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ABSTRACT

The medium range forecast model of the National Meteorological Center (NMC) has been integrated to
produce winter and summer simulations. For the winter simulation, the model was initialized with the NMC
analysis of 1200 UTC 15 December 1985 and integrated for 110 days to simulate the December-March period
(referred to hereinafter as the DJFM simulation). For the summer simulation, the model was initialized with
NMC analysis of 0000 UTC 1 May 1986 and was integrated for 110 days to simulate the May~August period
(MJJA simulation). In each case, seasonally varying boundary conditions of sea surface temperature, soil
moisture and sea ice were used. The computer code used was nearly identical to that used by NMC for the
operational ten-day forecast during the period 16 April 1985 through 30 May 1986. Both simulations have been
compared to the NMC analyses for the corresponding period.

It was found that the model climatology, defined as the average over the last 3 months of each run, is similar
to that of the observed atmosphere as well as climatologies of other general circulation models. Notably, the
model maintains a reasonable horizontal temperature gradient and circulation distribution, but the model is
colder than observed in the troposphere nearly everywhere and cools in the lower stratosphere in the tropics
and near the poles in both simulations. A detailed description of the stationary and transient features of the
model circulation including both tropical and extratropical regions is also given. In addition, the model hydrological

. cycle, radiative balance and surface heat budget are discussed. The secondary circulations in the tropics including

the zonally symmetric Hadley cell, as simulated by the model, are also compared with the observations. The
upper branch of the Hadley cell appears to be only poorly simulated in DJFM.

Generally, the simulations demonstrated reasonable agreement with the observations in sea level pressure,
the structure of the tropospheric zonal jets and the winter hemispheric stationary waves. The tropical rainfall
is very different from climatology or surrogates for precipitation observations—such as outgoing long radiation—~
particularly in the excessive amount of rain produced by the model over subtropical deserts. The summer
hemisphere in both simulations does not agree with observations as well as the winter hemisphere; this may be
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related to the tropical rainfall problem.

1. Introduction

In any assessment or verification of a numerical
weather prediction model, the question of climate drift,
the deviation of the long-term time mean of the model
from the observed climatology for a given season, be-
comes important if forecasts longer than a few days
are to be used. For this reason, it is important to com-
pute and analyze the time mean of the model in con-
junction with the production of extended range fore-
casts. As part of the Dynamical Extended Range Fore-
casting (DERF) Project at the National Meteorological
Center (NMC), the operational global weather pre-
diction model has been and will be integrated for pe-
riods of 30 days and more on a quasi-regular experi-
mental basis. In order to understand the results of these
integrations better and to diagnose the properties of
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the NMC operational model, we have computed the
model’s -seasonal mean for both 15 December-15
March (DJFM) and 1 May-31 August (MJJA) by in-
tegrating the model for two entire seasons.

Our goal is to understand the role of atmosphere-
ocean and atmosphere-land interactions in the vari-
ability and predictability of monthly and seasonally
averaged atmospheric circulation. In order to carry out
sensitivity and predictability studies toward this goal,
we have chosen to utilize a model which is very similar
to the one used operationally by NMC. This will enable
us to compare the long-term simulations with the me-
dium range (0-10 days) forecasts which are routinely
produced by NMC.

In the past, several modeling groups have performed
similar integrations of their respective general circu-
lation models (GCMs). In those studies, a great em-
phasis was generally placed on the models’ ability to
reproduce the observed distribution of stationary waves
and transient eddies, particularly in the extratropics.
We will also examine the behavior of the NMC me-
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dium range forecast model in that fashion, and we will
give greater emphasis to the tropical circulation which,
although difficult to verify, may be just as important
in affecting global weather.

The present study is different from previous inves-
tigations in two important respects. First, we have used
the operational forecast model which is used to rou-
tinely produce 10-day forecasts as well as to produce
global datasets (NMC analyses) which are used by the

research community for a variety of synoptic and di--

agnostic studies. Second, we compare the model sim-
ulations with the global NMC analyses for the (North-
ern Hemisphere) winter season of 1985-86 and the
summer season of 1986 rather than the long-term cli-
matology.

In the sections that follow, a description of the model
and its simulated winter and summer circulations will
be presented. Section 2 is a short description of the
technical aspects of the model, and the model’s
boundary conditions and fixed fields are described in
section 3. The time mean circulation in both the tropics
and the extratropics is discussed in section 4. Section
5 is a description of the stationary wave behavior and
transient eddies in the model as compared with the
observations. The model’s moisture budget and surface
heat fluxes are described in section 6. Finally, some
concluding remarks are given in section 7.

2. Description of the model and experimental design

The model used in this investigation is the opera-
tional, global spectral model of the National Meteo-
rological Center which is an updated and improved
version of the model described by Sela (1980). Model
predictions employ the primitive equations of motion
and a prognostic equation for the mixing ratio of water
vapor. The vertical and horizontal structure of the
variables in the equations are separated and discretized
independently. The vertical derivatives are written in
centered difference form using a modified sigma (nor-
malized pressure) vertical coordinate (Phillips 1957),
with 18 levels, equally spaced in sigma. The horizontal
parts of all prognostic variables are expressed as coef-
ficients of projection on the spherical harmonics, the
eigenvalues of the spherical Laplacian operator. Non-
linear terms in the hydrodynamic equations, which are
quadratic products of prognostic variables according
to the form of the advection operator, are computed
by the spectral transform technique (Orszag 1970) with
rhomboidal truncation at wave number 40. The dif-
ference equations are then integrated forward in time
using a semi-implicit scheme (Robert et al. 1972).

The parameterization of subgrid scale physical pro-
cesses is adapted from the E2 physics from GFDL (Mi-
yakoda and Sirutis 1977). The physics includes a pa-
rameterization for the absorption of solar radiation
(Lacis and Hansen 1974), a radiative transfer calcu-
lation for the longwave components of terrestrial ra-
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diation (Fels and Schwarzkopf 1975; Fels and
Schwarzkopf 1981), a boundary layer momentum and
heat flux parameterization based on the mixing length
theory of Monin and Obukhov (1954), a three-layer
soil temperature formulation for the surface heat bal-
ance (Miyakoda and Sirutis 1977), a ground hydrology
budget for soil moisture (after Manabe 1969) and a
modified Kuo scheme for convection (Sela 1980; after
Kuo 1965; and Phillips 1979). Momentum, heat and
moisture are diffused horizontally on constant sigma
surfaces by means of a biharmonic diffusion (Lapla-
cian-squared ) operator. Additionally, momentum and
moisture are diffused vertically using a diffusion coef-
ficient which is static stability dependent. The basis for
the inclusion of these parameterizations into the model
is described in more detail in Miyakoda and Sirutis
(1986). '

The model is initialized using a two-iteration, non-
linear normal mode scheme (Machenauer 1977) in
which model generated diabatic heating is included.
For the DJFM simulation, the model was run from
observed initial conditions taken from 15 December
1985 at 1200 UTC, and for MJJA, 1 May 1986 at 0000
UTC was used. The boundary conditions used were
climatological, seasonally varying surface conditions
derived from a number of recently available sources
(see section 3 for details). The radiative transfer cal-
culation included specified, zonally symmetric cloud-
iness and ozone mixing ratio derived from observed
seasonal mean values as used in the operational model.
The model was integrated through 31 March 1986 in
DJFM and 31 August 1986 for MJJA.

The two simulations were made using the same
model which was used to produce global, 10-day fore-
casts each day at NMC during the corresponding period
except for three differences. First, the operational model
boundary conditions are taken from operational anal-
yses of surface conditions to the extent available; sur-
face conditions which are not available at the initial
time are set to climatological values. These boundary
conditions are then fixed for the 10-day integration of
the forecast. In contrast, we used a climatological da-
taset and included a representation of the seasonal cycle
of the boundary conditions. The impact of including
the seasonal variation of the boundary conditions will
be discussed in a later paper in which 2 comparison to
an otherwise identical integration with fixed boundary
‘conditions is made. Second, soil moisture evolved ac-
cording to a bucket hydrology in the operational model,
while we reset the soil moisture to its climatological
value at the beginning of each model day. Third, in
using the Fels-Schwartzkopf radiative transfer param-
eterization, the operational model incorporated a ver-
tical interpolation from its own sigma levels to the
GFDL model sigmal levels. We modified this inter-
polation by setting the top GFDL sigma level temper-
ature equal to the temperature of the layer below it to
avoid upward extrapolation since the upward extrap-
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FIG. 4.1a. The DJFM mean of the simulated zonal mean temperature. The North Pole is at the left edge,
and the South Pole is at the right edge. The ordinate is linear in pressure with 1000 mb at the bottom and
100 mb at the top. The contour interval is 5 K. :
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FIG. 4.1b. The DJFM mean of the zonal mean temperature error (simulation minus analyses). The
contour interval is 1 K. Dashed contours are negative.
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FIG. 4.4a. The MJJA mean of the simulated zonal mean zonal wind. The contour interval

is 5 m s™'. Dashed contours are negative.
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FIG. 4.5a. The DJFM mean of the simulated zonal mean meridional wind.

The contour interval is | m s~'. Dashed contours are negative.
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FIG. 4.6a. The MJJA mean of the simulated zonal mean meridional wind.
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FIG. 4.7a. The DJFM mean of the simulated sea level pressure. The projection is cylindrical equidistant
with the prime meridian in the center. The contour interval is 4 mb. Dashed contours are negative.
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FIG. 4.7b. The DJFM mean of the sea level pressure error. The contour interval is 4 mb and
the global mean bias of —3.9 mb has been subtracted. Dashed contours are negative.
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FIG. 4.9a. The DJFM mean of the simulated S00 mb eddy geopotential height.
The contour interval is 40 m. Dashed contours are negative
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FIG. 4.9b. As in 4.9a except for observed 500 mb eddy geopotential height.
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FIG. 4.11a. The DJFM mean of the simulated 200 mb zonal wind. The contour interval
is 5 m s~!. Dashed contours are negative.
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FIG. 4.12a. The MJJA mean of the simulated 200 mb zonal wind. The contour interval
is 5 m s, Dashed contours are negative.
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FIG. 4.12b. As in 4.12a except for 200 mb zonal wind error.
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FIG. 4.13a. The DJFM mean of the simulated 200 mb velocity potential. The contour interval
is 4 X 10 m? s~ Dashed contours are negative.
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FiG. 5.2a. Simulated zonal mean of the geopotential height variance for the MJJA mean.
The contour interval is 1 X 103 m2.
\o‘

7

1 1 1 t | 1 A 1 I}
46. SO. S54. S8. B2, 66. 70. 74. 78, 82, @86,

FIG. 5.2b. Observed znoal mean of the geopotential height variance for the MJJA mean.
The contour interval is 1 X 103 m?2.
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olation led to excessively low temperatures which
caused the radiation calculation to fail. The model code
was also modified to output several physical diagnostic
quantities during the integration for the purpose of an-
alyzing the model performance in greater detail.

"The two simulations have been compared with the
corresponding NMC analyses. These analyses are pro-
duced by the Global Data Assimilation System of NMC
(Dey and Morone 1985). Although the analysis and
forecast systems used by NMC change from time to
time, the present investigation is an attempt to examine
the dynamical properties of the model used for medium
range forecasting during 1985-86. The data assimila-
tion system at that time did not include the same
model; however, the differences in the analyses are ex-
pected to be far less than the differences between the
analyses and the model simulation.

3. Boundary conditions and fixed fields

As mentioned in section 2, the model is integrated
with seasonally varying boundary conditions which are
different from those used operationally by NMC. The
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boundary conditions were taken from a variety of
sources judged to be among the most reliable clima-
tologies rather than from daily operational analyses.
In all cases, the monthly mean datasets were linearly
interpolated to daily values to give a smooth seasonal
variation.

The sea surface temperature (SST) used was a hybrid
climatology computed by taking the Climate Analysis
Center climatology (Reynolds 1982) in latitudes equa-
torward of 75 deg latitude and by using the Alexander
and Mobley (1976) climatology poleward of that lati-
tude. In addition, SST was modified under sea ice de-
termined from a sea ice climatology (British Meteo-
rological Office 1977) to be consistent with the GCM
sea ice condition.

Soil moisture was prescribed from the monthly mean
climatology prepared by Wilmott (1985) by resetting
the soil moisture to the daily interpolated climatological
value at the beginning of each model day. The surface
albedo was prescribed as in Shukla et al. (1981), i.e.,
a modified version of the data described by Posey and
Clapp (1964). A background snow cover field was
computed based on this surface albedo dataset, but the

FIG. 5.3a. Simulated root-mean-square (RMS) deviation of 500 mb geopotential height from
the DJFM mean after a parabolic fit to represent the seasonal cycle has been removed. The
projection is polar stereographic. The contour interval is 10 m. .
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GCM was permitted to predict snowfall and accu-
mulate it according to its prognostic snow equation
over land. The cloudiness and ozone mixing ratio were
also specified in the radiative transfer calculation; both
were zonally symmetric, seasonal datasets used in the
operational model.

The GCM physical parameterizations were com-
puted on the Gaussian grid used to compute the non-
linear products in the hydrodynamics equations. To-
pographic heights and land-sea distributions were
computed according to the “silhouette orography” al-
gorithm of Mesinger (personal communication) as
used in the operational model. The surface roughness
length and deep ground temperature were also taken
from the operational model datasets. Surface temper-
ature at land grid points was initialized by means of
an iterative technique assuming zero tendency in the
surface temperature equation (a heat balance condi-
tion) as described by Miyakoda and Sirutis (1977).

4. Simulation of the time mean circulation

The model generated circulation is compared to the
analyzed DJFM and MJJA means and also the long-
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period climatologies for the verifying periods. In each
of the figures in this section, two panels are displayed.
The first panel is the seasonal mean from the simula-
tion; the second panel is either the seasonal mean from
the verifying period of the NMC analyses, or the dif-
ference between the simulated seasonal mean and the
analyzed seasonal mean. The NMC analyses are re-
ferred to as the observed state in the figure captions
since the analysis represents the best estimate of the
observed atmosphere, particularly with respect to
this GCM.

In Fig. 4.1a, the zonally averaged temperature from
the DJFM simulation is shown. We have only shown
latitude-pressure cross sections up to the 100 mb level;
the model has at least two sigma levels which are above
the 100 mb level, but these are not shown. The vertical
and horizontal temperature gradients are very similar
to the analysis although the actual temperatures are
smaller in the simulation by 4 to 8 K. The difference
between the two (Fig. 4.1b) shows the error to be neg-
ative almost everywhere with a maximum centered
near the tropopause in the winter hemisphere, reaching
a value of over 10 K, and a second maximum in the
summer lower stratosphere exceeding 12 K.

F1G. 5.3b. Asin 5.3a except for observed RMS deviation.
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The situation in the MJJA simulation (Figs. 4.2a
and 4.2b as above) is much the same with the reversal
of seasons taken into account. In particular, the sum-
mer lower stratosphere error maximum is of very nearly
the same shape in both simulations and the tropical
tropopause error is quite similar as well. The winter
hemisphere error, however, does not reach a maximum
at the tropopause but continues to increase with height
into the winter lower stratosphere. Generally, the MJJA
errors are larger than the DJFM errors by 1 to 5 K,
particularly near the poles.

Consistent with the errors in the zonal mean tem-
perature gradient implied in the preceding figures near
the tropopause in the DJFM simulation, the zonal
mean zonal wind has a subtropical jet which is dis-
placed poleward of its analyzed position (see Fig. 4.3a).
The magnitude of the wind at the jet core is nearly the
same as its analyzed value in both winter and summer
hemispheres. The simulation of this feature by the
NMC model is far superior to that of, for example, the
GLAS climate model (Shukla et al. 1981). The model
error in Fig. 4.3b has a relatively strong easterly bias
in the upper tropical troposphere and its surface trop-
ical easterlies are weaker than observed. The MJJA
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zonal wind error (Fig. 4.4b) is an exaggerated version
of the DJFM error. The tropical easterly bias above
300 mb is even stronger in MJJA, reaching a maximum
in excess of 12 m s~'. The latitudinal shifts of the sub-
tropical jets from their analyzed positions is more
marked in MJJA than in DJFM and the jet cores have
winds nearly 5 m s~! stronger than observed.

The seasonal means of the mean meridional circu-
lation of the model (Figs. 4.5a and 4.6a) may be seen
to be different from their analyzed values (Figs. 4.5b
and 4.6b), with percentage errors as large as the per-
centages errors in the temperature distribution and
zonal winds. In the DJFM simulation, features of the
Hadley and Ferrel cells near the surface resemble the
analyzed features, but the mean meridional circulation
is weaker than analysis near the tropical tropopause.
The MJJA simulation, in contrast to other features
presented so far, has a more realistic Hadley cell than
the DJFM simulation. The mean error of the MJJA
mean meridional circulation (not shown) is less than
1.5 m s~! nearly everywhere except near the surface at
the North Pole and at 20°S. It may also be noted in
Figs. 4.5 and 4.6 that the zonal mean confluence line
near the surface in the tropics is 6 deg north of its

FIG. 5.4a. Simulated RMS deviation of 500 mb geopotential height from the MJJA mean after
a parabolic fit to represent the seasonal cycle has been removed. The contour interval is 10 m.
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observed position in DJFM and about 5 deg south of
its observed position in MJJA.

Among the better features of both simulations are
the sea level pressure means shown in Figs. 4.7a and
4.8a. It should be noted that the global mean surface
pressure decreased linearly with time during both in-
tegrations at a rate of about 0.09 mb day~'. This re-
sulted in a global mean, seasonal mean sea level pres-
sure bias of approximately —4 mb in both cases. This
bias was subtracted from the error fields shown in Figs.
4.7b and 4.8b. In general, the observed winter midlat-
itude oceanic lows and continental highs, the subtrop-
ical oceanic highs, the summer subtropical highs over
the oceans and continental lows, and the band of low
pressure over the Southern Ocean are all well simu-
lated. The model produces Aleutian and Icelandic lows
which are more intense than observed in the DJFM
simulation, and pressures are too low over Greenland
and the East Asian monsoon region in MJJA. The
mean errors have the same pattern and sign as the ob-
served anomalies (not shown) so that the use of ob-
served boundary conditions rather than climatological
boundary conditions might have reduced the deficien-
cies in both simulations. The model also shifted some
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of the subtropical highs (notably the high off the west
coast of Chile in DJFM and the high off the west coast
of California in MJJA) poleward of their observed po-
sitions. Simulated pressure over North Africa is too
low in both simulations.

The simulated and analyzed eddy 500 mb height
distributions are shown in Figs. 4.9 and 4.10. In general,
the simulated phases of the climatological ridges and-
troughs in the upper tropospheric winter hemisphere
are in agreement with their analyzed values in midlat-
itudes, but the amplitudes of the waves are smaller than
analysis. This is broadly true for simulations of both
seasons. For example, Fig. 4.9a shows stationary ridges
over the western half of North America, southwestern
Europe and western Soviet Union. These three simu-
lated ridges are similar to analyzed features, although
the European ridge was analyzed to be centered more
over the Atlantic Ocean than over the continent (Fig.
4.9b). The simulated stationary troughs over the east-
ern half of North America, Japan and most of the North
Pacific are also as analyzed although the phase tilts are
not altogether the same. In the summer hemisphere,
however, the model simulated the stationary waves very
poorly, particularly in DJFM.

L/\/

FIG. 5.4b. As in 5.4a except for observed RMS deviation.
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The DJFM zonal wind at 200 mb, shown in Fig.
4.11, is reasonably well simulated. While GCMs typ-
ically form a zonal band of upper tropospheric zonal
wind at 35°-40°N in the winter without the observed
breaks over western North America and the eastern
Atlantic Ocean, Fig. 4.11a shows these breaks to be
simulated in this experiment. In fact, the zonal wind
distribution north of 30°N in DJFM is very close to
analysis everywhere except over the northeastern Pa-
cific Ocean where the subtropical jet exit region is dis-
placed 5 deg north of its analyzed position. This cannot
be said for the MJJA simulation in which the zonal
wind errors at 200 mb are quite large over most of the
summer hemisphere (Fig. 4.12b). The strong easterly
bias in the tropics is pronounced in MJJA, and the
subtropical jet in the winter hemisphere . is well pole-
ward of its analyzed position.

The DJFM velocity potential at 200 mb, shown in
Fig. 4.13a has a pronounced minimum over the In-
donesian region which is in reasonable agreement with
the analysis. A weak maximum over the north-tropical
Atlantic is also simulated by the model except that it
is too intense in the model. The observed maximum
over northern Asia and the eastern Soviet Union is not
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simulated by the model giving rise to negative values
over that region in the difference map (Fig. 4.13b).
The simulated (Fig. 4.14a) velocity potential map at
200 mb for MJJA resembles the analyzed map (not
shown); however, the analyzed minimum near south-
east Asia is displaced westward by more than 40 deg
of longitude in the simulation. The magnitude of the
error (Fig. 4.14b) in the summer season velocity po-
tential is comparable to the total field with displaced
locations of maxima and minima. This may be a man-
ifestation of the erroneous simulation of the precipi-
tation field during the summer season which will be
discussed in section 6. o

Figures 4.15 and 4.16 show the horizontal velocity
vectors at 850 mb for the DJFM and MJJA seasons,
respectively. The general pattern of easterlies and west-
erlies is simulated reasonably well in both seasons. The
locations of the simulated zero wind lines over the
oceans are quite close to their analyzed locations. A
complete reversal of the winds over the Arabian Sea
and the adjoining areas from winter to summer in as-
sociation with the onset of the Asiatic summer mon-
soon is captured by the model. There are discrepancies,
however, in the magnitudes of the wind vectors. For

F1G. 5.5a. Simulated low pass filtered RMS of 500 mb height for DJFM.
) The contour interval is 10 m.
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example, the model simulated easterlies in the tropical panel (a) represents the simulated value, while the sec-
Pacific north of the equator, and the westerlies over ond panel (b) is the value taken from NMC verifying
the northern Pacific Ocean are stronger than the anal-  analyses. As may be seen in the analyses, the variance
yses, giving rise to a significantly stronger anticyclonic " in 1985-86 was 31% higher than climatology at the
circulation in both seasons (see Figs. 4.15b and 4.16b). maximum near the tropopause at 48°N (for an esti-
The magnitude of the wind error during the summer mate of the climatology, see Shukla et al. 1981). The
season is not as large, but neither is the magnitude of model result was even higher, exceeding the observed
the analyzed mean wind itself. The model-simulated = value by 21%.
westerly winds during summer over Africa, the Arabian In the MJJA simulation (Fig. 5.2), the simulated
Sea and India are stronger than the corresponding stationary wave variance is also larger than the analyses,
analyses. The simulated easterlies over the north trop- and the excess is even larger than in the DJFM simu-
ical Atlantic are far weaker than their analyzed coun- lation. In fact, the stationary wave variance in the MJJA
terparts. simulation reaches nearly wintertime values, exceeding
In the seasonal means of the simulations, then, the the analyzed variance by a factor of more than 2 at the
sea level pressure, winter stationary waves and jetlevel maximum in the summer hemisphere at 200 mb. There
zonal winds are well simulated. The zonal mean Hadley is a secondary maximum in stationary wave activity
cell is reasonably close to the analyses. Generally, the near the surface in the subtropics which the model
winter hemisphere in both simulations is closer to simulates fairly well though it too is overestimated.
analyses than the summer hemisphere. Model transient variance in both seasons is a major
deficiency in the simulations. In Fig. 5.3, the total root-
5. Simulation of the stationary waves and transients ~ mean-square transient eddy variance for 500 mb geo-
potential height is shown. A representation of the sea-
The stationary wave variance (zonal mean of Z*?) sonal cycle has been removed from the data by means
for the DJFM mean is shown in Fig. 5.1. The first of a least-squares fit to a parabola before this quantity
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FIG. 5.5b. As in 5.5a except for observed low pass filtered RMS.
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was computed. The analyzed variance may be seen to
have three maxima: one center over the north central
Soviet Union, one over southern Alaska, and a pair of
maxima over Iceland and east of Newfoundland. The
root-mean-square deviation from the seasonal mean
in these three centers ranges from 158 to 183 m. The
model variance map shows the same three maxima;
however, only the center over the north central Soviet
Union is at the analyzed location or of the observed
magnitude. The Atlantic Ocean and Pacific Ocean
centers are displaced southward of their analyzed po-
sitions and are weaker than the analyses. A comparison
with the climatological distribution of transient eddy
variance reveals that the magnitude of the model vari-
ance centers is smaller than the ensemble of 15 winters
(Shukla et al. 1981). :

The MJJA simulation is similar in this respect. As
may be seen in Fig. 5.4b, there are also three major
centers of action in the summer months, in the Arctic
Ocean north of the central Soviet Union, one west of
the Aleutian archipelago and a center south of Iceland.
The modél missed the center in the Arctic Ocean, split
the Aleutian center into two north Pacific centers and
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produced an unobserved center east of Iceland. The
magnitude of transient eddy activity in all these regions
was less than the analyses. It should also be noted that
the pattern of transient variance in the model has less
structure than the analyses.

The smaller than analyzed transient activity is found
on several time scales. As shown in Figs. 5.5 and 5.6,
the low pass filtered (Blackmon 1976) transient eddy
variances in both seasons are smaller than observed
and have geographical differences from the analyzed
maps of variance. Particularly striking is the difference
between the simulated and analyzed DJFM low pass
variance in the vicinity of the west coast of North
America. The analyzed center over Alaska and the
Bering Strait is missing in the model result and an
unobserved center is present in the simulation over
British Columbia. Figures 5.7 and 5.8 show the band
pass filtered transient eddy variance. Here again, the
model undersimulates the observed transient activity,
particularly in MJJA when the storm tracks are weaker
and poleward of their analyzed positions. In this series
of figures, the best simulation appears to be the DJFM
band pass filtered transience in which the Pacific and

FIG. 5.6a. Simulated low pass filtered RMS of 500 mb height for MJJA.
The contour interval is 10 m.
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FI1G. 5.6b. As in 5.6a except for observed low pass filtered RMS.

Atlantic storm tracks are clearly delineated in both the
analyses and the simulation and the magnitude of sim-
ulated transience approaches that of the analyses.

6. Model hydrologic cycle and surface fluxes

The mean DJFM precipitation rate in the model is
shown in Fig. 6.1a. For comparison, we have shown
the observed outgoing longwave radiation Fig. 6.1b
(provided by the Climate Analysis Center). It should
be noted that the precipitation rate from the model is
computed on the Gaussian grid which, at approxi-
mately 1.8 deg lat by 2.8 deg long, is a higher resolution
than is available for the OLR data (2.5 deg by 2.5 deg).
Consequently, for a more faithful comparison, we have
applied a nine-point spatial smoothing to the model
data. The observed precipitation belts are clearly as-
sociated with the Pacific and Atlantic intertropical
convergence zones in both figures, and the active con-
vection region in Indonesia is well simulated. However,
the simulated rainfall patterns, especially over the
tropical land masses, have serious deficiencies. The ex-
cessive rainfall over central Saudi Arabia, South Africa
and southern South America are not observed, and

storm track related precipitation over the western
North Pacific is considerably northward of the OLR
trough.

In MJJA, the problems over South Africa and South
America are also present (Fig. 6.2a), and the precipi-
tation over the Australian desert is greater than twice
as much as observed climatologically (see Jaeger 1976).
The east Asian monsoon is fairly well simulated in its
broad aspects: there are two maxima in rainfall, one
over western India and one over Bangladesh, both in
agreement with climatology and the OLR minima. One
feature that is common to both seasonal simulations
is that the model-simulated tropical rain belt is gen-
erally north of its observed position. Also, the precip-
itation rates over oceanic regions are more similar to
observational estimates than over continental regions.

The surface sensible heat flux for the DJFM simu-
lation is shown in Fig. 6.3. The distribution of this
quantity is similar to that found using the GLAS GCM
(Shukla et al. 1981), except east of Greenland and west
of Alaska where the NMC model gives significantly
weaker and stronger fluxes, respectively. The global
mean sensible heat flux in DJFM is 30 W m 2, slightly
larger than that found with the GLAS GCM. The
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FIG. 5.7a. Simulated band pass filtered RMS of 500 mb height for DJFM.
: The contour interval is 10 m.

DJFM simulation also compares well, in some respects,
with recent observational studies of oceanic surface heat
flux (Esbensen and Kushnir 1981). The major centers
of heat flux over the warm western boundary currents
are simulated, but the flux is larger than observed nearly
everywhere, and up to a factor of 2 larger than observed
over the Kuroshio. In MJJA, the global mean surface
sensible heat flux is 36 W m 2, larger than in DJFM
despite the fact that the warm western boundary ocean
currents are much more in evidence in the Northern
Hemisphere. The MJJA simulation shown in Fig. 6.4
also compares quite closely with that of the GLAS
GCM and observations except near the Antarctic sea
ice margin where maxima of more than 75 W m 2 are
produced by the NMC model.

The surface latent heat flux in both DJFM and MJJA
(Figs. 6.5 and 6.6) is similar to observational estimates
(Schutz and Gates 1971a) with neaily identical patterns
and larger magnitudes. The global mean surface latent
heat flux in DJFM is 92 W m 2 (3.16 mm day ' evap-
oration) which may be compared with Schutz and
Gates’ estimate of 3.12 mm day™! for the month of
January. The MJJA figure of 104 W m ™2 or 3.56 mm

day~!is 8.5% larger than the observational estimate of
3.28 mm day ! (Schutz and Gates 1971b).

7. Summary, discussion and conclusions

We have integrated the operational medium range
forecast model of NMC twice for 110 days in simula-
tions of both the winter and summer global circula-
tions. We found that the time mean circulation is rea-
sonably well simulated by this model, particularly in
the sea level pressure and jet level zonal winds in the
troposphere. We found agreement between the time
mean zonal mean circulation of the model and that of
the analyzed atmosphere, but we noted that the model
produces a tropical rainfall distribution which is only
broadly correlated with the observed. Generally, the

model winter hemisphere is a better simulation than

the model summer hemisphere.

We have shown that the model is colder than the
analyses nearly everywhere in the zonal mean. This
cooling may be considered separately in three separate
regions: the global tropospheric cooling of 1-5 K, the
tropical tropopause cooling of 9-10 K and the polar
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FI1G. 5.7b. As in 5.7a except for observed band pass filtered RMS.

stratospheric cooling of 10-18 K. It is our speculation
that the global tropospheric cooling may be reduced
by altering the radiative properties of the externally
prescribed clouds to be more consistent with the re-
mainder of the model’s physical parameterizations. The
tropical tropopause cooling is probably due to insuf-
ficient moisture supply at the cloud base and insuffi-
cient convective heating above 300 mb, as suggested
by recent experiments at NMC with shallow convection
and updated cumulus convection algorithms. The polar
stratospheric cooling is a problem which has always
plagued GCM integrations and for which we can offer
no specific speculation except to suggest that the prob-
lem may be ameliorated by the improvement of pa-
rameterized heating as suggested above and by the im-
provement of horizontal and vertical heat flux simu-
lations in experiments suggested below.

The cooling in the lower stratosphere near the poles
probably is related to one of the major problems with
the zonal mean zonal wind simulation, namely, the
poleward shift of the jet cores. The other major feature
of the zonal wind error is the tropical easterly bias. We
suggest that this is probably indicative of a mean me-
ridional Hadley circulation which is too weak relative

to the divergence of eddy zonal momentum flux. Thus,
changes in the mean meridional circulation simulation
or the simulation of the orientation of the eddies may
significantly alter the easterly bias. Note that increasing
the convective heating may produce a stronger Hadley
cell as well as warming the tropical troposphere, thus
reducing the zonal mean zonal wind error through both
mechanisms.

In the simulation of stationary eddies, we noted that
the summer hemisphere waves were quite wrong, a
feature which was particularly noticeable in DJFM.
One possible explanation of the difference between the
two hemispheres lies in the forcing mechanism of ex-
tratropical stationary waves. In the winter hemisphere
where the zonal flow is strong, the waves are probably
primarily forced by orography, but the summer hemi-
sphere waves are more thermally forced. We have seen
that the diabatic heating ( precipitation ) rate is in poor
agreement with estimates of the observed heating rate
implying that the thermally forced part of the stationary

~ waves cannot be expected to be correct. It is also im-

plied that the zonal flow is erroneously simulated as
discussed above. This hypothesis may be readily ex-
amined using a linear model to diagnose the relative
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" FIG. 5.8a. Simulated band pass filtered RMS of 500 mb height for MJJA.
The contour interval is 10 m.

contributions of thermal and orographic forcing to the
winter and summer stationary waves in the model.
With regard to the diabatic heating problem, we have
indicated that the precipitation rate is more poorly
simulated over land than ocean. It is our speculation
- that this is related to the oversimplified treatment of
land surface subgrid-scale processes in the model. A
more consistent formulation of momentum, heat and
moisture fluxes over a land surface with varying surface
roughness and soil and vegetation types is probably
needed. We have included maps of the seasonal mean
surface fluxes of sensible and latent heat which show
these quantities to be considerably different in mag-
nitude from other GCM simulation or observational
estimates. While no verification of these results is pos-
sible, they have been included with a view toward
comparison with future, more accurate surface flux
parameterizations. The incorrect features of the pre-
cipitation over tropical and subtropical land areas may
be responsible for the erroneous shift of the subtropical
jet in the Southern Hemisphere, the misplacement and
overestimate of stationary wave activity in the summer

hemisphere, and individual features of the velocity po-
tential error in both hemispheres.

We found that, in addition to the seasonal mean
quantities, the model has difficulties in simulating the
transient variance on all subseasonal time scales, in-
cluding the month-to-month variability of the station-
ary waves (not shown). We wish to suggest that this
transience deficiency is related to the possibility that
the stationary waves are phase-locked to the silhouette
orography. That is, by enhancing the orography to
achieve observed stationary wave amplitudes, we may
have reduced the degree to which these quasi-stationary
waves may fluctuate on monthly time scales. This is a
strong possibility in the low-pass filtered RMS devia-
tions, and the fact that the band-pass filtered RMS de-
viation errors are correlated with the low-pass errors is
suggestive that the storm tracks are affected by the im-
mobility of the stationary eddies. This hypothesis may
also be examined in a linear model framework. A more
remote possible cause lies in the near absence of zonal
variation of the net radiation at the surface. This is due
to the fact that the cloudiness is specified and zonally
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F1G. 5.8b. As in 5.8a except for observed band pass filtered RMS.

symmetric. Testing this conjecture, however, will re-
quire more investigation since the cloud radiation in-
teraction can be extremely sensitive.

It is our speculation that the differences between the
winter and summer simulations, in terms of their
agreement with the observations, are mostly due to the
problem with the simulated tropical and summer
hemisphere rainfall. This would seem to indicate that
improving the tropical rainfall simulation can have a
major impact on the simulation of the seasonal cycle
as well as the mean components of the winter and
summer circulations. Another improvement in the
simulations is to be expected by the elimination of the
constraint of zonally symmetric fixed cloudiness for
the radiative transfer calculation.
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FiG. 6.1a. The DJFM mean of the simulated precipitation rate. Contours are 1, 2, 4, 8, and
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>

—

-150 -120 -90 -60 -30 (o] 30 60 90 120 150

FIG. 6.1b. The DJFM mean of the observed outgoing long wave radiation at the top
of the atmosphere. The contour interval is 20 W m 2,
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FIG. 6.2b. As in Fig. 6.1b except for MJJA mean.
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FIG. 6.3. The DJFM mean of the simulated sensible heat flux from the surface
into the atmosphere. The contour interval is 25 W m ™2,

FIG. 6.4, As in Fig. 6.3 except for MJJA mean.
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F1G. 6.5. The DJFM mean of the simulated latent heat flux from the surface

into the atmosphere. The contour interval is 40 W m 2,

FIG. 6.6. The MJJA méan of the simulated heat flux from the surface

into the atmosphere. The contour interval is 40 W m 2,
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