for the southern hemisphere. No

attempt has been made to match the two observed at 10°S, and thus a

small discontinuity in the figure exists at 10°S. [v] is small except

near the equator. In January, the Hadley circulation is prominent

having southward flow in the lower troposphere and northward flow in

the upper troposphere. The simulated maxima in the lower troposphere

are close to the observed, and in the upper troposphere they are

weaker than the observed. The pattern of Hadley circulation reverses
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in July and the southward [v] has a maximum of about 2 m s- 1 at 12 to

15 km, in agreement with observation. The midlatitude Ferrel cell is

not evident in the January experiment. The [v] distribution for the

modified experiment shows clearer evidence of the Ferrel cell in Fig.

3.3b, but the return flow to the northern hemisphere for the Hadley

circulation appears at too low an altitude. The southward flow has

improved over the other January simulation.

The Hadley circulation can also be seen in the vertical motion

fields in Fig. 3.4a where the observed values are from Oort and

Rasmusson (1970). In January, the computed upward motion has a maxi-

mum velocity of 4 mm s- l at about 10°S which agrees with the observed

values, but the computed width of the upward zone is larger than

observed. The downward motion of the simulated Hadley circulation has

a maximum velocity of about -2 mm s- 1, a great deal less than the

observed -6 mm s- 1. In July, the Hadley circulation switches

drastically so that the upward branch is north of the equator at

approximately 5°N in both the observed and computed distributions.

The maximum vertical velocity in the simulation is 6 mm s- 1 compared

to the observed value of 4 mm s- 1. In general, the simulated Hadley

circulation, as seen in the [v] and [w] components of the wind, agrees

with the observed values in strength and position. The midlatitude

Ferrel cell is not apparent in the [w] and [v] fields.

In the modified experiment (Fig. 3.4b), the Hadley circulation

appears too strong and at too low an altitude which is consistent

with the [v] distribution. The Ferrel cell is more clearly seen.

Figs. 3.5a and 3.6a show zonal kinetic energy [K] and eddy

kinetic energy [K*]. The [K] and [K*] fields here do not have the

density factor and thus are different from those in earlier NCAR

publications. Observed data for the northern hemisphere are from

Oort and Rasmusson (1971); a similar analysis for the southern hemi-

sphere is not available. The [K] profiles are quite similar to [u]

since it is the major component. The magnitudes of July [K]

in the model are somewhat smaller in the northern hemisphere than

those observed. This differs from the earlier results of Wellck

et al. (1971) because lapse rates in the tropics are more stable
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in this version, resulting in more north-south temperature gradient

and more vertical shear of [u].

The [K*] values are smaller by a factor of 2 than the observed

values in the mid-troposphere of the northern hemisphere--the same

discrepancy as found in our earlier work with models having convective

adjustment. As discussed by Manabe et al. (1970), Wellck et al.

(1971), and Tenenbaum (1976), current general circulation models

tend to underestimate [K*]. In Wellck et al., [K*] increases

in the models as the resolution is increased, but the 2.50 model still

has insufficient amounts. The reasons for this are not entirely

evident, but we strongly suspect that the dissipation rate in the

second-generation, 2.5° NCAR model is too large. In the third-

generation NCAR model, a different form of horizontal dissipation is

used that reduces the horizontal diffusion on medium and larger scales

(Washington and Williamson, 1977; Williamson, 1977). Again because

of the upper boundary condition, no closed-off maximum exists in the

vicinity of the jet stream but rather occurs at the upper boundary of

the model.

The results of the modified experiment are shown in Fig. 3.5b

for [K] and 3.6b for [K*]. Since the jet stream is weaker in the

modified experiment, the maxima of [K] in both hemispheres are greatly

reduced. This is an improvement over the original experiments, as

seen in Fig. 3.5. The [K*] distribution is closed off in the mid-

latitudes but is centered at too low an altitude. The strength of

the eddies is still too weak, but this is a 5° model. Comparisons

between 5° and 2.5° models are given in the next section.

IV. EDDY TRANSPORTS, ENERGY, AND HOVMOLLER DIAGRAMS

The latitude-height distribution of zonally averaged eddy angular

momentum flux [u*v*] is given in Fig. 4.la. The observed data for the

northern hemisphere are from Oort and Rasmusson (1971) and those for

the southern hemisphere are from Newell et al. (1972). Although a

discontinuity at 10°S results from the two independent sources of
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observed data, no attempt is made to reconcile this difference. In

the northern and southern hemispheres, the January simulated eddy

angular momentum flux is smaller than that observed and does not

change sign at approximately 55°N as does the observed. The distri-

butions in the tropics (20°N-20°S) are closer to the observed values.

The computed maxima in the midlatitudes are displaced from the

observed near the upper boundary of the model. Otto-Bliesner (1976)

found that the simulated transient eddy transport is too weak in this

version of the GCM.

In the modified experiment shown in Fig. 4.lb, the [u*v*] trans-

port has changed substantially. It is closer to observed in location

but the values are smaller. As shown later, the smaller values are

mostly due to low resolution (see discussion later in this section

on Hovmoller diagrams).

Zonally averaged distributions of meridional eddy heat transport

[T*v*] are shown in Fig. 4.2a for January and July. The model computes

approximately the same northward transport of [T*v*] as the observed

of Newell et al. (1969). The January simulated northern hemisphere

maximum is too low in the troposphere. The computed distribution for

January suggests that the model's baroclinic disturbances are too

shallow. Also, the transport is accomplished by standing waves to a

disproportionate degree in the model (Otto-Bliesner, 1976). The com-

puted southern hemisphere transport differs markedly from observed in

the upper troposphere. Because the Kuo-Krishnamurti cumulus con-

vection scheme is used instead of moist convective adjustment, the

north-south temperature gradient is larger in this model version than

in our previous studies.

The distributions of eddy specific humidity transport [q*v*] are

given in Fig. 4.3a,b with the observed from Oort and Rasmusson (1971).

The problem of weak eddy transport appears in the northern hemisphere

transport of moisture.

W. Baker, E. Kung, and R. Somerville have provided some tenta-

tive results of their analysis of the energetics of the NCAR model,

but because their study is incomplete and will be published later

(Baker, Kung, and Somerville, 1977), we show only portions here.
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Following the standard nomenclature for the hemispheric energy cycle,

PM is zonal available potential energy, PE is eddy available potential

energy, KM is zonal kinetic energy, and KE is eddy kinetic energy.

These quantities include a vertical mass integration and horizontal

area integration over the northern hemisphere (see Baker et al., 1977,

for details) and are not to be confused with other forms of energy

defined earlier.

Fig. 4.4a and b displays results from the observations of

Peixoto and Oort (1974) and several versions of the NCAR model. The

Peixoto and Oort reference is for the northern hemisphere and uses a

sample of five Januaries. In the figure, we have shown the standard

four boxes and the directions of the conversions between the boxes.

The conversion numbers are not given because they are quite variable

and only a few days have been analyzed for some of the experiments.

In KE, we see that the 2.5° convective adjustment version has the

largest value--5.7, but it is still half of the observed. The 2.5°

and 5° Kuo convection versions yield, respectively, 3.1 and 1.3. The

improved resolution increases the KE by almost 2.5 times in the Kuo

scheme and by 1.4 times in the convective adjustment versions.

PE is also too small in all versions, suggesting that the baroclinic

process is deficient, particularly in the 5° Kuo convective scheme

version. The others are quite close to each other. The KM of the

5 Kuo scheme agrees best with observations. This is probably

fortuitous, however, since the jet structure is obviously unrealistic,

especially near the upper boundary of the model. KM of the convective

adjustment versions is too large by almost a factor of 2 due to a too

strong jet stream. PM is reasonably close to observations in all

versions except the modified Kuo convective scheme experiment. The

directions of conversions are correct in the modified Kuo convective

and convective adjustment experiments, but in the 5° and 2.5° unmodi-

fied Kuo convective experiments the C(PM,KM) conversion is reversed

because the Hadley circulation is different. This conversion is

related to the [w]. Referring to the vertical velocity in Fig. 3.4a,b,

we see that the largest contribution to the northern hemisphere
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C(PM,KM) for the January simulations is the downward motion in the

Hadley cell. In the convective adjustment models CKasahara and

Washington, 1971) and the modified experiment (Fig. 3.4b), [w] is

negative and large, whereas for the Kuo scheme experiment it is

weaker and there is more upward motion near the equator. In addition,

there appears to be a weaker Ferrel cell. The weakness of the Ferrel

cell has already been shown in our discussion of [v] and [w] distribu-

tions.

Fig. 4.5 (Hovmoller diagrams) shows the 6 km pressure at 55°N

of waves 5-7 (synoptic-scale waves) for four versions of the GCM.

The 5° convective adjustment version has fast-moving waves with rela-

tively large amplitude; in fact, in comparison with observations they

move too rapidly. In the 5° Kuo convective version, waves are too

weak and show little eastward movement. At 2.5°, the two versions

look more alike, reinforcing our earlier conclusion that regardless

of the parameterization used, the eddy strength improves with

increased resolution. Otto-Bliesner (1976) discusses more fully

Hovmoller comparisons with observations and different model versions.

V. MEAN TRANSPORTS

The momentum transport by the mean circulation [u][v] is partly

compensated by eddy angular momentum transport. In Fig. 5.1, the com-

puted January transport in the subtropics from 0°-20°N in the upper

troposphere is somewhat compensated for by southward transport of eddy

momentum transport. Because of the lack of high data density in the

tropics, the accuracy of observed values of [v] and [u][v] by Newell

et al. (1972) may be questionable. The amounts in the subtropics in the

upper troposphere agree approximately with the observed except that

they appear too large in the model. In the southern hemisphere, the

July simulation agrees with the transports observed in the subtropics

but not in the midlatitudes.

Fig. 5.2 shows the simulated meridional heat transport by the

mean circulation. Observations of [T][v] are not shown. The
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Hadley circulation, reversed from January to July, causes northward

transport in the upper troposphere and southward transport in the

lower troposphere in January; the opposite is true in July. In magni-

tude, the mean sensible heat transport by the Hadley circulation is

much larger than eddy transport in the tropics.

The transport of moisture by the mean circulation is shown in

Fig. 5.3, together with the observed transports from Newell et al.

(1972). Again, the dominance of the Hadley circulation mean trans-

ports in January and July relative to the eddy transports is apparent.

As with the observed, transport by the model mean circulation outside

the tropics tends to be quite small.

VI. GEOGRAPHICAL MEANS

An evaluation of the climatic simulation capability of models

must include a description of the geographical mean distributions of

important meteorological variables. In this section, a comparison is

made of the simulated and observed January and July distributions of

sea-level pressure, 1.5 and 13.5 km wind vectors, precipitation,

cloudiness, snow cover, storm tracks, and soil moisture.

A. SEA-LEVEL PRESSURE DISTRIBUTIONS

The computed and observed geographical distributions of sea-level

pressure for January and July are given in Fig. 6.1. The observed

distributions represent long-term mean values, as compiled by Crutcher

and Meserve (1970) for the northern hemisphere and Taljaard et al.

(1969) for the southern hemisphere.

The sea-level pressure in the model is computed by setting the

hypothetical air temperature in the mountains equal to the mean temp-

erature in the layer above the mountains. This causes the sea-level

pressure to be too high in mountainous regions in the winter and too

low in the summer compared to normal. Where model orography is higher

than 2.5 km, sea-level pressure in the figures is not shown.
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A comparison of the observed and computed distributions of sea-

level pressure in January shows that the model only approximately

positions the Icelandic and Aleutian lows. The Icelandic low is 5 mb

too deep, a deficiency also noted in the 5° model (Kasahara and

Washington, 1971). The intensity of the Aleutian low, on the other

hand, is underestimated by the model, but this feature is improved

compared to that given in Kasahara and Washington (1971). A detailed

comparison of the sea-level pressure distribution for the Asian and

African monsoon is given in Washington and Daggupaty (1975) and

Washington (1976). In the southern hemisphere, the model fails to

produce the subpolar belt of low pressure, although low pressure

systems (Section H) are apparent at these latitudes. This may be

related to poor numerical orographic handling of Antractica in that

the excessive high pressure near Antarctica fills in the low pressure

belt at 60°S.

The January sea-level pressure in the model tends to be higher

over continents than oceans in the northern hemisphere--in agreement

with observed climatology. However, these highs extend too far east

of the coast of each continent. The computed Siberian high is stronger

than observed and extends eastward of its climatological position. The

sea-level pressure over Canada is also higher than normal.

The subtropical highs in both hemispheres, as seen in the

pressure field, are poorly simulated in January and July, but

they are prominent in the 1.5 km wind field (Section B). The pressure

pattern at these latitudes is too zonal. In the southern hemisphere,

the anticyclones are located about 10° south of their observed positions

and appear as ridges extending from the polar region, again probably

related to the numerical orographic treatment of Antarctica.

A comparison between the observed and computed distributions of

July sea-level pressure reveals the disappearance of the Aleutian low

in both, whereas the weak Icelandic low apparent in observed data is

not reproduced by the model. The July simulation exhibits higher-

than-observed pressure in the polar regions.
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B. 1.5 KM FLOW

The wind vectors at 1.5 km in the model and the observed stream-

lines for a comparable level (850 mb), as compiled by Heastie and

Stephenson (1960), are shown in Fig. 6.2.

Several features should be noted in the January distributions.

Convergence zones associated with the Intertropical Convergence

Zone (ITCZ) are well-simulated over the southern Indian Ocean and

South America. The ITCZ is located north of its observed position

over the Atlantic Ocean. The computed easterly flow over the tropical

Atlantic and Pacific Oceans is comparable to the observed flow.

At northern midlatitudes in January, the model successfully

reproduces the westerlies. The northward flow off Asia and over the

Indian Ocean is also correctly simulated.

Anticyclonic flow over the subtropical northern Atlantic and

eastern Pacific Oceans is apparent in the January simulation. The

flow associated with the southern hemisphere subtropical highs is

evident in this simulation. A detailed comparison over the Asian and

African winter monsoon region can be found in Washington (1976).

The July simulation reproduces the observed ITCZ and its north-

ward shift from its January position. The cross-equatorial flow

associated with the southwest monsoon is also displayed. More details

of the simulation of the southwest monsoon can be found in Washington

and Daggupaty (1975). At midlatitudes, the flow around the oceanic

highs is reproduced in the northern hemisphere but it is not well-defined

in the southern hemisphere. The simulated flow south of 200-30°S is

quite different from the observed, especially the stationary high pres-

sure cell west of South America and the flow in the South Pacific.

C. 13.5 KM FLOW

The January and July wind vectors for the flow at 13.5 km in the

model and comparable level (200 mb) observed streamlines, as given by

Heastie and Stephenson (1960), are displayed in Fig. 6.3. The observed

are in general qualitative agreement with another observed set by

Sadler (1975).
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A comparison between computed and observed January flow reveals

strong westerlies at midlatitudes in both. The anticyclonic areas

just south of the equator over South America, Africa, and western

Pacific and the cross-equatorial flow over the Indian Ocean are also

simulated by the model. We find agreement in the trough over the

eastern tropical Pacific and tropical Atlantic. Because the observed

reference extends only to 40°N and S, a polar comparison is not made;

however, it can be inferred from the sea-level pressure field in

Fig. 6.1.

In July, the model develops easterly flow over India, northern

Africa, and the Indian Ocean in agreement with observed data, and the

northward shift of the anticyclonic flow is simulated. The locations

of mid-Atlantic and mid-Pacific troughs and the western United States

ridge are close to observed.

D. PRECIPITATION

The geographical distributions of precipitation for the model and

observed data (Moller, 1951) are given in Fig. 6.4. The model over-

estimates the precipitation rate, especially in the tropics. This

same deficiency was also noted in the 5° NCAR model (Kasahara and

Washington, 1971).

The major wet and dry areas are well-simulated in the January

case. Dry areas are reproduced over the Sahara Desert, Arabian

Peninsula, southwestern United States, interior Asia, and the polar

regions, and off the west coasts of South America, Africa, and

Australia. The wet areas in the northern Atlantic and Pacific oceans

coincide with major storm tracks and in the tropics with the ITCZ.

Precipitation tends to be less over continents than over oceans in the

northern hemisphere, in agreement with the observed. The computed

precipitation pattern over China and the western Pacific disagrees

greatly with observed. The model fails to produce a rainfall maximum

over the southern tip of South America and a dry zone over Mexico.

In July, the northward shift of the precipitation pattern is suc-

cessfully simulated. The dry zones agree with those observed over the



20

Sahara Desert, the Arabian Peninsula, southern Africa, and the adjacent

Atlantic Ocean, the eastern Pacific, and Australia. The dry zone over

southwestern United States is westward of its normal position.

In agreement with the observed data, precipitation is larger over

North America and eastern Asia in July compared to January. Wet zones

are associated with the ITCZ. As in the January case, the precipita-

tion over the tip of South America is not reproduced in the July case.

A detailed comparison of summer and winter monsoon precipitation is

given in Washington and Daggupaty (1975) and Washington (1976).

E. CLOUDINESS

The geographical distributions of model-computed cloudiness at

3 km and observed total cloudiness are given in Fig. 6.5. The observed

data are from the time mean brightness diagrams of Zangvil (1975) and

thus are not representative of cloud cover over large desert areas

where brightness is a function of surface albedo. This is particularly

true over the deserts of northern Africa and the Arabian Peninsula.

A comparison between the observed and computed January distribu-

tions reveals that the model correctly simulates the tendency for

more cloudiness over oceans than over land for northern hemisphere

midlatitudes. The increased cloudiness in January over the

Mediterranean is also successfully reproduced. In the southern hemi-

sphere midlatitudes, the cloudiness exhibits a zonal pattern in agree-

ment with observed data (Vernekar, 1975).

Computed January cloudiness associated with the ITCZ over the

Indian Ocean agrees with observed cloudiness. Although there is a

tendency for increased ITCZ cloudiness over South America and Africa

in the model, these areas are still underestimated, and the change

suggested in Section II of increasing cumulus cloudiness if the

boundary layer is unstable is still not satisfactory.

In July, the ITCZ cloudiness shifts northward in both computed

and observed distributions. The cloudiness associated with the

southwest monsoon is apparent in the model over southeast Asia, but

it is absent over India.
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The minimum cloudiness over the Sahara and Arabian Peninsula

desert areas is exhibited in both January and July simulations. Some

agreement also exists between the computed and observed cloudiness

minima over the Atlantic and eastern Pacific oceans just south of the

equator.

In both months, there are cloudiness maxima at 50°-70°S in simu-

lation consistent with observation (Sasamori et al., 1972).

F. SNOW COVER

The observed probability of snow cover in the northern hemisphere,

as compiled by Dickson and Posey (1967), and the model-computed snow

limits are given in Fig. 6.6. The model results show permanent limits

that, strictly speaking, are not fixed throughout the model integra-

tion. The model initially starts with 100 cm of liquid equivalent

snow cover over the areas known to have snow cover usually lasting

throughout the summer (in Fig. 6.6 referred to as permanent). We

assume that the ratio of liquid equivalent to snow depth is 1 to 10.

The seasonal line is where snow appears at the end of the experiment.

The computed January seasonal limits compare well to the

31 January, 50 percent snow cover probability over North America,

Europe, and Asia.

In the July simulation, the seasonal and permanent snow limits

are similar, located approximately north of 70°N. This pattern is

close to the observed and just slightly north of the 50 percent

snow cover probability for 31 May.

The model exhibits less variability in the snow limits for the

southern hemisphere. The January and July permanent limits and the

January seasonal limits are identical. The reason for the small

variability is that the sea-ice limits were not changed from January

to July. In July, the model simulates some snowfall at the southern

tip of South America.
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G. SOIL MOISTURE

The model-computed distributions of soil moisture for January and

July in Fig. 6.7 are directly correlated to precipitation in the

model. Little soil moisture is seen over the desert areas of northern

Africa, the Arabian Peninsula, and western Australia. The east coast

of Australia, though, is too dry.

Areas of substantial soil moisture in the tropics are related to

the seasonal positions of the ITCZ, particularly over central Africa

and South America, and in July the southwest monsoon. Concurring with

the precipitation distribution, the July model fails to extend the

monsoon moisture into India and thus the soil moisture is too low.

The increased soil moisture over the northern polar regions in July

and the southern polar regions in January is due to snowmelt. In the

January experiment, the soil moisture was zero near the north pole

and because it was winter it did not melt.

H. STORM TRACKS

The January and July storm tracks for the model are compared to

observed climatology in Fig. 6.8. The observed climatology was

compiled from Klein (1957) for the northern hemisphere and

Taljaard and van Loon (1962) for the southern hemisphere. In January

over North America, lows form over Alberta and Colorado merging over

the Great Lakes, and over the Gulf of Mexico traveling along the east

coast. These lows track northward to the east of Greenland. Lows

also form over the Mediterranean Sea moving north and occasionally

over interior Asia. Lows develop over the warm waters off the east

coast of Asia and subtropical Pacific Ocean and move to the Gulf of

Alaska. In the southern hemisphere, the storm tracks form between

35° and 50°S and move toward the southeast.

The storm tracks for a 30-day period of the January mountain

case show the cyclones to be more clustered and forming at more

northern latitudes than in the climatological mean. The Gulf of

Mexico and Colorado lows move to the east of Greenland and the
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lows forming off Asia that move to the Gulf Qf Alaska are in good

agreement with climatology. The lows forming over the subtropical

Pacific are weak, and the lows that should form over Europe and the

Mediterranean Sea are absent owing to a strong blocking ridge simu-

lated at these longitudes. The southern hemisphere storm tracks are

in agreement with the observed climatology and the storms themselves

are much less intense.

To determine what influences the path of storms, we compare a

no-mountain January simulation to our mountain simulation (Fig. 6.8).

Lows in the January no-mountain case are analyzed only for the north-

ern hemisphere and are widely scattered throughout middle and high

latitudes, making it difficult to define storm tracks and suggesting,

therefore, that the mountains are major factors in determining the

dominant storm tracks. There is evidence of storm tracks from the

Gulf of Mexico to east of Greenland, from the Mediterranean across

Asia, and from the east coast of Asia and the subtropical Pacific to

the Gulf of Alaska, but the latter track is quite weak. Storms over

North America are quite scattered and the track over Asia is

unrealistic.

In July, the observed storms are weaker than in January and have

moved poleward in the northern hemisphere. The primary tracks are

over northern Canada and Eurasia and off the coasts of Greenland and

China. In the southern hemisphere, the storm tracks are equatorward

of their January positions.

The computed storm tracks for the July mountain case are pole-

ward of their January positions in both hemispheres. In the northern

hemisphere, the storms and their tracks are weaker. The observed

primary track over Eurasia is replaced by two secondary tracks to the

south and north. The track off Asia is reproduced in the simulation.

In the northern hemisphere, the July no-mountain case also places

the cyclones and storm tracks north of their January position. The

storm track over the United States present in the July mountain case

is no longer simulated, but the track over the Pacific is now better

defined. In the southern hemisphere (not shown), the no-mountain
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case generates intense storms that are stronger, in fact, than in the

mountain experiment, suggesting that our treatment of Antarctica may

hinder proper simulation of these storms.

VII. ENERGY BALANCE AT EARTH' SURFACE

The surface energy balance was not shown in previous simulations

with the NCAR model. In this study, we compute the various components

of the surface energy balance for January and July. To compare the

model components with the surface energy balance, we use the data of

Budyko (1963) in units of Kcal cm- 2 mo -l instead of the usual metric

units. A comparison of these units with the more conventional '

watts m - 2 can be made from Table 1 conversions. The data of Budyko

are computed from formulae similar to those in the model and, there-

fore, in a sense should not be considered "observed" but, rather,

"computed" from observed data, using monthly means instead of daily

values. Differences between monthly and instantaneous data become

quite important in quantities such as turbulent heat exchange and

evaporation. It has long been known that the Budyko values are

probably somewhat reasonable, but they could easily have uncertainties

of 100 percent in very critical areas. As we make the comparisons, we

point out regions where the uncertainty of the observed is quite large.

The general pattern and the systematic discrepancies of the model

values in comparison with the observed are also discussed.

Usually, a history tape file of the model run is generated every

12 hours. Because of the diurnal cycle in the model, this 12 h

sampling causes a problem in representation of the various surface

energy balance components over different parts of the earth. Because

we cannot eliminate the time-sampling problem of the diurnal cycle,

one day of each experiment is regenerated, using Day 105. The new

tape has history files every 3 h. We assume that a single day's

sample is representative of the 30-day period even though, actually,

it probably is not. In the future, we suggest that these statistics

be accumulated and written on the history tape rather than recomputed

from a history tape. As shown, the single-day values do appear to be
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TABLE 1. ENERGY FLUX CONVERISON

Kcal cm- 2 mo-

(Budyko)

-4

-2

-1

0

1

2

4

6

8

10

12

14

16

18

20

22

watts m-2

-62.5

-31.3

-15.6

0

15.6

31.3

62.5

93.8

125.1

156.3

187.6

218.8

250.1

281.4

312.6

343.9

1 watt m- 2 = 1 kg s- 3 1 Ry min-1 = 6.9758 x 102 kg-s'3

ky min- 1

-.20

-.16

-.12

-.08

-.04

0

.04

.08

.12

.16

watts m 2

-139.5

-111.6

- 83.7

- 55.8

- 27.9

0

27.9

55.8

83.7

111.6

I I I

- --- - -- -- I I-

- ~-- -II I I- -·I -· -·I -· -
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similar to the monthly mean observed values of Budyko, particularly

in the tropics.

Components of the surface energy balance appear in Figs. 7.1-7.4

in the following order: total solar radiation arriving at the earth's

surface, turbulent heat exchange between the earth's surface and

the atmosphere (sometimes referred to as sensible heat flux in other

NCAR publications), heat flux by evaporation, and radiation balance

at the earth's surface. In Fig. 7.1, where the total solar radiation

is shown, computed maxima in January exist at approximately 350 -40°S

and have a pattern somewhat different from the observed of Budyko,

particularly off the coast of South America, Australia, and Africa

where there is often low-level stratus or fog in the observed. Our

cloudiness parameterization does not handle this type of cloudiness.

Over continental areas of the subtropics, we have values similar to

Budyko's. January values in the northern hemisphere are quite zonal,

agreeing with the observed. Over the antarctic region, the computed

values increase to approximately 26 Kcal cmn2 mof 1 but, because of

lack of data, there are no values for the observed.

The July simulated pattern is almost a reverse of January in

that the values are quite zonal in the southern hemisphere and non-

zonal in the northern hemisphere. These differences are caused by

cloudiness. Because the model tends to underestimate cloudiness, the

solar flux arriving at the earth's surface is generally larger in the

model than in the observed. In areas where observed cloudiness is

relatively small, such as over northern Africa and Arabia, the model

values are closer to observed.

The surface turbulent heat flux is given in Fig. 7.2. For

January, we see the same general pattern between computed and

observed of larger amounts of heat flux in the northern hemisphere on

the eastern sides of the United States and the Asian continents.

These are caused by cold air moving across the relatively warm Gulf

Stream and Kuroshio Current where strong boundary layer convection

occurs. The model values are approximately three to four times

larger than the observed values of Budyko. We should point out,
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however, that Budyko's method underestimates the turbulent

sensible heat flux (Bunker, 1975). Over the tropical and southern

hemisphere oceans, the computed values are much smaller, giving

approximately 3 to 6 Kcal cm"2 mo - 1 as a maximum; however, the much

smaller values on the average agree with the observed, which are also

quite small--on the order of 1 or 2 in the same unit. The nonzonal

character of the computed flux may not be representative in the

southern hemisphere because we are only averaging for one day,

whereas Budyko values are long-term monthly means. In July, the pat-

terns of turbulent heat exchange on the eastern sides of the northern

hemisphere continents do not appear because of the relatively warm

continental air masses with respect to the oceans. The values over

the deserts and the southern hemisphere continents are up to about

3-6, whereas in the observed they are about 4 Kcal cm-2 mo -1. In the

vicinity of the Antarctic, some very large computed amounts of

turbulent heat exchange are caused by cold air coming off Antarctica

over the relatively warm ocean. These do not appear in the observed

data.

The heat loss by evaporation is shown in Fig. 7.3. The same dis-

cussion for the sensible heat flux in Fig. 7.2 applies here. The

model rates appear a factor of 2 larger than observed over the globe,

except in the January northern hemisphere. In July, there are no

characteristically large values. The values, typically, are about the

same as in January over the tropical oceans. Over North America,

large amounts of evaporation are caused by the saturated soil. Over

the western tropical Pacific and the tropical Indian Ocean regions

in July, we have much larger values of evaporation than are shown in

the observed. These regions are highly correlated with local maxima

of ocean temperature and large amounts of precipitation and cloudi-

ness. The same pattern shows up near the west coast of South America.

The radiation balance at the earth's surface, which is the solar

flux minus the infrared flux, is depicted in Fig. 7.4. Again,

because of the smaller amounts of cloudiness in the computed results,

the solar flux is too large at the earth's surface resulting in a
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larger-than-normal total radiation. The values in January at 40°S

are approximately 22 as a maximum in the computed and only

12 Kcal cm '2 mo- 1 in the observed. The same pattern is reflected in

the July radiation balance in that at 40°N we have computed values

with maxima twice the observed. This discrepancy is probably for

several additional reasons--solar radiation absorption is under-

estimated in the atmosphere itself because the effects of dust and

aerosol absorption are not included, molecular scattering is ignored,

and the absorption by ozone in the tropospheric model and by the

clouds is not included.

In Fig. 7.5, we show the evaporation in mm mo 1l--the same as in

Fig. 7.3 where the loss by evaporation is multiplied by the latent

heat of evaporation. We show the figure in this form because the

evaporation rate has different units. The January evaporation rates

are approximately a factor of 1.5 larger than the observed of Budyko

off the east coasts of the northern hemisphere continents. Over the

subtropics and tropics, the model evaporation rates are a factor of 2

or 3 larger than observed. If Budyko's values are representative,

then this suggests that the model formulation for boundary-layer

evaporation needs to be modified such that it reduces the amount of

evaporation. This should also reduce model precipitation.

As mentioned in Kasahara and Washington (1971) and Washington

and Williamson (1977), the drag coefficient is 3 x 10 3 which may be

too large over oceans. The drag coefficient for evaporation is

reduced by an empirical factor of .7. The results here suggest that

a further reduction of the drag coefficient should be carried out in

the NCAR model. The boundary-layer formulation by Benoit (1976) and

Deardorff (1972) is now being adapted for the NCAR model and should

give more realistic values of the evaporation.

The comparison of energy balance at the earth's surface suggests

that net radiation is too large because of excessive solar flux, and

the evaporation rate and sensible heat fluxes also appear to be too

large. This means that (1) the cloudiness and radiation parameteri-

zation needs to be modified to allow less solar flux to reach the
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ground, and (2) the drag coefficient and boundary-layer parameteriza-

tion need to be improved so as to reduce the turbulent heat exchange

and evaporation.

VIII. ENERGY BALANCE AT MODEL TOP

The climate of the earth and atmosphere system is maintained by

a balance between the solar flux absorbed, mostly in the tropics, and

the terrestrial radiation escaping to space. This net radiation

balance is approximately preserved over an annual cycle because there

is no large change in the global mean temperature of the earth and

atmosphere system from one year to the next. In addition, the

oceans and ice exert thermal inertia on a climate system that will

smooth out year-to-year variations. In the numerical experiments

here, ocean temperatures are fixed in time. Therefore, even if the

net radiation is not in balance, the atmospheric temperature structure

cannot drift too far from the climatological average, especially

over oceans. Since we are not simulating an annual cycle, an exact

net radiation balance is not critical, but it will become important for

future coupled atmosphere, ocean, and cryospheric models. In this

section, we assess how close the computed radiation balance at the

model top is to the observed.

We define net radiation NR at the top of the model as

NR = (1-A) S (F- F) 8 (12)
o z=18 km

where A is planetary albedo, S is the solar constant, and F and F
o

are the outgoing and incoming terrestrial fluxes computed at z = 18 km.

The first term of Eq. (12) is the total absorbed solar flux in the

earth and atmosphere system and the second is infrared flux. Table

2 reviews the components of the radiation budget, following that of

London (1957) for the northern hemisphere. This model version does

not include certain components of solar absorption and scattering,

such as ozone and aerosol absorption. Not including ozone absorption
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TABLE 2. SOLAR RADIATION

Solar Absorption

* ozone

a
* water vapor

and dust

* clouds

Total

Solar Reflection
Spaceward

* atmosphere
and dust)

and Scattering

(molecular

* clouds

* earth's surface

Total

Solar Absorption by Earth's
Surface

Included In Model

no

partly (dust not

included)

no

Percent of

Solar Insolation

(London, 1957)

2.8

13.0

1.6

17.4

1 .. I

no

yes

yes

yes

6.8

24.2

4.2

35.2

47.4

aonder Haar and Suomi (1971) indicate in a footnote that London
revised his budget study (London and Sasamori, 1971) to include
additional atmospheric absorption of solar flux by dust, which
reduced the values of global planetary albedo from 33 to 31
percent. London estimates that lack of solar absorption by
dust gives a 2 percent error.

-- -- ~~~~- -~I IIpI
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causes a 2.8 percent error overestimate, which is above the model

top, and not including molecular scattering a 6,8 percent error.

Thus, we expect at least a 10 percent overestimate of the solar

flux available to the earth and atmosphere system. Neglect of cloud

absorption (1.6 percent error) is not as serious. A surface ocean

albedo value of 0.07 is assumed with no zenith angle dependence;

consequently, the absorption of solar flux in high latitudes will be

an overestimate. In Eq. (12), S is assumed to have a value of
o

1.395 x 106 erg cm 2 s-l or 2.0 cal cm -2 min 1. [This value is

larger than the 1.95 cal cm- 2 min - 1 used by Vonder Haar and Suomi

(1971) in their observed satellite studies.]

All NCAR models have a diurnal variation that causes a problem

in the computation of the net radiation budget (Section VII). As

with the surface energy balance, we repeat a computation of the

model at a 3 h interval for Day 105 (0 hour) to Day 105 (21 hour)

and then recompute all components necessary for NR to form a history

tape. Again, the results shown here are only for a one-day average

and thus may not be representative for smaller-scale features, par-

ticularly outside the tropics.

Vonder Haar and Ellis (1974) published an atlas of radiation

budgets for both annual and seasonal averages, using various satel-

lite data averaged from 1963 through 1970. These data are used for

most comparisons with model data.

In Fig. 8.1 are the computed and observed planetary albedo.

The solar flux in mid-January does not extend poleward of 68°N and

in mid-July it does not extend poleward of 68°S. The computed

January albedo is not as zonal as the Vonder Haar and Ellis source

in the midlatitudes of both hemispheres. One reason for the dif-

ference is the one-day sampling of model cloudiness. The sharp

gradient at 60°S is caused by albedo changes between the ocean and

the snow and ice of Antarctica.

Fig. 8.2 shows albedo calculated from the NIMBUS satellite that

was used for the GARP Atlantic Tropical Experiment (GATE) in July

1974.3 Note that the features are less zonal compared to the

3J. Winston, of the National Environmental Satellite Service, National
Oceanic and Atmospheric Administration, Washington, D. C. provided
this figure.
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Vonder Haar and Ellis source, and variations in the tropics are

clearly tied to the regional cloudiness areas in Fig. 6.5. For

example, low-level cloudiness off the west coast of South America and

off the ITCZ north of the equator in the central tropical Pacific has

high albedos. In fact, in other areas of the tropics, albedo is

highly correlated with the ITCZ. The differences between the Vonder

Haar/Ellis data and the National Environmental Satellite Service

data are quite large and as yet unexplained.

The net radiation distribution appears in Fig. 8.3 (for con-

version to metric units of watts m - 1, see Table 1). The larger com-

puted values than observed, especially at 30°-40°S in January and at

40°N in July, are caused by too much absorbed solar flux that is

mostly caused by the smaller-than-normal model cloudiness mentioned

earlier. The overall computed geographic patterns agree well with

observed. The sharp gradients near the poles are owing to the large

gradients in planetary albedo in Fig. 8.1 at the edges of the Arctic

and Antarctic ice regions. It is unclear why they do not show up in

the satellite data since the change from high albedo ice to low

albedo ocean should be abrupt. The lack of sharp gradient may be

caused by the spatial resolution of the measuring instruments or by

averaging used in obtaining the mean charts.

Fig. 8.4 shows the January zonal distribution of incoming solar

radiation and infrared radiation at the top of the atmosphere. We

have redrawn this graph from Holloway and Manabe (1971) and included

the NCAR results in it. The source for the observed data is

Vonder Haar (1968). The infrared fluxes for the NCAR and GFDL

models are slightly less than the observed. For the solar fluxes,

the GFDL model is less than observed and the NCAR model larger than

observed. The smaller-than-normal values at 70°-90°S in the NCAR

results are probably caused by several factors including an exces-

sively large surface albedo over Antarctica. The overestimate of

4The infrared flux for the NCAR model is the net only and not the
upward. This difference is about 4 percent (Sasamori, 1968).
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absorbed solar flux from 5°S - 550S is probably caused by insufficient

cloudiness, too large a solar constant, and lack of molecular scatter-

ing. When model improvements are made by including missing components

in the solar radiation parameterization, the calculated solar fluxes

should be closer to the observed.

Fig. 8.5 is a summary graph of the zonal distribution of net

radiation (observed values from Vonder Haar and Suomi, 1971). The

computed net radiation is too large in both hemispheres for both

months. In the winter hemisphere, where the absorbed solar flux is

small, the agreement is closer to the observed.

The globally averaged albedo for the model is 0.31 for January

and 0.28 for July. This can be compared with Vonder Haar and Suomi

values of 0.31 and 0.26 for December-January-February and June-July-

August, respectively. If we had used the smaller solar constant

(1.95 cal cm -2 min-1), as did Vonder Haar and Suomi, our albedo

values would have been smaller.

Holloway and Manabe (1971) computed a January globally averaged

planetary albedo of 0.37 in their GCM experiment. In their model,

cloudiness is fixed in space and time with a distribution similar to

London (1957). The effect of larger planetary albedo of the GFDL

results can be seen in the zonal distribution of net downward solar

radiation (Fig. 8.4) where it would result in less solar absorption.

The globally averaged net radiation is 0.046 cal cm 2 min - for

January and 0.046 for July, which compares with Vonder Haar and

Suomi's 0.01 + 0.01 and 0.00 + 0.01. The computed globally averaged

absorbed solar flux is 0.345 in January and 0.358 in July. Vonder

Haar and Suomi have 0.34 for both seasonal extremes.

IX. CONCLUSIONS AND SUMMARY

The purpose of this report was to document the January and July

model climatology of the 2.5°, 6-layer, second-generation NCAR GCM
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with mountains. Because of problems in interpreting the results of

these models, we included results of other model versions. By incor-

porating a surface hydrological cycle (soil moisture and snow cover),

we have improved the distribution of precipitation in the tropics.

(In previous NCAR models, we obtained excessive precipitation over

the Sahara Desert and other desert areas.)

Model deficiencies, such as the excessively warm upper tropo-

sphere, remain despite more realistic physics and greater resolution.

The levels of eddy kinetic energy are still too low and the eddy

transports are smaller and displaced from the observed locations.

The regional aspects of the climate have been improved over the

earlier work of Kasahara and Washington (1971). [More detailed

comparisons of the Indian and African summer and winter monsoons

appear in Washington and Daggupaty (1975) and Washington (1976).]

The model geographical means of snow cover and soil moisture

appear quite reasonable. We also present storm tracks for both

mountain and no-mountain experiments and compare them with observed.

The energy balances at the earth's surface and model top (18 kn)

are compared with observed data. The major conclusion from these

new diagnostics is that our cloudiness and radiation parameteriza-

tions are deficient because too much solar flux is being absorbed in

the atmosphere and earth system. In spite of this shortcoming, the

global aspects of the radiation balance are close to the observed.

The results of this study show progress in model development,

but we still have many problems. From the comparison here between

model and observed data, we can focus on specific aspects of the

model requiring improvement. The second-generation NCAR GCM will be

replaced by the third-generation model (Washington and Williamson,

1977), which in preliminary tests has eddy strengths close to the

observed atmosphere. The principal differences between the second-

and third-generation models are the transformed height treatment of

mountains, a fourth-order horizontal differencing scheme which is

more accurate than our previous second-order scheme, and improved

radiation treatment. This document will serve as a benchmark for

measuring model improvement with the new model.
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PREFACE

For the reader's convenience in examining the figures along with

the text, we have divided this technical note into Volume l--Text and

Volume 2--Figures. The purpose of this technical note is to document

the capability of the National Center for Atmospheric Research (NCAR),

2.5° latitude-longitude, second-generation, 6-layer General Circulation

Model (GCM) to simulate a typical January or July. This version is a

modification of an NCAR model for which results of similar simulations

were published earlier. The new diagnostics are storm tracks for

both mountain and no-mountain experiments, soil moisture, snow cover,

and energy balance at the earth's surface and model top. To clarify

the cause of a deficiency in the temperature distribution, we include

results of additional experiments.

We appreciate the comments on this work by many NCAR scientists

and visitors; we benefited from suggestions by Wayman Baker, Robert

Chervin, Robert Dickinson, Akira Kasahara, Takashi Sasamori, Richard

Somerville, Harry van Loon, and David Williamson. We particularly

acknowledge T. Sasamori's computation of the radiation budget at the

top of the model atmosphere. R. Dickinson provided a more detailed

analysis of the globally and zonally averaged radiation budget at the

model top. We are grateful that R. Chervin uncovered an error in one

of the processing programs that affected the radiation comparisons;

he also computed the cloudiness charts. The NCAR Computing Facility

provided time on the Control Data Corporation 6600 and 7600 computers

and programming support. The illustrations were prepared by Roger

Landing, John Maly, Gerald Meehl, and Elizabeth Rosenberg.

Warren M. Washington

Bette Otto-Bliesner

Gloria Williamson

July 1977
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THE VERTICAL GRID FOR THE SIX- LAYER MODEL
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Fig. 2.2 Vertical grid structure for the 6-layer tropospheric model.

The boundary-layer enlargement at the bottom shows the place-
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JANUARY SEA LEVEL PRESSURE-OBSERVED (MB) (AFTER TALJAARD etal AND CRUTCHER & MESERVE)

JULY SEA LEVEL PRESSURE - OBSERVED (MB) (AFTER TALJAARD et al. AND CRUTCHER & MESERVE)
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Fig. 6.1 - continued
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Fig. 6.2 January and July low-level wind distribution.
Observed is at 850 mb and computed at 1.5 km.
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DECEMBER-FEBRUARY STREAMLINES 850 MB OBSERVED (HEASTIE 8 SEPENSON)
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Fig. 6.3 January and July upper-level wind distribution.
Observed is at 200 mb and computed at 13.5 km.
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DECEMBER-FEBRUARY STREAMLINES 200 MB OBSERVED (HEASTIE a STEPHENSON)
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JANUARY PRECIPITATION - COMPUTED (CM/DAY)
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JULY PRECIPITATION - COMPUTED (CM/DAY)

¢~-'~ ~----~,~ ~-,? -,,~ ,02_5. ~---~_ > ''^ = \

~~~~~~~~~~~5....._.. .....q~~
....... p )~ ~.. .....

'~~ ~_ ,. :-,& ~_,~ ,,> (~/ ,.~~o--.^-S^^ Slb, =-(~,~~ '~ , s -o^o^. . . .
90S~s^ 90'- E -,- ' .s\.-; ,.'.

02^g 025.---',-:o...... ^:^ ------------------------------------ ,-________....__....___.._ ,02.-O &'0 - &::
- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~.oj .G___o5._ -r' o2'5

%~~~~~~~~~~~~~~02 0..~.5,--~,--~ C- 5 L"Q25." .....
· ~~~~~~~~~~~~~~t. , .5 ...... 0S

Figo 6o4 January and July precipitation in cm day-1
June-August means are used for observed values.
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DECEMBER - FEBRUARY PRECIPITATION - OBSERVED (CM/DAY ) (AFTER MOLLER)
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Fig. 6.4 - continued
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JANUARY CLOUDINESS - COMPUTED

JULY CLOUDINESS - COMPUTED

Fig. 6.5 January and July cloudiness. Computed is in tenths
and observed is brightness on a scale of 0 to 10.
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CLOUDINESS I NOV-30 APRIL,1968 (AFTER ZANGVIL)

CLOUDINESS I MAY- 31 OCT, 1967 (AFTER ZANGVIL)

Fig. 6.5 - continued
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SNOWCOVER PROBABILITY BY JANUARY 31 - OBSERVED
(PERCENT OF I INCH OR MORE ) (DICKSON a POSEY )

SNOWCOVER PROBABILITY BY MAY 31 - OBSERVED
(PERCENT OF I INCH OR MORE) (DICKSON a POSEY)

SNOW LIMITS - COMPUTED

Fig. 6.6 January and July snowcover limits (computed) and
observed snowcover probability.
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Fig. 6.7 January and July computed soil moisture distributions.
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JANUARY STORM TRACKS - COMPUTED - MOUNTAINS

JULY STORM TRACKS- COMPUTED -MOUNTAINS

Fig. 6.8a January and July storm tracks for mountain experiments.
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JANUARY STORM TRACKS -OBSERVED
(KLEIN - NH., TALJAARD & VAN LOON- S.H.)

JULY STORM TRACKS - OBSERVED

(KLEIN - N.H., TALJAARD 8 VAN LOON - S.H.)

Fig. 6.8a - continued
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JANUARY STORM TRACKS -COMPUTED - NO MOUNTAINS

JULY STORM TRACKS - COMPUTED - NO MOUNTAINS

Fig. 6.8b January and July storm tracks for no-mountain experiments.
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JANUARY TOTAL SOLAR RADIATION - COMPUTED (KCAL-CM- 2
. MONTH-')

90W 0 90E

JULY TOTAL SOLAR RADIATION- COMPUTED (KCAL-CM- 2 MONTH-')
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Fig. 7.1 January and July total solar radiation arriving at earth's
surface. See Table 1 for unit conversions.
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JANUARY TOTAL SOLAR RADIATION - OBSERVED (KCAL-CM- MONTH-') (BUDYKO)

Fig. 7.1 - continued
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JANUARY TURBULENT HEAT EXCHANGE BETWEEN THE SURFACE OF THE
EARTH AND THE ATMOSPHERE.- COMPUTED (KCAL-CM'* MONTH'")

JULY TURBULENT HEAT EXCHANGE BETWEEN THE SURFACE OF THE
EARTH AND THE ATMOSPHERE - COMPUTED (KCAL- CM"- MONTH-')9ow bW

Fig. 7.2 January and July turbulent heat exchange at earth's surface.

See Table 1 for unit conversions.
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JULY TURBULENT HEAT EXCHANGE BETWEEN THE SURFACE OF THE
EARTH AND THE ATMOSPHERE - OBSERVED (KCAL CM`' MONTH-') (BUDYKO)

Fig. 7.2 - continued
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JANUARY HEAT LOSS BY EVAPORATION -
COMPUTED (KCAL CM- * MONTH-')

Fig. 7.3 January and July heat loss by evaporation at earth's surface.

See Table 1 for unit conversions.



49

JANUARY , HEAT LOSS BY EVAPORATION -
OBSERVED (KCAL-CM-' MONTH-) (BUDYKO)

JULY HEAT LOSS BY EVAPORATION-
OBSERVED (KCAL CM-' MONTH-') (BUDYKO)

Fig. 7.3 - continued
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Fig. 7.4 January and July radiation balance at earth's surface.

See Table 1 for unit conversions.
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JULY RADIATION BALANCE OF THE EARTH'S
SURFACE - OBSERVED (KCAL-CM-' MONTH-') (BUDYKO)

90W 0 90E

Fig. 7.4 - continued
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JANUARY EVAPORATION - COMPUTED (MM/MONTH)

JULY EVAPORATION - COMPUTED (MM/MONTH)

Fig. 7.5 January and July evaporation.



53

JANUARY EVAPORATION - OBSERVED (MM/MONTH) (BUDYKO)

Fig. 7.5 - continued
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JANUARY PLANETARY ALBEDO - COMPUTED

JULY PLANETARY ALBEDO - COMPUTED

Fig. 8.1 Planetary albedo, computed for January and July, observed for
December-February and June-August. Contours are 0.1 or 0.05.
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DECEMBER - FEBRUARY PLANETARY ALBEDO - OBSERVED (VONDER HAAR 8 ELLIS)
90W 0 90E

JUNE - AUGUST PLANETARY ALBEDO - OBSERVED (VONDER HAAR 8 ELLIS)

Fig. 8.1 - continued
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ALBEDO (29 DAY AVG)

0o.

90W 0. 90E 180

Fig. 8.2 Planetary albedo for July 1974 from National Oceanic and Atmo-
spheric Administration (NOAA), National Environmental Satellite
Service (NESS).

JULY , 1974 - NOAA
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JULY NET RADIATION AT TOP OF ATMOSPHERE
- COMPUTED (LY/ MIN)

90W 0 90E

Fig. 8.3 Net radiation at the top of the atmosphere, computed for January
and July, observed for December-February and June-August. Unit
conversions are given in Table 1.



59

DECEMBER- FEBRUARY NET RADIATION AT TOP OF ATMOSPHERE-OBSERVED
(LY/MIN) (VONDER HAAR a ELLIS)

JUNE - AUGUST NET RADIATION AT TOP OF ATMOSPHERE - OBSERVED
(LY/MIN) (VONDER HAAR S ELLIS)

90W 0 90E
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Fig. 8.3 - continued
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NET DOWNWARD SOLAR RADIATION
UPWARD INFRARED RADIATION

LATITUDE

Fig. 8.4 Zonal distribution of January net downward solar radiation and

upward infrared radiation at top of atmosphere and models.
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NET RADIATION AT TOP

OF ATMOSPHERE - COMPUTED

a OBSERVED (yONDER HAAR & SUOMI)

z
2

C)

0

S N

…--- JUN- JUL-AUG (OBSERVED)

-- JUL (COMPUTED)

.---- DEC- JAN-FEB (OBSERVED)

JAN (COMPUTED)

Fig. 8.5 Zonal distribution of net radiation at top of atmosphere.
See Table 1 for unit conversions.
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