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ABSTRACT

The large-scale circulation anomalies associated with the 1988 drought and the 1993 floods are investigated
with the National Centers for Environmental Prediction Reanalysis data and a linear stationary wave model.
The transient vorticity and thermal forcings are explicitly calculated and the diabatic heating is derived as a
residual in the thermodynamic energy equation. Using the April-June (AMJ) data for 1988, and June-August
(JJA) data for 1993, the linear stationary wave model is able to reproduce the main features of the geopotential
height anomaly for the two seasons when all forcings are included. This provides a basis for further investigation
of stationary wave response to different forcing mechanisms using the linear model.

Within the linear model framework, the linear model responses to different forcings are examined separately.
The results indicate that the 1988 anomaly over the United States is a result of both the diabatic heating and
the transient vorticity and thermal forcings. The large anticyclonic anomalies over the North Pacific and Canada
are forced mainly by the diabatic heating. The 1993 anomaly, however, is dominated by the response to transient
vorticity forcing. By further separating the linear model responses to regional diabatic heating anomalies in
1988, the results indicate that the western North Pacific heating is entirely responsible for the anticyclonic center
over the North Pacific, which causes the northward shift and intensification of the Pacific jet stream. The eastern
North Pacific heating/cooling couplet is the most important for maintaining the North American circulation
anomaly. The tropical eastern Pacific cooling/heating anomalies associated with the La Nifia condition have
negligible influence on the North American circulation. In 1993, the strong diabatic heating over the North
American continent largely compensates the effect of the cooling over the North Pecific.

The dynamics of the AMJ and JJA climate is further explored by calculating its Green's function for both
diabatic heating and vorticity forcing. The results again show negligible influence from the equatorial Pacific.
The most effective location for diabatic heating to generate a North American circulation anomaly is along the
west coast of North America, where the zonal wind is relatively weak. There is little sensitivity in the Green’s
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function solution to the different basic states.

1. Introduction

Warm season precipitation over the United Statesvar-
ies greatly from year to year (Ting and Wang 1997).
For example, the 1988 drought over most of the con-
tinental United States and the 1993 floods over the Mis-
sissippi River basin are two extreme manifestations of
the precipitation variations. Although precipitation
amount can be affected by many factors, such as the
moisture availability, soil wetness, and frequency of
storm activity, very large and persistent precipitation
anomalies are often associated with extreme atmospher-
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ic circulation anomalies. The large-scal e circulation pat-
tern determines the location and intensity of the storm
tracks, as well as the directions of horizontal moisture
transports.

Large-scale circulation anomalies were observed over
the North Pacific and North America during the spring
of 1988 and summer of 1993 (NOAA 1988, 1993).
These are accompanied by anomal ous conditionsin both
the diabatic heating and the transient wave activity. Us-
ing a baroclinic steady-state model linearized about the
April-June (AMJ) climate, Trenberth and Branstator
(1992) showed that an anomalous heat source located
in the subtropical eastern Pacific was able to produce a
wave train that is similar to the observed stationary
wave anomalies in 1988. The heating anomaly over the
subtropical eastern Pacific is further linked to the anom-
alously cold sea surface temperature (SST) in this re-
gion. For the 1993 floods, Trenberth and Guillemot
(1996) again linked the extratropical circulation anom-
aly to thetropical heating anomaly associated with warm
SST conditions over the tropical Pacific.



1 SeEPTEMBER 1998

In addition to tropical SST anomalies, large North
Pacific SST anomalies were also present (NOAA 1988,
1993) in both the 1988 and 1993 events. Some studies
have shown that the North Pacific SST anomaly may
also be related to the atmospheric circulation anomalies.
Wallace and Jiang (1987) found significant correlations
between atmospheric circulation anomalies and the
North Pacific SST anomalies. Ting and Wang (1997)
found high correlations between the summertime U.S.
precipitation anomalies and the Pacific SST anomalies,
and the correlation is larger over the North Pacific than
over the tropical Pacific. How the North Pacific SST
influences the extratropical circulation, on the other
hand, is still not well understood.

Transient eddies could also be responsible for the
circulation anomalies. In the summer of 1993, transient
eddies played an important role in strengthening the jet
over the Pacific and maintaining a lee trough down-
stream of the Rockies, therefore maintaining the flood
pattern (Mo et al. 1995). The weakening (strengthening)
of the midlatitude storm activity during the 1988
drought (1993 floods) over the United States has also
been noted by Trenberth and Guillemot (1996). Due to
the complexity of the dynamical and physical processes
involved, it is necessary to quantify the relative im-
portance of the various forcing mechanisms for the
maintenance of the large-scale circulation anomaly ob-
served in the 1988 drought and 1993 floods.

Our approach is to diagnose the stationary wave
anomalies through the use of a linear stationary wave
model. This model has been used widely in diagnosing
the maintenance mechanisms of the anomalous station-
ary waves in winter (e.g., Ting and Held 1990; Bran-
stator 1992) among others. For the spring and summer,
however, the linear stationary wave model is not as
widely used. In this study, we linearize the model about
observed three-dimensional AMJ and June-August
(JJA) climatological states, and investigate the linear
stationary wave dynamics in response to various forc-
ings. We try to address the following questions:

» Can alinear stationary wave model reproduce the ob-
served stationary wave anomalies in 1988 and 1993,
with realistic forcing and realistic climatological basic
state?

» What is the relative importance of different forcings,
including transients and diabatic heating, in the main-
tenance of the stationary wave anomaly?

» In what regions were the forcings most effective in
producing the observed anomalies over North Amer-
ica?

Our linear modeling approach is similar to Trenberth
and Branstator (1992). The most important difference
is that the linear model is used as a diagnostic tool in
this study, whereas it is a mechanistic model in Tren-
berth and Branstator. The advantage of using the linear
model as a diagnostic tool is that not only the spatial
pattern but the amplitude of the response to each forcing
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mechanism can be determined. While the spatial struc-
ture of the atmospheric response to the subtropical east-
ern Pacific heating is similar to the observed anomalies
in 1988, it may not be a significant contribution toward
the total atmospheric anomaliesif the amplitudeissmall
compared to observations. Other improvements in this
study include an increased horizontal and vertical res-
olutions (full rhomboidal 15, 14 ¢ levels) and a high
quality dataset from the National Centers for Environ-
mental Prediction (NCEP) Reanalysis.

This paper isorganized asfollows. In the next section,
the steady linear baroclinic model is briefly described,
together with the data and method we use to calculate
the forcings. In section 3, observed features of the sta-
tionary waves and the anomalous forcings in 1988 and
1993 are discussed. In section 4 we present the model -
simulated stationary waves and their comparison with
observations, followed by the decomposition of the re-
sponse for each individual forcing and in different
regions to examine their relative contributions. In sec-
tion 5, we present the results with the calculation of the
Green's function to determine the most effective region
for the forcing to generate the observed stationary wave
anomaly. Finally, a summary is given in section 6.

2. Data and methods
a. Dataset

The basic dataset used in this study is the NCEP
Reanalysis for a nine-year period from 1985 to 1993.
The reanalysis data is produced by a fixed, state-of-the-
art global data assimilation system (Kalhay et al. 1996).
It is therefore free from data inconsistency due to the
change of assimilation system. The consistency is par-
ticularly important for studying the interannua vari-
ability and makes the dataset well suited for the budget
calculation used here. The original data has a spatial
resolution of 2.5° in both longitudinal and latitudinal
directions, and 17 pressure levels up to 10 hPa. The
temporal resolution of the original dataset is four times
daily. We reduced it to twice daily in our calculation to
speed up data processing. We found no noticeable dif-
ference in the transient flux fields due to this reduction.
The variables used in the calculation include three-di-
mensional wind, temperature, geopotential height, and
surface pressure. We cal culated horizontal vorticity flux-
es, horizontal divergence fluxes, and horizontal and ver-
tical heat fluxes using the twice daily data on original
spatial resolutions. The diabatic heating is then diag-
nosed as a residual from the thermodynamic equation.
These data are subsequently interpolated into R15 res-
olution and 14 ¢ levelsto be incorporated into thelinear
model. The long-term mean climatology of all the fields
is defined as the nine-year average and the seasonal
mean anomalies as deviation of seasonal mean of an
individual year from the long-term mean climatology.
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b. Linear stationary wave model

The linear stationary wave model was developed by
Ting and Held (1990) and was used to diagnose the
stationary wave response to a tropical SST anomaly in
an idealized general circulation model (GCM). It has
been successfully used to diagnose the maintenance
mechanisms of the summertime climatological station-
ary waves in a GCM (Ting 1994).

The basic equationsinclude four prognostic equations
for vorticity, divergence, temperature, and log surface
pressure, and two diagnostic equations describing the
mass continuity and the hydrostatic balance. In this
model, the time tendencies are set to zero and the at-
mospheric response to a given forcing is calculated by
solving a set of linear equations. The coefficients of this
set of equations are determined by the basic state as
well as dissipation. The details of the model are de-
scribed in Ting (1994) and Ting and Held (1990).

In this study we use a full R15 resolution in the hor-
izontal and 14 o levels in the vertical with unevenly
distributed o values (0.015, 0.05, 0.101, 0.171, 0.257,
0.355, 0.46, 0.568, 0.676, 0.777, 0.866, 0.935, 0.979,
0.997). We define the basic state as the three-month-
mean (AMJ or JJA) climatology based on the nine-year
reanalysis data from 1985 to 1993. The forcings that
generate the stationary wave anomaly include the dia-
batic heating and the transient forcing. In addition, the
nonlinear terms omitted in the linearization of the gov-
erning equations are also included as aforcing. All tran-
sient forcings are calculated for submonthly timescales.
The anomalous diabatic heating and transient forcing
for AMJ 1988 and JJA 1993 are obtained as departures
of the three-month-average from the corresponding 9-
yr (1985-93) climatology. The nonlinear terms are cal-
culated based on the observed stationary wave anom-
aliesin AMJ of 1988 and JJA of 1993, respectively.

Several dissipative parameterizations are included in
this model to ensure a meaningful steady-state solution.
These include Rayleigh friction, Newtonian damping,
and a biharmonic diffusion in the vorticity, divergence,
and thermodynamic equations. They can be expressed
as follows:

% _

_ _ 4
p . — k{ — vV
@=...—KD—UV4D
ot
oT a[T]
— = ... (k+ VYT - ——=1
at (et )< 3 Ino nps)’

where the Rayleigh friction and Newtonian damping
coefficients are chosen to be

[0.25 day)~t, o = 0.997
. — D0.5 day)™*, o = 0979
51.5 day)!, o = 0935
(15 day)~t,  elsewhere.
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The biharmonic diffusion is highly scale selective with
a coefficient of v = 1 X 107 m* s7¢, corresponding to
an e-folding time of 5.3 h for the smallest scale resolved
in the model.

The model calculates only the response of the zonally
asymmetric components. In other words, zonal-mean
anomalies generated by zonal-mean forcings are not in-
cluded. The effects of the variability of the zonal-mean
flow on the stationary waves for the winter season are
studied in Hoerling et al. (1995) and Ting et a. (1996),
but are beyond the scope of this study. The model re-
sponse is interpolated to pressure levels for easy com-
parison with observations.

¢. Green's function approach

To further explore the dynamical property of the basic
state, we calculated its Green’s function. The amplitude
and distribution of the Green’s function for a given ref-
erence point represents the relative effectiveness of the
forcings in exciting the stationary wave anomalies at
the reference point. This method was used by Branstator
(1985) in his study of the linear response to tropical
SST anomaly in a barotropic model. In this study, the
Green’sfunction is separately calculated for the diabatic
heating and the vorticity forcing. Since our interest is
primarily in the horizontal structures of the forcing and
the response, the forcing is specified as nonzero in a
vertical column at ahorizontal grid and zero everywhere
else. The vertical distribution of the forcing in the col-
umn is specified with a vertical profile. The formulafor
the Green's function can be symbolically written as:

LG(A, ¢, 0, Ao, &) = 3(Ao, Po)N(0),

where L is a three-dimensional linear operator deter-
mined by the basic state and dissipations, é(A,, ¢,) is
a forcing function that is nonzero only at longitude A,
and latitude ¢ ,, h(o) is a vertical profile, G(A, ¢, o;
Ao» ¢ o) IS the response at longitude A and latitude ¢,
namely, the Green’s function; G can be calculated for
al (Ay ¢,) in the entire domain. Given a particular
point of interest (A*, ¢*, o*), we can then plot contours
of G(A*, ¢*, 0*, Ay, ¢,) for al (Ay, ¢,). The distri-
bution of G is a measure of sensitivity of the model
response due to forcing at different regions. More de-
tailed explanation of the Green's function calculation
will be presented in section 5.

3. Observational features

In this section, we present the observational features
of the AMJ and JJA climate and the stationary wave
anomalies for 1988 and 1993, respectively. The diabatic
heating and transient forcings for the two seasons de-
rived from the NCEP Reanalysis will also be presented.
The validity of the derived forcing fields will be ex-
amined. Since our primary interest is in the Pacific and
North American region, all diagrams are shown for the
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region between 120°E and 60°W and between the equa-
tor and the North Pole, even though all analyses and
model experiments are performed on the whole globe.

a. Mean climate

The AMJ and JJA climate states are shown in Fig. 1
for the 200-hPa zonally asymmetric component of the
geopotential height Z and the zonal wind component.
The climatological stationary waves in AMJ (Fig. 1a)
and JJA (Fig. 1b) share some familiar features, such as
the dominant anticyclonic circulation over the U.S. con-
tinent and the cyclonic centers off the tip of the Aleu-
tians over the North Pacific and off the U.S. West Coast
over the subtropical Pacific. The most important dif-
ference in climatology between the two seasons is the
stronger and more eastward extended jet stream over
the Pacific in late spring (Fig. 1c) compared to the sum-
mer (Fig. 1d). The easterlies in the Tropics cover the
whole Pacific in the summer, with amplitude over 10 m
st in the eastern and western tropical Pacific. In AMJ,
however, the tropical easterlies cover only the eastern
and western Pacific basins and in the central equatorial
Pacific weak westerlies prevail. The strong easterliesin
the summer prevent waves generated in the Tropicsfrom
propagating into midlatitudes, and can have a strong
impact on the response of stationary wavesin the model.

b. Sationary wave anomalies

The observed stationary wave anomaly in AMJ 1988
is depicted by the zonally asymmetric component of Z
in Fig. 2. The horizontal structure of the 200-hPa geo-
potential height anomalies (Fig. 2a) show awell-defined
wavelike pattern over the Pacific and North American
region. Thiswavelike pattern consists of an anticyclonic
center over the central Pacific, a low over the Gulf of
Alaska, another high over the Northern half of the Unit-
ed States and most of the Canada, and alow center over
the southeast of the United States. This wavelike struc-
ture led Trenberth and Branstator (1992) to speculate
on the possible role of the tropical heating anomalies
associated with LaNifa. The amplitudes of the anomaly
centers in Fig. 2a are comparable to the climatological
stationary waves at the same location. Compared to Fig.
1a, the stationary waves in 1988 are an intensification
of the climatological stationary waves north of 40°N.

The vertical structure of the stationary wave anomaly
in midlatitudes is depicted in Fig. 2b by a longitude—
vertical cross section at 50°N, which is close to the
maximum centers in Fig. 2a. The vertical structure of
the stationary wave anomaly is largely equivalent bar-
otropic, with no change of sign throughout the vertical
column. Because of the equivalent barotropic structure,
the 200-hPa Z is a good representation of the overall
structure of the stationary wave anomalies.

The 1993 summer stationary wave anomaly is shown
in Fig. 3. North of 30°N, a succession of lows and highs
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spans the North Pacific and North American region: two
lows over the central North Pacific and western North
America, and two highs over the northwestern Pacific
and the east coast of North America, respectively. The
anomalies are of smaller zonal scale and shifted slightly
southward compared to the 1988 anomalies. The sign
of the height anomaly over North America is almost
reversed for the two seasons, with 1988 dominated by
an anticyclone and 1993 by a cyclone. The different
signs of the height anomaly over North America seem
to be strongly associated with the drought and floods
that occurred during the two seasons.

The vertical structure of the 1993 anomaly at 45°N
isshownin Fig. 3b. Similar to 1988, the height anomaly
is equivalent barotropic, with maximum amplitudes lo-
cated between 200 and 300 hPa.

¢. Anomalous diabatic heating

The vertically integrated diabatic heating anomalies
as derived from the NCEP Reanalysis for AMJ 1988
and JJA 1993 are shown in Fig. 4. In AMJ 1988 (Fig.
43), the dominant feature is a broad band of cooling
equatorward of 10°N across the whole Pacific. It is as-
sociated with below normal SST in the region. Farther
north of the cooling region, there is anomal ous heating
in the eastern Pacific at about 15°-20°N. Large heating
centers are also found along the west coast of North
America from California to Canada, over Alaska, and
over the western North Pacific. There is weak cooling
over the United States associated with the drought con-
dition.

In JJA 1993 (Fig. 4b), thereis mostly positive heating
over the tropical Pacific, as well as over most of the
United States, in contrast to those in 1988. The positive
heating anomaly over the tropical Pacific is related to
the weak EIl Nifio condition and that over North America
to the floods. The cooling regions to the west coast of
North Americain Fig. 4b also seem to contrast with the
heating in Fig. 4a. Overall, the diabatic heating anom-
alies during summer 1993 shows the opposite sign to
that in 1988 over most of the regions.

The diabatic heating shown in Fig. 4 is derived as
aresidual from the thermodynamic equation. To ver-
ify the validity of the derived heating anomalies for
the two seasons, the corresponding observed outgoing
longwave radiation (OLR) is shown in Fig. 5. A pos-
itive (negative) OLR anomaly indicates reduced (en-
hanced) convective activities, and should correspond
to anegative (positive) diabatic heating anomaly. The
correspondence between the derived heating in Fig.
4 and the corresponding OLR is generally good in the
Tropics, where most diabatic heating comesfrom deep
convection. In midlatitudes, shallow convection also
releases a significant amount of latent heat, while it
may not show large signals in the OLR. Thus, the
correspondence between the OLR and the diabatic
heating in midlatitudes is not as good as in the Trop-
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(a) Z 200hPa
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Fic. 2. Observed zonally asymmetric Z anomaly in AMJ 1988: (a) horizontal distribution at 200 hPa and (b)
Vertical-longitude cross section at 50°N; Cl = 10 m. Areas above 30 m are dark shaded and areas below —30

m are lightly shaded.

ics. Nevertheless, most of the features present in the
derived heating fields can find their counterparts in
the OLR. The most noteworthy difference is the
smaller amplitude in derived cooling in 1988 and a
southeastward shift in derived heating in 1993 over
the United States compared to OLR. The weaker de-
rived U.S. cooling in AMJ 1988 indicates deficiencies
of the reanalysis data, whereas the derived U.S. heat-

ing in 1993 corresponds better with the actual pre-
cipitation (Fig. 4 in Kunkel et al. 1994) than OLR.
There are many other detailed differences between
derived heating and OLR over the Pacific region, but
the qualitative agreement is reasonable. Due to the
lack of ahigh quality three-dimensional diabatic heat-
ing dataset, the derived diabatic heating will be used
in the linear model calculations in the next section.
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d. Anomalous transient forcings

The transient vorticity and thermal forcing is another
important forcing mechanism for the maintenance of
stationary wave anomalies. Part of the transient forcing
is associated with anomal ous storm track activities. One
measure of the storm track anomalies is the bandpass
filtered 850-hPa northward heat flux v'T’, which is
shown by shadings in Fig. 6. The bandpass filter is the
same as that used by Blackmon (1976), which contains

timescales from 2.5 to 6 days. The contours in Fig. 6
are the zonal wind anomalies, which closely relate to
the transient anomalies. Enhanced northward heat flux
over the central North Pacific in Fig. 6a is associated
with an intensified Pacific jet. Over the land region in
North America, the heat fluxes are also intensified even
though the jet there is reduced. In 1993, the westerly
jet over the Pacific is shifted farther south and reduced
northward heat flux is found over most of East Asiaand
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(a) Diabatic Heating AMJ 1988
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FiG. 4. Vertically integrated diabatic heating anomaly in (a) AMJ 1988 and (b) JJA 1993: Cl = 0.25K day—*.
Areas above 0.5 K day* are dark shaded and areas below —0.5 K day—* are lightly shaded. Zero contours are

omitted.

the North Pacific. Over North America, however, the
westerly jet is intensified over the United States and
weakened over Canada. These collocate with the en-
hanced northward heat flux.

The total transient forcing not only contains the high-
frequency component, but the low-frequency (10-30
days) part as well. The relative importance between the
high and low frequency variabilities can vary over time.

For example, Mo et al. (1995) found that during 1993,
the bandpass filtered transients were stronger in early
summer, whereas the low-pass filtered transients were
more dominant in middle summer. In the calculation
below, the transients in both high- and low-frequency
band will be considered together since the focus is the
seasonal mean anomalies.

The transient forcings include both vorticity and heat
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(a) OLR Anomaly AMJ 1988
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Fic. 5. Outgoing longwave radiation (OLR) anomaly in (a) AMJ 1988 and (b) JJA 1993: Cl = 5 W m=2,
Areas above 5 W m~2 are dark shaded and areas below —5 W m~2 are lightly shaded. Zero contours are omitted.

flux convergences. The heat flux convergence is rela-
tively small compared to the diabatic heating. The ver-
tically integrated streamfunction tendency due to sub-
monthly vorticity transientsisshownin Fig. 7. The most
dominant feature in 1988 (Fig. 7a) isthe dipole structure
over the United States, with an anticyclonic tendency
over the western part and a cyclonic tendency over the
eastern part. Both features correspond well with the
height anomalies in Fig. 2a, indicating the possible ef-

fect of transient forcings on the seasonal mean flow.
Farther upstream, there are cyclonic tendencies along
the west coast of North America and anticyclonic ten-
dencies over the central Pacific. In 1993, North America
is dominated by the cyclonic tendency, in contrast to
the anticyclonic tendency in 1988. The streamfunction
tendency in 1993 agrees well with the corresponding
height anomaly in Fig. 3a. This general agreement sug-
gests that the transients have a positive feedback on the
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(a) AMJ 1988
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areasare v'T’ < —05K ms: Cl = 2m s for zonal wind anomaly. Negative contours are dashed.

10N

seasonal mean anomalies. This positive relationisvalid forcing with the observed stationary wave anomalies.

for both the 1993 floods and the 1988 drought. This provides a basis for further decomposing the re-
sponse into those due to different components of the
4. Linear mode results forcings. The model response of the 200-hPa Z is shown

in Fig. 8 and Fig. 9 for AMJ 1988 and JJA 1993, re-
spectively. They are to be compared with the corre-

We first apply all the forcings to the stationary wave sponding observations shown in Figs. 2 and 3, respec-
model and compare the response generated by the total  tively.

a. Response to total forcings
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In 1988, the model produced a similar wavelike
anomaly pattern from the central Pacific to North Amer-
ica as in observations. Over North America, the model
produced an anticyclonic anomaly with amplitude over
100 m, compared to an 80-m center in Fig. 2a. There
is a dlight westward shift in the center location over
North America in the linear model. The vertical distri-
bution of the model response (Fig. 8b) shows a similar

equivalent barotropic structure as in observations (Fig.
2b). Since the vertical structure of Z is linked with the
temperature through the hydrostatic balance, this agree-
ment in vertical structure infers that the temperature
structure is also well simulated (not shown).

To quantify how well the linear model reproducesthe
observed anomalies, we calculated the area-weighted
pattern correlation and the root-mean-square (rms) am-



1 SeEPTEMBER 1998

90N

LIUETAL.

2821

(a) Z Anomaly 200hPa AMJ 1988

80N

Yoom 140E 160E 180 160W

140W 120W 100W BOW

(b) Z Anomaly 5SIN AMJ 1988

100,
200 1
300 1
400+
500 1
600
7004 -
8001

8001

1000

120E 140 160E 180 160W

140W 120W 100W 80W 60W

Fic. 8. Model-calculated zonally asymmetric Z anomaly in AMJ 1988. (a) Horizontal distribution at 200 hPa

and (b) vertical-longitude cross section at 51°N: Cl =

below —30 m are lightly shaded.

plitude over the Pacific and North American domain
(equator to 90°N, 120°E to 60°W). Theresultsare shown
in the first two rows of Table 1. The pattern correlation
between observation and the linear model response to
total forcing reaches 0.67 and the rms amplitude of the
model response (29 m) is stronger than observations (25
m). The imperfect correlation between model response
and observations is mainly contributed by discrepancies

10 m. Areas above 30 m are dark shaded and areas

over East Asiaand high latitudes. By removing the area
north of 70°N, the correlation increases to 0.71 and the
rms amplitude reduces to 26 m. The cause for the dis-
crepancy can be many fold. Both the linear model for-
mulation and the quality of the forcing data may con-
tribute. The linear model has known resonant behaviors
when linearized about the three-dimensional winter ba-
sic state (Branstator 1990; Ting and Sardeshmukh
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1993). Thus the linear model solution can be sensitive
to the damping parameters chosen. There are great un-
certainties to the precise choice of damping coefficients.
The model resolution (R15) may also cause problems
due to its inability to resolve the finescale features in
the forcing data. The derived diabatic heating field is
subject to many potential errors and relies heavily on
the poorly observed vertical motion field. Given these
uncertainties, the agreement between model results (Fig.
8a) and observations (Fig. 2) is rather remarkable.
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8owW
FiG. 9. Same as Fig. 8 except for JJA 1993 and the cross section (b) is at 46°N.

60W

For 1993, the model did reasonably well in repro-
ducing the observed anomaly pattern over the North
Pacific and North America. The significant low center
over the northwestern United States is well simulated
in both location and strength. The anticyclonic center
over the U.S. East Coast agrees with observations in
center location, but the amplitude is somewhat too
strong. Over the North Pacific, however, the model-pro-
duced anomaly compares poorly with observations; in
particular, the amplitude of the linear model response
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TABLE 1. Area-weighted spatial pattern correlation and rms Z am-
plitude at 200 hPain AMJ 1988 for the area 120°E—60°W, and equator
to 90°N. The numbers in parentheses are for the area 120°E-60°W
and 0°-70°N.
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TABLE 2. Area-weighted spatial pattern correlation and rms Z am-
plitude at 200 hPa in JJA 1993 for the area 120°E-60°W and 0°—
90°N. The numbers in parentheses are for the area 120°E-60°W and
0°-70°N.

Correlation with

Correlation with

Rms Z model Rms Z observa- model
(m) observation total (m) tion total
Observation 25.0 (25.0) 1.0 0.67 (0.71) Observation 18.5(18.2) 1.0 0.47 (0.58)
Model total 29.4 (26.1) 0.67 (0.71) 1.0 Model total 245(23.3) 0.47(058) 1.0
Diabatic heating 19.6 (19.1) 0.64 (0.67) 0.80 (0.77) Diabatic heating 17.2(16.6) 0.27(0.30) 0.83(0.83)
Transient vorticity Transient vorticity flux 11.8(11.9) 0.49(0.55) 0.68(0.68)
flux 13.7 (13.5) 0.60 (0.59) 0.40 (0.45) Transient heat flux 6.1(6.0) 0.04(0.11) 0.36(0.30)
Transient heat flux 14.3(14.2) —-0.16(—0.19) 0.16(0.20)

is much too weak. The largest discrepancy between the
model and the observation exists over northern high
latitudes, where the linear model produces a spurious
positive center, which does not have any counterpart in
observations. Comparing Fig. 9b with Fig. 3b, one can
see that the vertical structure is again well simulated,
with equivalent barotropic structure throughout the main
centers of anomalies.

The spatial pattern correlation between observed
anomalies and model responses at 200 hPa (Table 2) is
only 0.47, much lower than the 1988 counterpart. By
removing the area north of 70°N, the correlation in-
creases to 0.58. The large discrepancies over the north-
ern high latitudes contributed significantly toward the
low spatial correlation. Even though the model response
is weaker than observations over the Pacific, the rms
amplitude in the model (24.5 m) is much higher than
in observations (18.5 m). As will be shown later, the
lower correlation is mainly due to the diabatic heating
forcing. Again, the uncertainties in the derived diabatic
heating may be important.

b. Contributions from different forcings

The forcings used in the previous section include the
vorticity flux convergences, heat flux convergences, dia-
batic heating, and nonlinear forcing. The linear model
responses to the four forcingsin isolation for AMJ 1988
are shown in Fig. 10. Significant amplitudes are found
for responses to diabatic heating (Fig. 10a), transient
vorticity (Fig. 10b), and heat (Fig. 10c) flux forcings.
Over the United States, for example, the dominant an-
ticyclone is forced by the integrated effect of transient
vorticity and thermal forcings. Over the central North
Pacific and Canada, on the other hand, the effect of
diabatic heating apparently dominates. The stationary
nonlinear forcing produced negligible response in most
areas.

It is interesting to note that the well-defined wave
train over the Pacific and North American domain,
shown as the response to total forcing in Fig. 8a, is a
result of the combination of different forcing compo-
nents, rather than a single forcing mechanism. The effect
of the diabatic heating tends to produce the anticyclonic

centers over the central Pacific and Canada, whereasthe
transient vorticity forcing isresponsiblefor the low cen-
ters over the Gulf of Alaska and the U.S. Southeast, as
well as the anticyclone over the western United States.
It is somewhat misleading to view the wave train as the
great circle wave propagation due to a single source.
The spatial pattern correlation between the linear model
response to each individual forcing and observations as
well as model response to total forcing are included in
Table 1. Although the response to diabatic heating cor-
relates highly with the model response to total forcing
(0.80), it is not as highly correlated with observations
(0.64). Thisindicates that part of the deficiencies of the
model response to total forcing (Fig. 8a) may be due to
errorsin diabatic heating. Indeed by comparing Fig. 10a
with Fig. 8a, one finds that most of the unrealistic fea-
tures in Fig. 8a over East Asia and northern high lati-
tudes are due to the effect of diabatic heating. By re-
moving the area north of 70°N, the correlation between
the effect of heating and observations increases to 0.67.
The correlation between response to diabatic heating
and observations is comparable to the correlation be-
tween response to total forcing and observations, and
stronger than the correlation of any other forcing mech-
anisms. The rms amplitude due to heating (~19 m) is
the strongest among the four forcing mechanisms. Ap-
parently AMJ 1988 atmospheric anomalies are domi-
nated by the effect of diabatic heating. The effect of
transient vorticity forcing, athough of smaller ampli-
tude, also correlates significantly with the observed
anomalies (0.6). The effect of transient thermal forcing,
though of comparable rms amplitude to the effect of
vorticity forcing, correlates poorly with both observa-
tions and model response to total forcing.

The same decomposition for 1993 is shown in Fig.
11. Over North America, the contribution to total anom-
alies dueto diabatic heating is slightly weaker than those
due to the vorticity forcing, although of similar spatial
pattern. The contribution due to transient heat flux and
the nonlinearity is much weaker than the other two forc-
ings. Over the North Pacific, there are partial cancel-
lations due to different forcings and the relative con-
tribution due to each forcing is more difficult to assess.
The spatial pattern correlations (Table 2) of the effect
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of different forcing mechanisms with model response
to total forcing are generally quite high, whereas those
with observationsrelatively low. The highest correlation
with observed anomalies is found for the effect of vor-
ticity transient forcing (0.49). The effect of diabatic
heating correlates very highly with total model response
(0.83), but poorly with observations (0.27). This indi-
cates that the relatively small pattern correlation be-
tween total model response and observations (0.47) in
1993 is due mainly to the contribution of diabatic heat-
ing. When removing the area north of 70°N, the cor-
relation increases significantly between response to vor-
ticity flux forcing and observations (0.55), and only
slightly between response to diabatic heating and ob-
servations (0.30). Based on the pattern correlations, it
is reasonable to conclude that the effect of vorticity
transients is the most dominant forcing mechanism for
the 1993 flood circulation. The importance of the tran-
sient vorticity forcing in maintaining the 1993 summer
circulation anomalies is in agreement with Mo et al.
(1995), who suggested that the anomaly pattern over
the United States in the summer of 1993 is a result of
a strengthened westerly jet induced by strong transient
eddy momentum fluxes.

¢. Regional diabatic heating contributions

The importance of the diabatic heating contribution
to the geopotential height anomalies over most of the
regions in both seasons warrants further examination of
the areas that contribute the most to the anomalous cir-
culation. An important issue for the 1988 drought is to
determine whether the stationary wave anomalies pro-
duced by the diabatic heating are from a remote or local
source. As shown in Fig. 4a, the anomalous diabatic
heating field in 1988 has several centers around the
Pacific and over North America. To determine in which
regions the diabatic heating contributes most to the total
anomaly, we consider the following six regions: the sub-
tropical eastern Pacific (A), the equatorial Pacific (B),
the western Pacific (C), the eastern central Pacific (D),
and the west coast of North America (E) and the United
States (F). For each region, only the diabatic heating
inside the region is used as the forcing in the linear
model to produce the stationary wave response. The
model response to the diabatic heating in these six
regions is shown in Fig. 12 (the contour interval has
been reduced by half compared to previousfigures). The
shading indicates the region of nonzero diabatic heating.
When determining the heating boundaries, we took into
account the actual heating distribution in Fig. 4a so that
major heating centers are not separated into parts.

The eastern subtropical Pacific (Region A) heating
anomaly is associated with the northward shift of the
ITCZ in 1988. Trenberth and Branstator (1992) argued
that this heating anomaly was mainly responsible for
the generation of the observed wave train (Fig. 2a). Our
model result (Fig. 12a) shows that the effect of this
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heating anomaly is rather limited. It generates height
anomalies of about 5-15 m over the United States and
does not exhibit a strong wavelike signature. Figure 12b
demonstrates that the cooling over the equatorial Pacific
(Region B) produces negligible response over both the
North Pacific and North America. Thus, the anomalous
heating and cooling associated with La Nifia SST anom-
alies over the equatorial Pacific is not a major factor for
the AMJ 1988 stationary wave anomalies. The response
to the western Pacific (Region C) heating is very strong
over the whole North Pacific, and extends to Canada
(Fig. 12c). The large amplitude response contributes
strongly toward the northward shifted and intensified
Pacific jet stream. The importance of the western Pacific
heating to the evolution of the 1988 drought is empha-
sized in a recent study by Chen and Newman (1998).
Our result in Fig. 12c is in agreement with Chen and
Newman (1998) on the possible triggering of the 1988
U.S. drought. The intensified and northward shifted Pa-
cific storm track may contribute to both the anomalous
transient vorticity forcing and the diabatic heating over
the eastern North Pacific region. The negative heating
anomaly over the eastern central Pacific (Region D)
generated a strong cyclonic anomaly downstream, cen-
tered over the California coast and extends to a large
part of the United States (Fig. 12d). It also contributes
to the high anomaly over Canada. The negative height
anomaly over the United States partly compensates the
largest positive height anomaly generated by the heating
over the west coast of North America (Region E, Fig.
12€). Both the cooling in Region D and the heating in
Region E can be consequences of the anomalous storm
activity dueto the northward shifted storm track in AMJ
1988. The combined effect of the heating in Regions
C, D, and E dominates the anticyclonic responses over
the Pacific and Canada in Fig. 10a. The cooling asso-
ciated with the drought in AMJ 1988 (Region F) pro-
duced a low center to the southeast and a weak high
anomaly over the northwest of the United States. As
suggested by the OLR, the cooling over the United
States is underestimated in the residual heating calcu-
lation. Thus the weaker cyclonic anomaly over the
southeast United States in the linear model simulation
(Fig. 8a) compared to observations (Fig. 2a) can be
partly due to this underestimation. The result in Fig.
12f suggests a positive feedback between the drought-
induced cooling and the circulation anomalies during
the 1988 drought.

Figure 12 strongly suggests that the remote diabatic
forcing from the Tropics is not an important contributor
toward the drought circulation in 1988. The western
Pacific heating, and the related storm track heating and
cooling anomalies over the eastern Pacific and the west
coast of North America, on the other hand, dominates
the total atmospheric response to global heating. The
heating-induced circulation, combined with thetransient
vorticity and heat flux convergences, maintainsthe AMJ
1988 circulation anomalies.
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Fic. 12. Model 200-hPa Z response to regional diabatic heating in AMJ 1988: Cl = 5 m and negative contours are
dashed. Shaded areas are regions where the diabatic heating is used.

We have also performed similar experiments with the
1993 diabatic heating. The results (not shown) indicate
that the cooling center over the U.S. West Coast in Fig.
4b produces a low center over central North America.
It is largely compensated by the effect of the heating
over the central United States. Thelatter al so contributes
to the high anomaly over the eastern United States in
Fig. 11a. Thus, diabatic forcing in 1993 is dominated
by those related to the flooding itself. Similar to 1988,
the anomaly produced by diabatic heating is mainly
from alocal midlatitude source. The effect of the trop-
ical diabatic forcing is negligible.

5. Green’'s function experiments

Due to uncertainties in the derived forcing fields, es-
pecialy the diabatic heating fields, it is important to
examine the extent to which conclusions drawn from
the linear model budget analysis in section 4 are valid.
We took the Green’s function approach, which can ad-
dress this concern. Given the observed circulation
anomalies in Figs. 2 and 3, the Green’s function cal-
culation determines the regions of forcing that will con-
tribute the most toward the anomal ous circul ation anom-
alies at a particular location.
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Fic. 13. Specified vertical distributions of diabatic heating and
vorticity forcing in Green's function experiments.

We consider both the diabatic heating and vorticity
transient forcing in this section. As discussed in section
2, the vertical structure of the Green’s function forcing
is prescribed. For the diabatic heating, we use a vertical
profile with maximum at o = 0.5 and verticaly inte-
grated intensity of 1 K day—*. For the vorticity forcing,
we use a vertical profile with maximum at o = 0.2 and
vertically integrated intensity of 5 X 10-* s72. These
vertical profiles are shown in Fig. 13. The intensity and
the vertical distribution are chosen to be representative
of the typical forcing.

The selection of thereference points (A*, ¢*) isbased
on the centers of the observed 200-hPa Z anomalies
shown in Figs. 2a and 3a. For 1988, we choose three
points corresponding to the centers of the high over the
central Pacific, the high over North America, and the
low over the U.S. Southeast, respectively. For these
three points, we use AMJ climate as basic state for the
Green's function calculation. For 1993, we choose three
points corresponding to the centers of the high over the
eastern North Pacific, the low over North America, and
the high over the eastern United States, respectively. We
use JJA climate as the basic state for these three points.
Notice that these points are chosen because they are
most relevant for the stationary wave anomaly patterns
during the 1988 drought and 1993 floods. The Green's
function, however, does not depend on the actual anom-
aliesin 1988 or 1993. It only depends on the basic state
and the location of the reference point.

a. Green's function for diabatic heating

The Green’s functions for these six reference points
for diabatic heating are shownin Fig. 14. Inall six cases,
the Green’s functions do not have large amplitude over
the equatorial Pacific, consistent with the calculationin
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section 4. The region where the diabatic heating has the
largest impact (maximum centers) on the stationary
wave anomalies at the reference point is either to the
west or to the southwest of the reference point. There-
fore it is the local or upstream diabatic heating that is
most responsible for the midlatitude stationary wave
anomalies over the North Pacific and North America.

Even though Figs. 14a— and Figs. 14d-e were cal-
culated based on different basic states, the AMJand JJA
climate are similar enough that their Green's functions
do not differ very much. Over the Pacific in both Fig.
14aand 14d, the Green’sfunction islongitudinally elon-
gated with a maximum a few degrees to the west of the
reference point. Therefore a heating that is located sev-
eral degrees to the west is most effective in generating
an anomaly downstream. Figures 14b and 14e are also
similar with awave-train-like structure to the southwest
of the reference point. For the reference points over the
United States (Fig. 14c and 14f), the Green’s functions
are more compact and cover most of the U.S. continent.
We have also calculated the Green's functions at many
other reference points over the United States and found
that, in general, the most effective forcing regionisover
the western part of the United States, and southwest of
the reference points. This distribution may be explained
by the structure of the basic flow shown in Figs. 1b and
1d. The U.S. West Coast is in the exit region of the
Pacific jet. The westerly flow along the West Coast is
relatively weak. Held and Ting (1990) argued that the
response to a midlatitude heat source is inversely pro-
portional to the strength of the zonal flow at the heated
level. The weaker the zonal flow, thelarger the response.
Thus, a heat source located over the U.S. West Coast
would produce a larger response downstream over the
United States than a similar source located farther in-
land. The negative centers to the southwest of the pos-
itive center in Fig. 14b and 14e indicate that cooling in
this region can also contribute to the positive 200-hPa
Z anomaly over North America.

By combining the Green’s functions with the actual
diabatic heating distribution in 1988 and 1993, we can get
a better understanding of the cause of the stationary wave
anomalies in these two years. In 1988, the diabatic heating
anomaly over the west coast of North America (Fig. 4d)
is within the positive Green's function region in Fig. 14b
and close to the maximum center of the Green’s function.
Therefore it contributes most to the high anomaly over
Canada (Fig. 108). The cooling areas over the eastern
central Pacific (Fig. 4a) aso contribute to the high anomaly
over Canada since the Green's function there is negative
(Fig. 14b). The strong anticyclonic anomaly over the cen-
tral Pacific (Fig. 10a) is induced by the diabatic heating
over the western Pacific (Fig. 4a) according to the Green's
function in Fig. 14a. In 1993, the cooling over the U.S.
West Coast (Fig. 4b) contributes most to the low anomaly
over the western United States since the cooling region
falls within the positive Green’s function in Fig. 14e. It is
largely compensated by the heating over the United States
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Fic. 14. Green's function of diabatic heating for 200-hPa Z at six points indicated by a cross: Cl = 1 m and negative
contours are dashed.

since the Green's function is of the same sign in both the
cooling and hesting regions (Fig. 14€). Based on the
Green's function results (Fig. 14e), the cooling over the
U.S. West Coast is at the optimal location for generating
the North American low. The possible influence of this
cooling on the strength and severity of the 1993 floods is
worthy of further investigation.

b. Green’s function for transient vorticity flux
convergence

The Green’s functions for vorticity forcing for the
same six points are shown in Fig. 15. The response to

vorticity forcing is very different from that to diabatic
heating. For all six points, there is a negative center
close to the reference point, indicating that a local vor-
ticity forcing always maintains and intensifies the sta-
tionary wave anomalies. The alternating maximum/min-
imum centers in other regions suggest that remote vor-
ticity forcing can contribute significantly to the local
response. By comparing the vorticity forcing in Fig. 7
and the Green’s functions in Fig. 15, one can find the
major contributors to the stationary anomalies. For ex-
ample, the low anomaly to the southeast of the United
States (Fig. 10b) isrelated to the local vorticity forcing
(cf. Fig. 15c and Fig. 7a). In 1993, the anticyclonic
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Fic. 15. Asin Fig. 14 but for vorticity forcing.

forcing over the eastern Pacific (Fig. 7b) contributes to
the low over the western part of North America (Fig.
11b) since the forcing area coincides with the positive
Green's function in Fig. 15e.

6. Summary and discussion

We have investigated the stationary wave anomalies
in spring of 1988 and summer of 1993 based on linear
dynamics. The recently available NCEP Reanalysisdata
has proved to be useful in providing reasonably realistic
forcing fields, which lead to reasonable simulations of
the stationary wave anomalies in these two seasons. The
linear baroclinic model linearized about the zonally

varying seasona mean climatology has proved to be a
valid tool for simulating the spring and summer anom-
alous stationary waves. The linear model simulation
compares better with observations for AMJ 1988 than
JJA 1993, for reasons not completely understood. Ad-
ditional calculation shows that the latter conclusion is
not a result of the differences in AMJ and JJA basic
states.

By examining the response to the transient forcing
and diabatic heating separately, we have shown that the
diabatic heating and transient forcing are both important
to the circulation anomalies in 1988; whereas the tran-
sient vorticity forcing is the most dominant forcing
mechanism to the circulation anomaly in 1993. This
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result is in agreement with other studies indicating that
the transient eddy forcing is important for the 1993
anomaly pattern (Mo et al. 1995). We further examined
the diabatic heating effect in 1988 separately in six
regions: the subtropical eastern Pacific, equatorial Pa-
cific, western Pacific, eastern central Pacific, west coast
of North America, and the United States, in order to
identify which region of the diabatic heating is respon-
sible for the North American anomaly in 1988. The
results indicate that the heating over the equatorial Pa-
cific and the eastern Pacific has negligible contribution
to the North American anomaly. The diabatic heating
along the west coast of North America contributes most
to the anticyclonic anomaly over North America in
1988. In 1993, the anomaly produced by North Pacific
cooling is compensated by local heating over North
America, resulting in a weak response to the total dia-
batic heating. Therefore, even though the response to
the total diabatic heating is weak in 1993, the impor-
tance of the diabatic heating cannot be discounted.

To determine which region is most favorable for the
excitation of the observed stationary wave anomalies,
we calculated the Green’s function for diabatic heating
and vorticity forcing. The Green's function for diabatic
heating confirms our results from regional heating ex-
periments that the stationary wave anomaly is largely
the responseto alocal midlatitude heat source; the equa-
torial Pacific has no significant influence on the ob-
served stationary wave anomalies. Particularly, in the
spring of 1988, the anomal ous high over North America
is mainly associated with the diabatic heating along the
west coast of North America. The Green’s function for
the vorticity forcing shows a wave train pattern gen-
erally extending westward or southwestward of the ref-
erence point. Based on the actual vorticity forcing dis-
tribution, the vorticity-forcing-induced anomaly over
North Americain 1988 and 1993 is largely dueto local
vorticity forcing, rather than remote forcing.

The possible role of the western Pacific heating in
initiating the 1988 drought circulation is also noted.
Chen and Newman (1998) argued in their recent study
that the time evolution of the 10-day mean streamfunc-
tion anomalies during May and June of 1988 indicates
the important triggering mechanism of the western Pa-
cific divergence. Our results here are consistent with
their findings. The western North Pacific heating is a-
most entirely responsiblefor the anticyclonic circulation
over the North Pacific in 1988. This anticyclonic center
resultsin asignificant northward shift and intensification
of the Pacific jet, which may in turn cause the eastern
Pacific heating and cooling anomalies, as well as the
anomalous transient forcing over the North Pacific and
North America. We note the important role played by
the transient vorticity forcing and the possible role of
the cooling over the west coast of the United States.
The cause for these anomalous forcings is not apparent
from our analysis, however.

The linear stationary wave model cannot be used to

LIUETAL.

2831

determine the ultimate cause for the drought/flood cir-
culation. The linear model diagnostics help to under-
stand the relative importance of the different dynamical
forcing mechanisms. Many important processes, such
as the soil moisture feedback and atmospheric moisture
transport, cannot be taken into account in such a dy-
namical model. The linear model may suggest the key
dynamical forcingsfor the drought/flood circulation, but
the origin of such a forcing cannot be determined by
the linear model. A more complete general circulation
modeling experiment is necessary to fully understand
the relative importance of the SST forcing, the soil mois-
ture feedback, and the internal atmospheric processes
in contributing to the drought and flood circulations.
This study, however, strongly suggests that linear di-
agnostic models such as the one used in this study can
be very useful in elucidating the effect of the various
forcing mechanisms operating in the GCM as well as
in the real atmosphere.
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