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[1] Two long-term coupled ocean-land-atmosphere simulations with slightly different
parameterization of the diagnostic shallow inversion clouds in the atmospheric general
circulation model (AGCM) of the Center for Ocean-Land-Atmosphere Studies (COLA)
coupled climate model are compared for their annual cycle and interannual variability of
the northeast Brazil (NEB) rainfall variability. It is seen that the solar insolation affected
by the changes to the shallow inversion clouds results in large scale changes to the
gradients of the SST and the surface pressure. The latter in turn modulates the surface
convergence and the associated Atlantic ITCZ precipitation and the NEB annual rainfall
variability. In contrast, the differences in the NEB interannual rainfall variability between
the two coupled simulations is attributed to their different remote ENSO forcing.
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1. Introduction

[2] The northeast Brazil (NEB; shown in Figure 1)
interannual rainfall variability has received significant atten-
tion because of its high predictability [Misra, 2006, Misra
and Zhang, 2006; Giannini et al., 2004, 2001; Sun et al.,
2006, 2005; Folland et al., 2001; Goddard et al., 2003].
This arises from the strong forcing on the NEB rainfall
variability from the slowly varying SST in the tropical
Pacific and the Atlantic Oceans [Hastenrath and Heller,
1977; Moura and Shukla, 1981; Nobre and Shukla, 1996].
Several atmospheric general circulation modeling (AGCM)
studies that used observed SST confirmed the observed
teleconnections of the NEB rainfall with the eastern equa-
torial Pacific and the northern tropical Atlantic SST vari-
ability [Misra, 2004, 2005; Giannini et al., 2001, 2004].
This apparent teleconnection has been exploited with some
measured success in providing useful operational seasonal
forecasts over the NEB [Folland et al., 2001; Sun et al.,
2006].

[3] The annual cycle of precipitation over the NEB is also
very robust with a distinct rainy season in February—
March—April (February—April ) and relatively dry season
in August—September—October (August—October; Misra
[2006]; Kayano and Andreoli [2006]). This robust annual
cycle of the NEB rainfall is largely dictated by the annual
meridional march of the precipitation associated with the
Atlantic intertropical convergence zone (ITCZ) across the
equator [Nobre and Shukla, 1996]. The meridional migra-
tion of the Atlantic ITCZ precipitation across the equator is
governed by several factors including the annual cycle of
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the solar insolation, the coastal geometry, the meridional
gradient of SST, the magnitude of in situ SST, and surface
convergence [Biasutti et al., 2005, 2004, 2003; Li and
Philander, 1997; Philander et al., 1996].

[4] In the novel experiments of Li and Philander [1997]
it was shown that the changes in the surface winds
(especially in its north-south component) induced by the
seasonal change of the land surface temperatures in west
Africa modulate a strong seasonal cycle of SST in the
eastern Atlantic Ocean. While in the western Atlantic
Ocean the coupled ocean-atmosphere interactions seemed
to play a dominant role in the annual cycle of SST.
Furthermore, Philander et al. [1996] indicated that the
asymmetry of tropical Atlantic SST about the equator
was primarily a result of the bulge of the African continent
to the north of the Gulf of Guinea while the stratus clouds
played a secondary role of amplifying this asymmetry
further.

[5] The objective of this study is to understand the role of
the shallow inversion clouds (SIC; also commonly referred
as marine boundary layer or stratus clouds) on the robust
annual cycle and interannual variability feature of the
NEB precipitation. This is achieved by analyzing two
multidecadal simulations of the Center for Ocean-Land-
Atmosphere Studies (COLA) coupled climate model which
differ from each other in its parameterization of the SIC in
its atmospheric general circulation model (AGCM) compo-
nent. In effect, the differences in these coupled simulations
will reveal the influence of the SIC found mainly in the
subtropical regions of the open oceans.

[6] As we progress in adopting a fully coupled dynamical
model for operational forecasting [Saha et al., 2006], well-
observed teleconnection patterns serve as invaluable mea-
sures for validating the variability in such coupled modeling
systems. Misra and Zhang [2006] showed that in the National
Centers for Environmental Prediction (NCEP) climate
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Figure 1. The outline of northeast Brazil (NEB).

forecast system (a fully coupled ocean-land-atmosphere
model) the seasonal prediction skill of the NEB rainy season
(Feb—Apr) even at zero lead time is poor compared to some
of the earlier modeling studies that used observed SST.
This deterioration of the skill in the NCEP climate forecast
system was attributed to an erroneous El Nifio Southern
Oscillation (ENSO) forcing over the tropical Atlantic Ocean.
As a result the meridional gradient of the tropical Atlantic
SST anomalies, a critical forcing parameter of the NEB
rainfall variability was found to be erroneous in the NCEP
climate forecast system. Therefore in the context of the
NCEP climate forecast system and other such coupled
systems it is important to understand the sensitivity of such
teleconnections to model parameters. This study is motivated
in isolating one such model parameter (parameterization of
the SIC) that seems to play a significant role in determining
the teleconnection of the NEB rainfall variability in the
Center for Ocean-Land-Atmosphere Studies (COLA) coupled
climate model.

[7] Fundamentally, the NEB rainfall variability is strongly
dictated by the variability in the marine Atlantic inter-
tropical convergence zone (ITCZ; Nobre and Shukla
[1996]; Giannini et al. [2004]). Typically, it is seen that in
warm (cold) ENSO events with concomittant warm (cold)
SST anomalies over the northern tropical Atlantic Ocean
[Enfield and Mayer, 1997], the ITCZ is stronger (weaker)
over the northern tropical Atlantic Ocean thereby decreasing
(increasing) the February—March—April (February—April;
rainy) seasonal mean rainfall over the NEB [Moura and
Shukla, 1981; Hastenrath and Heller, 1977]. There is
however, growing evidence to indicate that this teleconnec-
tion does not always hold true [Kayano and Andreoli, 2006;
Giannini et al., 2004; Misra, 2005]. It is seen that when the
tropical Atlantic SST anomalies (especially north of the
equator) develop contrary to the external forcing of ENSO,
predictability of the NEB is reduced [Giannini et al., 2004;
Misra, 2005]. Such intrinsic SST anomalies over the trop-
ical Atlantic are generated from the local coupled ocean-
atmosphere mode, and are comparable to the external
forcing of ENSO [Chang et al., 2003]. In this study,
however, we will limit ourselves in understanding how
the SIC influences the ENSO teleconnection with the
NEB rainfall variability.
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[8] In the following section the COLA coupled model is
briefly discussed followed by a brief description of the
conducted experiments. Results are presented in section 4
followed by a discussion and concluding remarks in
section 5.

2. Model Description

[9] The recently developed COLA coupled climate model
[Misra et al., 2006] is used in this study. The AGCM is used
at a spectral resolution of T62 (=200 km grid resolution)
with 28 sigma (=1’,—’5) levels. A brief outline of the AGCM is
provided in Table 1. The readers are referred to the work of
Misra et al. [2006] for a detailed description of the AGCM.
This AGCM is coupled to the modular ocean model version
3.0 (MOM3; Pacanowski and Griffies [1998]). MOM3 has
a uniform zonal resolution of 1.5° while the meridional
resolution is 0.5° between 10°S and 10°N gradually in-
creasing to 1.5° at 30°N and 30°S and fixed at 1.5° in the
extratropics.

3. Design of Experiments

[10] Two separate coupled simulations are conducted
over a 70-year period, each with slightly different parame-
terization of the SIC. Fundamentally, the parameterization
of the SIC follows from Kiehl et al. [1998]. The fraction of
the SIC (Cy,,) is determined from:

a0 a0
comeal(@) )] o
where, (— g—ﬁ) is the critical lapse rate that must be exceeded

for SIC to be fliagnosed (in our case it is 4 x 1072 deg/Pa).
RHf is a function of the relative humidity given by:

0.0 if RH < 0.6
1.0 — &R if 0.6 < RH < 0.8

1.0 if 0.8 < RH

[11] In addition, the SIC scheme is not invoked at a grid
point if convection is active at the same given time step. The
generated SIC are then used to diagnose the total cloud
fraction using maximum overlap between clouds. Generally,
this algorithm produces SIC in 900—700 hPa layer in the
vertical over the open oceans of the tropics. In the control
(CONTROL) coupled simulation of this study the fraction of
SIC diagnosed from the above methodology are smoothed
using a three-point filter (CF,):

cf, = [0.25CH! +0.5C,, +0.25CL] (2)
where i refers to any given grid point in the longitudinal
direction of the AGCM. The filter is used in the CONTROL
to reduce the spectral effects on low level clouds (especially
SIC) generated by the spectral effects in the prognostic
fields of the AGCM. The smoothing was done only in the
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Table 1. The Outline of the COLA AGCM Used in This Study
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Process

V3.2

Advection

Deep Convection

Longwave Radiation

Boundary Layer

Land Surface Process

Shallow Convection

Shortwave Radiation

Diagnostic Cloud Fraction and Optical Properties

Dynamical core [Kiehl et al., 1998]; dependent variables are spectrally treated
except for moisture which is advected by semi-Lagrangian scheme

Relaxed Arakawa Schubert scheme [Bacmeister et al., 2000]

Collins et al. [2002]

Nonlocal [Hong and Pan, 1996]

Xue et al. [1991, 1996]; Dirmeyer and Zeng [1999]

Tiedtke [1984]

Briegleb [1992]

Kiehl et al. [1998]

longitudinal direction because of practical constraints in
coding filters that involved smoothing across latitudes. The
COLA AGCMV3.2 (similar to other AGCMs) is coded to
run in distributed memory systems using message passing
interface (MPI) programs that slices the global array of
discrete grid points along longitudes and depth before it is
sent out to different processors for computing grid point
physics. Therefore computations across latitudes in the
physics of the AGCM is cumbersome and rather imprac-
tical. Furthermore, we found that by filtering only in the
longitudinal direction, the apparent noise observed espe-
cially in the downwelling shortwave flux is considerably
reduced compared to EXPT, in which no filter was applied
to the SIC.

[12] In EXPT the absence of any smoothing to SIC
produces spatially incoherent SIC. As a consequence the
downwelling shortwave flux is reduced in the open oceans
considerably in the CONTROL compared to EXPT. How-
ever, at the margins of the SIC especially along the coast the
smoothing leads to optically thin clouds and thereby in-
creasing the downwelling shortwave flux relative to EXPT.
This is illustrated in Figure 2 which shows the climatolog-
ical downwelling shortwave flux for February—April and
August-October seasons from the CONTROL and its
corresponding difference from EXPT simulations.

[13] It should be noted that the spectral effects on clouds
are more apparent in the current version of the COLA
AGCM than in the earlier versions of the COLA AGCM
[Schneider, 2002] primarily because the fourth order hori-
zontal diffusion coefficient has been reduced from 2.5 X
10 m*s ' to 1.0 x 10" m* s™', a change of two orders of
magnitude. Furthermore, the orography was changed to that
in NCEP reanalysis model [Kalnay et al., 1996] which has
sharper gradients than that used in the earlier version of the
COLA AGCM [Fennessy et al., 1994]. The new diffusion
coefficient represents the least that the model can handle
without becoming numerically unstable when integrated for
long periods.

[14] Each of the coupled experiments signify a plausible
distribution of the SIC that could arise as a result of:

[15] 1. The choice of orography (smoothed or enhanced)
in the AGCM or

[16] 2. The choice of the horizontal diffusion coefficient if
such explicit control of the horizontal diffusion is possible.

[17] 3. The choice of the dynamical core when some
schemes are implicitly more diffusive than others.

[18] 4. The choice of the horizontal and vertical resolution
of the AGCM that can highlight the spectral effect as a result
of the “on-off” switches in the parameterization scheme.

[19] The ocean model was integrated from the initial state
of rest with initial conditions of temperature and salinity of
Levitus [1982], and forced with climatological wind stress
derived from the special sensor microwave imager (SSMI)
for a period of 100 years. Thereafter, each of the coupled
simulations was integrated for a period of 70 years. The
results in this study are analyzed from the last 45 years of
the integration discarding, the first 25 years as a spin-up
period of the coupled model.

4. Results

[20] The results from the coupled model simulations are
compared with the extended reconstructed SST version2
(ERSST2; Smith and Reynolds [2003]), NCEP-NCAR
reanalysis [Kalnay et al., 1996] made available at T62
spectral truncation grid for surface variables and at 2.5° grid
resolution for atmospheric variables, and precipitation from
the Climate Prediction Center Merged Analysis Precipitation
(CMAP; Xie and Arkin [1996]) at 2.5° lat/long grid resolu-
tion. It should be noted that the period 1955-2000 for
ERSST2 and NCEP-NCAR reanalysis are used for verifica-
tion of the 45 years of coupled model integration. For
CMAP, 27 years of observational coverage from 1979-—
2005 is used to verify the coupled simulations. However, we
have used the overlapping periods only when CMAP and
ERSST?2 are used together for creating observed teleconnec-
tion patterns. In the following subsections we will highlight
the differences between the simulations in the context of the
annual cycle of the NEB rainfall variability followed by
results on interannual variability.

4.1. Annual Cycle

4.1.1. The Annual Cycle of Precipitation Over the
Northeast Brazil

[21] In Figure 3 the annual cycle of precipitation over the
NEB is shown from CMAP (OBS), CONTROL, and EXPT.
The annual cycle of observed precipitation over the NEB is
robust with a distinct maximum in February-April season
and a minimum in August-October season. The CONTROL
and EXPT are able to reasonably simulate this annual cycle.
However, a wet (dry) bias is observed in the CONTROL
(EXPT) in the wet season of February—April. Similarly dry
bias exists in the dry August—October season in both the
coupled simulations. It should be noted that the domain of
the NEB shown in Figure 1 extends into northern and
southern Nordeste which exhibit slightly different annual
cycle [Nobre and Shukla, 1996]. This subtlety is not
resolved at the coarse spatial resolution of the AGCM and
the observations (CMAP and NCEP reanalysis) used in this
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Figure 2. Climatological FMA and ASO seasonal mean downwelling shortwave flux at surface from
(a, b) CONTROL and their corresponding difference with (¢, d) EXPT. The units are in Wm 2.

study. Furthermore, choosing a smaller domain than indi-
cated in Figure 1 will grossly undersample the model
features in the domain relative to its horizontal resolution.
4.1.2. The Annual Cycle of Precipitation in the
Tropical Atlantic Ocean

[22] As mentioned earlier, the annual cycle of precipita-
tion over the NEB is intricately related to the seasonal
migration of the marine Atlantic ITCZ. In Figures 4a and 4b
the zonally averaged (between 45°W and 10°E) precipita-
tion is shown from observations (OBS; CMAP) and the
CONTROL simulation respectively. The observed seasonal
meridional migration of the ITCZ from the southern tropical
Atlantic latitudes in the NEB wet season to the northern
tropical latitudes in the NEB dry season is reasonably well
simulated in the CONTROL. In addition, the location of the

maximum precipitation (albeit stronger than observations)
centered around 10°N in the August—October season is also
a highlight of the CONTROL simulation. However, the
common problem of most AGCMs and coupled models of
having erroneously strong convection south of the equator
[Biasutti et al., 2006] is also seen in the CONTROL
simulation. As observed in other models the CONTROL
extends the Atlantic ITCZ too far to the south relative to the
observations especially in the Boreal spring season of
March—April-May. In Figure 4c the difference of the
CONTROL simulation from the corresponding precipitation
of EXPT is shown. The changes to the SIC in the CON-
TROL simulation has reduced the precipitation significantly
to the south of the equator relative to the EXPT (Figure 4c).
Likewise, in Figure 4c the CONTROL simulation has
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Figure 3. The annual cycle of precipitation (solid line;
units are in mm day ') and interannual standard deviation
(dotted line) over northeast Brazil from (a) OBS (CMAP),
(b) CONTROL, and (c) EXPT simulations.

increased the precipitation north of the equator relative to
the EXPT. Furthermore, there is an asymmetry in the
response in that the differences between the CONTROL
and the EXPT precipitation are relatively much larger in the
NEB dry season of August—October.
4.1.3. Thermodynamic Control Versus Dynamic
Control

[23] Biasutti et al. [2006] made the distinction of the
AGCMs that exhibited the primary mechanism of precipi-
tation over the tropical Atlantic Ocean between that from
thermodynamic control (wherein the precipitation is deter-
mined locally by SST; Raymond et al. [2003]; Neelin and
Su [2005]) and that from dynamic control (wherein the
surface convergence is the determining factor of precipita-
tion; Lindzen and Nigam [1987]; Tomas et al. [1999]). It is
to be recognized however that precipitation in either of
these class of models do not exclusively occur because of
one of the controls but the classification is based on
the preponderance of one of the controls. Biasutti et al.
[2006] showed that many of the AGCMs exhibited errone-
ously a strong thermodynamic control of precipitation as
determined from the colocation of maximum precipitation
with maximum SST over the tropical Atlantic Ocean.
This feature is examined in the OBS, NCEP reanalysis,
CONTROL, and EXPT for the two contrasting seasons
of the NEB annual cycle of rainfall namely, February—
April and August—October. In Figures 5a and 5b the
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observations show the maximum precipitation in the Feb-
ruary—April (August—October) season over the western
(eastern) Atlantic in eastern Brazil (Sahel and Gulf of
Guinea) while the maximum SST is in the eastern (western)
Atlantic Ocean over the Gulf of Guinea (Carribbean Sea).
The corresponding NCEP reanalysis in Figures 5c¢ and 5d
show qualitatively a similar feature. However, in August—
October season the NCEP reanalysis produces copious
amount of precipitation over tropical South America that
is unsupported from observations. The CONTROL simula-
tion in Figures Se and 5f also does not colocate the
maximum precipitation with the maximum SST. However,
the southward extension of a strong ITCZ (south of 10°S)
and the appearance of very warm SST in the Gulf of Guinea
in Figure 5e, and the presence of the cold equatorial tongue
in Figure 5f are some of the apparent biases of the
CONTROL simulation. However, the EXPT (Figures 5g
and 5h) unlike the CONTROL, colocates maximum precip-
itation with maximum SST in both the February—April and
the August—October seasons. It is also apparent from the
figure that the warm bias in the February—April season over
the tropical Atlantic Ocean is relatively much larger in the
EXPT than in the CONTROL simulation. In comparing
Figures 2 and 5 it can be seen that warmer (colder) SSTs in
the EXPT is a direct result of the increase (decrease) in the
downwelling shortwave flux at the surface relative to the
CONTROL. For the same reason, in the August—October
season the bias of the equatorial cold tongue is larger in the
CONTROL than in the EXPT.

[24] Similar to Figure 5 the surface wind (1000 hPa) wind
divergence is displayed with corresponding precipitation
from the NCEP reanalysis, CONTROL, and the EXPT
simulation for both the February—April and the August—
October seasons in Figure 6. It is apparent from the figure
that maximum precipitation in the NCEP reanalysis, the
CONTROL, and the EXPT is colocated with the maximum
surface convergence. However, there is a reduction in
magnitude of the surface convergence in EXPT compared
to the CONTROL simulation. This may intuitively explain
the decrease in the intensity of the precipitation over the
Atlantic ITCZ in the EXPT relative to the CONTROL
simulation. It should be noted that the column integrated
moisture flux convergence is also colocated with surface
convergence and precipitation in the coupled simulations
and in the NCEP reanalysis over the Atlantic ITCZ (not
shown).

[25] The larger precipitation difference over the Atlantic
ITCZ between the CONTROL and the EXPT in the August—
October season (see Figure 4) relative to the February—April
season is because the latitude of maximum surface conver-
gence shifts from 10°N in the CONTROL to 7°N in the
EXPT in the August—October season causing a much larger
change in the surface convergence. In contrast, in the
February—April season the latitude shift is not apparent
and the ITCZ remains at around 6°S in the two simulations
(CONTROL and EXPT), while the magnitude of the surface
convergence changes between the two simulation over the
western Atlantic Ocean as a result of the changes in the wind
speed.

4.1.4. Modulation of Surface Pressure Gradient

[26] It is apparent that maximum precipitation over the

Atlantic ITCZ tends to colocate with maximum surface
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Figure 4. The climatological annual cycle of zonally averaged (between 45+W and 10+£E) precipitation
(in mm day ") after removing the annual mean from the (a) observations (CMAP), (b) CONTROL, and
(c) difference between CONTROL and EXPT.
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Figure 5. Climatological FMA and ASO seasonal mean SST(shaded) and precipitation (contoured)
from (a, b) OBS (ERSSTV2 and CMAP) (c, d) NCEP reanalysis, (e, f) CONTROL, and (g, h) EXPT.
The units of SST and precipitation are in °C and mm day ', respectively. The SST in Figures 5¢ and 5d
are from ERSSTV1.1.
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Figure 6. Climatological FMA and ASO seasonal surface convergence (only negative values are shaded)
at 1000 hPa overlaid with corresponding precipitation (contoured) from (a, b) NCEP reanalysis, (c, d)
CONTROL, and (e, ) EXPT simulations. The units of convergence and precipitation are 1 x 10~ ¢ 5!
and mm day ', respectively. The 1000-hPa convergence over land is undefined for the CONTROL and
EXPT simulations as it lies below the model orography. Corresponding NCEP reanalysis values over most
land regions may be ignored for the same reason.
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Figure 7. FMA and ASO seasonal mean surface pressure (shaded) and 1000 hPa winds from (a, b)
CONTROL and (c, d) its corresponding difference from EXPT. The units of surface pressure and winds

are in hPa and ms™', respectively.

convergence rather than over maximum SST both in the
NCEP reanalysis and in the coupled simulations. Further-
more, the the CONTROL simulation showed more precip-
itation over the tropical Atlantic as a result of the increase in
surface convergence relative to the EXPT which had higher
in situ SST.

[27] The differences in the surface convergence between
the two coupled simulations of this study occur primarily as
a result of the changes to the surface pressure gradient
which is a consequence of its synergistic relationship with
deep convection. It is important to understand that there is a
positive feedback mechanism in play with deep convection
heating the atmosphere, lowering the surface pressure, and

enhancing the surface convergence which is ultimately
compensated by the annual march of the solar insolation.
This modulation of the surface pressure gradient is illus-
trated in Figures 7a and 7b which shows the surface
pressure and 1000 hPa winds from the CONTROL simula-
tion for February—April and August—October seasons,
respectively. Their corresponding differences from EXPT
are shown in Figures 7c and 7d. In February—April the
surface convergence is stronger in the CONTROL over the
western Atlantic Ocean just offshore of the NEB. This is
primarily facilitated by the meridional component of the
surface wind that responds to the stronger meridional
surface pressure gradient in the CONTROL simulation
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Figure 8. The correlation of FMA seasonal precipitation anomaly over the NEB with contemporaneous
SST from (a) OBS, (b) NCEP reanalysis, (¢) CONTROL, and (d) EXPT simulations. Values that exceed
90% confidence interval according to ¢ test are shown. Since the period used in OBS is 27 years (1979—
2005) while for the rest it is 45 years the confidence intervals are slightly different in Figure 3a.
Precipitation anomaly over the NEB with contemporaneous SST from (a) OBS, (b) NCEP reanalysis, (c)
CONTROL, and (d) EXPT simulations. Values that exceed 90% confidence interval according to ¢ test

are shown.

relative to EXPT. In Figure 7c, the CONTROL has lower
(higher) pressure in the equatorial (subtropical south) At-
lantic Ocean thereby increasing the meridional surface
pressure gradient relative to the EXPT in the February—
April season. In the August—October season, however,
there is a latitudinal shift of the convergence zone (with
the ITCZ moving further northward in the CONTROL
relative to the EXPT) with associated changes in the surface
pressure gradient between the CONTROL and the EXPT.
This results in much larger change in precipitation over the
ITCZ in August—October compared to February—April
between the two coupled simulations.

[28] It becomes obvious now that despite the increase in
SST over the tropical Atlantic Ocean in the EXPT compared
to the CONTROL simulation, the rainy season over the
NEB is climatologically less intense as a result of the
reduced surface convergence. Furthermore, the dry bias in
August—October over the NEB is similar in the EXPT and
in the CONTROL even though the Atlantic ITCZ exhibits
large differences between the coupled simulations. This is
because the ITCZ in the August—October season is at its
northern most position of its annual cycle, remote from
NEB.

4.2. Interannual Variability
4.2.1. The Phase Locking of Interannual Variability
to Annual Cycle

[20] In Figures 3a—3c the annual cycle of the monthly
mean precipitation over the NEB along with its standard
deviation is shown from CMAP (OBS), CONTROL, and
EXPT, respectively. It is evident from Figure 3 that the
interannual variability of the rainfall peaks in the February—
April season and reaches a nadir in the August—September—
October (August—October) season, in phase with the annual
cycle. This annual cycle of the interannual variability of
precipitation over the NEB is rather well maintained in both
the CONTROL and the EXPT coupled simulations. How-
ever, in the EXPT it has an erroneous feature of showing
higher variability in May compared to the OBS and the
CONTROL. Moreover, both simulations display weaker
variability in Boreal fall season of August—October compared
to the observations.
4.2.2. Teleconnection Associated With the NEB
Rainfall Variability

[30] The well established negative correlation of the
February—April seasonal NEB precipitation anomalies with
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Figure 9. The contemporaneous correlation of the Nifio3
SST index averaged over the FMA season with the
corresponding global SST from (a) OBS, (b) CONTROL,
and (c) EXPT coupled simulations. Values that exceed 90%
confidence interval according to 7 test are shown.

the corresponding SST anomalies in the eastern equatorial
Pacific and northern tropical Atlantic Oceans is clearly seen
from the OBS in Figure 8a and further corroborated in
the NCEP reanalysis in Figure 8b. It should be noted
that the significant positive correlations that appear in the
south tropical Atlantic Ocean in Figure 8a have also been
observed in other studies [Misra, 2005; Kayano and
Andreoli, 2006]. This feature is not captured in either of
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the coupled simulations. Kayano and Andreoli [2006]
identify these SST anomalies to intrinsic modes of the south
tropical Atlantic that exert their influence on the NEB
rainfall in February—April season independent of the vari-
ability from the tropical Pacific Ocean. The cause for the
appearance of these SST anomalies over the subtropical
South Atlantic region is still in debate: it is either related to
ENSO via a Pacific-South American teleconnection pattern
[Mo and Higgins, 1998; Cazes-Boezio et al., 2003] or a
result of intrinsic variability [Huang et al., 2005]. The
CONTROL simulation (Figure 8c) exhibits this teleconnec-
tion with significant correlations appearing in the eastern
equatorial Pacific and the northern tropical Atlantic regions.
On the other hand, the NEB seasonal February—April
precipitation anomalies in the EXPT simulation displays
teleconnection only over the eastern equatorial Pacific re-
gion. Consequently the correlations of the February—April
seasonal rainfall over the NEB between the CONTROL and
EXPT is very small (0.08).

4.2.3. Covariability of Nifio3 SST Index With the
Tropical Atlantic

[31] In Figures 9a and 9b the contemporaneous correla-
tion of the Nifio3 SST index with the tropical Pacific and
Atlantic SST anomalies is shown. The positive correlations
over the northern tropical Atlantic region are evident in the
OBS and in the CONTROL simulation. However, in the
EXPT contrary to the OBS and the CONTROL, the positive
correlations extend into both hemispheres in the tropical
Atlantic Ocean. This erroneous feature was also observed in
the NCEP climate forecast system [Misra and Zhang,
2006]. This form of external forcing in the tropical Atlantic
region from the eastern equatorial Pacific in the EXPT leads
to a modulation of the gradient of the SST anomalies, which
manifests itself in the absence of any significant correlation
of the NEB rainfall variability with the SST anomalies in the
northern tropical Atlantic region [Misra and Zhang, 2006,
Figure 3].

[32] A similar correlation of the Nifio3 SST index with
the surface (1000 hPa) divergence is shown from the NCEP
reanalysis and the CONTROL simulation in Figures 10a
and 10b. There is a significant, spatially coherent negative
correlation over the northern tropical Atlantic region dis-
played by both the NCEP reanalysis and the CONTROL
simulation. This colocates with the corresponding northern
tropical Atlantic SST anomalies in Figures 9a and 9b and
with the corresponding precipitation anomalies (not shown).
The EXPT clearly differs from the CONTROL in that there
is no spatially coherent signal of the surface convergence
over the northern tropical Atlantic region (Figure 10c). One
of the main reasons for this discrepancy in the EXPT
simulation is a result of the erroneous appearance of the
tropical Atlantic SST covariability in both hemispheres with
the Nifio3 SST index (Figure 9c). The apparent organization
of the surface convergence anomalies in the northern
tropical Atlantic associated with the Nifio3 SST index
variability in the NCEP reanalysis and the CONTROL
simulation stems from a similar correlation found in the
downwelling shortwave flux at the surface shown in Figures
Ila and 11b, respectively. The NCEP reanalysis and the
CONTROL indicate a significant negative correlation over
the northern tropical Atlantic region that coincides with
similar correlations found with the SST (Figure 9) and
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Figure 10. The correlation of the Nifio3 SST index
averaged over the FMA season with contemporaneous
surface (1000 hPa) convergence from (a) NCEP reanalysis,
(b) CONTROL, and (c) EXPT. Values that exceed 90%
confidence interval according to ¢ test are shown.

surface convergence (Figure 10) anomalies associated with
the Niflo3 SST index variations. The negative correlations
over the northern tropical Atlantic region in Figures 11a and
11b would suggest that the warm Nifio3 SST anomalies are
associated with reduced downwelling shortwave flux at
surface. Such a spatially coherent negative correlation over
the northern tropical Atlantic region is not observed in the
EXPT (Figure 11c). This modulation of the downwelling
shortwave flux at surface in the northern tropical Atlantic
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region in the CONTROL run is largely from the variations
of the in situ convective clouds associated with the external
forcing of the variability in the eastern equatorial Pacific
region. This is illustrated in Figure 12a which shows the
correlation of the February—April seasonal mean Nifio3
SST index with the corresponding vertically integrated
(through the model atmosphere depth) convective cloud
fraction from the CONTROL simulation. In Figures 12b
and 12¢ we show similar correlations of the February— April

NCEP reanalysis

40S +
OSI 80 160W 140W 120W E

-0.5 -0.24

CONTROL

0.24 0.5

160W 140W 120W

Ll T

n B
140W 120W 100w 80W

40S +
051 80 160W

Figure 11. The correlation of the Nifio3 SST index
averaged over the FMA season with contemporaneous
global downwelling shortwave flux from (a) NCEP
reanalysis, (b) CONTROL, and (c) EXPT. Values that
exceed 90% confidence interval according to ¢ test are
shown.
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Figure 12. The correlation of the Nifo3 SST index
averaged o ver the FMA season with contemporaneous
(a) vertically integrated (through the depth of the model
atmosphere) convective cloud fraction from the CONTROL
simulation, (b) convective part of the total precipitation from
the CONTROL simulation, and (c) convective part of the
total precipitation from the EXPT simulation. Values that
exceed 90% confidence interval according to  test are shown.

seasonal mean Nifio3 SST index with the convective part of
the total precipitation from the CONTROL and the EXPT
simulations. Since convective cloud fraction was not stored
in the EXPT simulation, Figure 12b is shown to prove that
convective precipitation is a good proxy to convective cloud
fraction in exhibiting its covariability with the Nifio3 SST
index.
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[33] It is clearly suggestive that the difference in the
parameterization of the SIC in the EXPT from the CON-
TROL has resulted in the absence of such correlations of the
Nino3 SST index with the downwelling shortwave flux
(Figure 11c) and convective cloud precipitation (shown as a
proxy to convective cloud fraction in Figure 12c¢) in the
EXPT simulation. In other words, the SIC clouds in the
CONTROL simulation regulate a certain organization of
the February—April seasonal anomalies of the surface
convergence, SST, downwelling shortwave flux at surface
and convective clouds over the northern tropical Atlantic
region that result in their covariability with the Nifio3 SST
index variations and a verifiable teleconnection pattern of
the February—April seasonal rainfall over the NEB.

4.2.4. The Role of ENSO

[34] Misra and Marx [2006] explained the sensitivity of
the ENSO simulation to the SIC from the same set of
coupled simulations. In that study they showed that in the
absence of any smoothing of the SIC (as in EXPT of this
paper) the ENSO variability in the tropical Pacific is
relatively poor compared to another coupled simulation
wherein the SIC is more spatially coherent (as in the
CONTROL of this paper). This is best illustrated in
Figure 13 which shows the Nifo3 SST index spectrum
from the observations (ERSST2), CONTROL, and EXPT.
The observations show a broad peak in 2.5—7 years range.
The CONTROL has a relatively sharp peak centered around
3 years indicating that ENSO is more periodic than what the
observations show. The Nifio3 SST index spectrum of the
EXPT is nearly flat and outside the confidence interval of
the observed spectrum. In other words, the ENSO variabi-
lity in EXPT is relatively very weak.

SST Spectrum over Nino3 Region

2-0 T T T
—— HADISST
e CoNtrol
Expt
1.5
g
3 1.0 [
o
0.5
0.0

Period (years)

Figure 13. The sample spectrum of monthly mean SST
anomalies over the Nifio3 region using 45 years of data
from observations (ERSST2) and the coupled simulations of
the CONTROL and EXPT. The dashed line in the figure
shows the lower limit of the 95% confidence interval of the
observed sample spectrum for 4 df (chosen on the basis of
the observed spectrum) according to chi-square test. This
gure is borrowed from Misra and Marx (2006).
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Figure 14. The sample spectrum of the NEB monthly
precipitation anomalies from the CONTROL and EXPT
model integrations and the OBS(CMAP).

[35] Inthe EXPT simulation, with ENSO variability being
relatively very weak the intrinsic variability of the coupled
model (at interannual scales) dominate its influence on the
northeast Brazil rainfall variability. This can be justified
from the fact that despite any strong SST forcing in the
EXPT (Figure 8d), the standard deviation of the interannual
monthly mean precipitation anomalies over NEB is compa-
rable in the two coupled simulations (Figures 3b and 3c).
Furthermore, the spectrum of the NEB rainfall from the two
simulations shown in Figure 14 is nearly the same. This
spectrum was calculated by passing the monthly mean
precipitation time series through a 3-month running mean
filter to make the time series less noisier. The temporal
variability is nearly identical in the two model integrations
with the spectral power being less than the observations at
all temporal scales. The difference in the spectral power at
interannual scales (5 years) between the two simulations are
not statistically significant.

[36] Therefore this study offers a comparison of two
coupled simulations, one with relatively strong and the
other relatively weak ENSO like variability in the tropical
Pacific. This type of comparison is similar to some of the
earlier studies conducted with the uncoupled (to ocean)
AGCM integrations [Misra, 2005; Sarvanan and Chang,
2000; Giannini et al., 2004]. Typically, in these AGCM
studies climatological SST was prescribed in one basin
(Pacific or the Atlantic) while in the rest of the oceans
observed SST was used to understand the sensitivity of the
regional SST anomalies. These AGCM studies emphasized
the dominating role played by the northern tropical Atlantic
SST anomalies while suggesting a subordinate nature of the
role played by ENSO in determining the observed tele-
connection patterns of the NEB rainfall variability. But as
Misra [2005] pointed that this conclusion may be unique to
uncoupled (to ocean) AGCM experiments that underplay
the role of the remote forcing of ENSO variability on
northern tropical Atlantic SST anomalies.
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[37] This study clearly demonstrates that in the absence of
relatively strong ENSO like variability in the coupled model
(as in the EXPT), the teleconnections of the NEB rainfall
variability with the northern tropical Atlantic SST anomalies
are nonexistent. Therefore the well-known predictable tele-
connection pattern of the NEB rainfall variability with the
eastern equatorial Pacific and the northern tropical Atlantic
SST anomalies are closely tied to the ENSO variability.

5. Summary and Conclusions

[38] This study highlights the role of the parameterization
of the shallow inversion clouds (SIC) in the context of the
annual cycle and the interannual variability of February—
March—April (February—April) seasonal rainfall over the
northeast Brazil (NEB). This is achieved by analyzing two
long-term coupled simulations that differed in the parame-
terization of the SIC. The difference in the parameterization
amounted to the order of smoothing of the SIC, motivated
by spurious spectral effects. The change mimics similar
effects on SIC that could be achieved from the amount of
smoothing of the model orography, or from the choice of the
dynamical core (with some schemes being implicitly more
diffusive than others), or from the choice of the horizontal
and vertical resolution of the AGCM which could either
exacerbate or damp the spectral effects by triggering the
“on-off™ switches in the parameterization scheme.

[39] It is found that the presence of coherent (incoherent)
SIC in the CONTROL (EXPT) simulation in the tropical
Atlantic decreases (increases) the downwelling shortwave
flux, and lowers (raises) the SST. This in turn modulates the
surface pressure gradient which produces associated
changes to the surface convergence and precipitation over
the ITCZ. Most importantly the dominating mechanism of
precipitation generation in the tropical Atlantic changes
from a thermodynamic (in CONTROL) to dynamic control
(in EXPT). In this study it is found that the surface
convergence and precipitation over the Atlantic ITCZ is
increased in the CONTROL relative to the EXPT. Concom-
itantly the CONTROL (EXPT) exhibits a wetter (drier)
rainy season over the NEB.

[40] In contrast to the larger sensitivity of precipitation
over the Atlantic ITCZ to SIC in the August—October
season compared to the February—April season, the annual
cycle of precipitation over the northeast Brazil (NEB) shows
larger differences in the wet season of February—April than
in the dry season of August—October. This is simply
because in August—October the Atlantic ITCZ is relatively
more remote from NEB than in February—April.

[41] The NEB interannual precipitation variability in
February—April season has a relatively high predictability
owing to its teleconnection with the variability in the
neighboring tropical Pacific and Atlantic Oceans. Although
many simulation studies of the past that used observed SST
to force their AGCM were able to demonstrate this high
predictability of seasonal rainfall over the NEB, the coupled
models have not shown similar promise.

[42] The CONTROL simulation with more realistic SIC
[Misra and Marx, 2006] displayed the well-known tele-
connection of the February—April seasonal rainfall over the
NEB with the contemporaneous SST anomalies in the
eastern equatorial Pacific and northern tropical Atlantic

14 of 16



Di11111

Oceans. The SST anomalies in the northern tropical Atlantic
serve a critical role in mediating the SST variability over the
eastern equatorial Pacific to the NEB rainfall variations.
Other related variables such as the surface convergence,
downwelling shortwave flux at surface, convective cloud
fraction over the northern tropical Atlantic region show
significant correlations with the SST variability over the
eastern equatorial Pacific region both in the observations
and in the CONTROL simulation. On the other hand, the
EXPT simulation that had uncorrected spectral effects in
the SIC showed covariability of the NEB rainfall with
only the eastern equatorial Pacific SST anomalies. Conse-
quently, the covariability of SST, surface convergence,
downwelling shortwave flux at surface over the northern
tropical Atlantic region with eastern equatorial Pacific SST
anomalies is absent in the EXPT simulation.

[43] The differences in the teleconnection patterns of the
NEB rainfall variability between the CONTROL and the
EXPT is attributed to the different ENSO characteristics of
the two. In the CONTROL the Nifio3 SST spectrum has a
strong 3-year peak while in the EXPT it is nearly flat and
outside the confidence interval of the observed spectrum.

[44] It is to be however noted that the interannual vari-
ability over the NEB is not completely dictated by these
teleconnection patterns over the tropical Atlantic and Pacific
Oceans. A significant variation of the NEB rainfall is also
due to the intrinsic modes of the tropical Atlantic Ocean
which have not been addressed in this study.

[45] Acknowledgments. This study was supported by NSF grant
ATMO0332910, NASA grant NNG04GG46G, and NOAA grant
NA040AR4310034.
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