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ABSTRACT

A regional coupled climate model is configured for the tropical Atlantic to explore the role of synoptic-
scale African easterly waves (AEWs) on the simulation of mean precipitation in the marine intertropical
convergence zone (ITCZ). Sensitivity tests with varying atmospheric resolution in the coupled model show
that these easterly waves are well represented with comparable amplitudes on both fine and coarse grids of
the atmospheric model. Significant differences in the model simulations are found in the precipitation fields,
however, where heavy rainfall events occur in the region of strong cyclonic shear of the easterly waves only
on the higher-resolution grid. This is because the low-level convergence due to the waves is much larger and
more realistic in the fine-resolution simulation, which enables heavier precipitation events that skew the
rainfall distributions toward longer tails. The variability in rainfall on these time scales accounts for more
than 60%-70% of the total variability. As a result, the simulation of mean rainfall in the ITCZ and its
seasonal migration improves in the higher-resolution case. This suggests that capturing these transient
waves and the resultant strong low-level convergence is one of the key ingredients for improving the
simulation of precipitation in global coupled climate models.

1. Introduction either side of the equator due to the weak meridional
sea surface temperature (SST) gradient (Chiang et al.
Understanding the variability of the intertropical 2002). The anomalous rainfall associated with the
convergence zone (ITCZ) is a major component of the  yariable location and strength of the ITCZ can impose
study of the tropical Atlantic climate system (Xie and  gevastating environmental and socioeconomic conse-
Carton 2004). The ITCZ exhibits strong seasonal vari- quences on the heavily populated regions in northeast
ability, reaching its maximum northward position (7°~  Bragil and western Africa (Hastenrath and Heller 1977;
9°N) in August-September and migrating to its south-  Egjjand et al. 1986; Palmer 1986; Nobre and Shukla
ernmost location near the equator (3°N-4°S) in Febru- 1996).
ary-April (Chiang et al. 2002). Boreal spring is the  Ajthough the variability in the ITCZ and the SST in
season when the ITCZ displays its strongest interan-  this region can be explained to some extent in terms
nual variability, when the ITCZ can be positioned on 4 the interannual and longer time-scale variability
(Zebiak 1993; Nobre and Shukla 1996) in combination
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there is no mode of variability stronger than the sea-
sonal cycle in the tropical Atlantic Ocean (Xie and Car-
ton 2004). Furthermore, Davey et al. (2002) reported
that most of the state-of-the-art global coupled general
circulation models (GCMs) commonly exhibit large bi-
ases in the mean climate of tropical regions, particularly
in the Atlantic. This indicates that the key processes
that determine the mean and annual cycle of the tropi-
cal Atlantic climate are still not yet fully understood
(Xie and Carton 2004).

The present study focuses on simulating the mean
ITCZ in a coupled climate model and sheds light on the
importance of synoptic-scale atmospheric processes.
The connection of this transient atmospheric feature to
the precipitation over northern Africa and the tropical
Atlantic Ocean has been extensively studied (Thorn-
croft et al. 2003 and the references therein). The low-
level positive meridional potential temperature gradi-
ent and the negative midtropospheric meridional po-
tential vorticity gradient during the summertime
indicate the existence of the African easterly jet (AEJ;
Pytharoulis and Thorncroft 1999). The instability pro-
cess associated with the baroclinic interaction of these
potential temperature and potential vorticity gradients
is conducive to the generation of synoptic-scale weather
disturbances called African easterly waves (AEWs;
Rennick 1976; Reed et al. 1977). Hsieh and Cook
(2005) also have pointed out the importance of cumulus
convection and the associated release of latent heat
within the ITCZ over the African continent in the gen-
eration of these atmospheric disturbances. The early
analyses of AEWs have revealed the characteristics of
these summertime atmospheric disturbances, which
have phase speeds of 6-8 m s~ westward with periods
of 3-5 days (Carlson 1969; Burpee 1972). These waves
contribute to the organized convection (Mekonnen et
al. 2006), including mesoscale convective systems
(Payne and McGarry 1977), and daily precipitation
over western Africa (e.g., Frank 1970; Thorncroft and
Hodges 2001; Gu et al. 2004). More importantly, they
give birth to tropical cyclones over the Atlantic Ocean
(Landsea et al. 1998) and modulate their evolution and
movement (Peng et al. 2006). Indeed, Thorncroft and
Hodges (2001) have shown a positive correlation be-
tween the AEW activity and Atlantic tropical cyclone
activity, suggesting that hurricane activity may be influ-
enced by the number of the AEWs leaving the west
coast of Africa (see also Avila and Pasch 1992).

In this paper, we examine the effect of these synop-
tic-scale easterly waves on larger-scale precipitation of
the marine ITCZ in two regional coupled model simu-
lations with different atmospheric resolution. We ex-
plore how resolution affects the model’s ability to cap-
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ture the horizontal shear and low-level convergence of
winds associated with the AEWSs, and thus convection
and precipitation processes. Analyses reveal that the
amplitude of these waves is well simulated on both the
coarse (1°) and fine (¥4°) atmospheric grids. The cy-
clonic shear of the wind associated with waves on the
finer grid, however, yields stronger near-surface con-
vergence, triggers convection, and thus produces more
intense precipitation. The rainfall variability associated
with the easterly waves accounts for a significant frac-
tion (>60%-70%) of the total simulated variance in the
marine ITCZ. As a result, simulation of the mean ITCZ
improves and the seasonal phasing becomes more real-
istic.

The paper is organized as follows: in section 2, the
description of the models and experimental designs are
presented. In section 3, the sensitivity of the AEW-in-
duced atmospheric convergence and precipitation due
to model resolution is examined. In section 4, we dis-
cuss the impacts on the larger-scale mean climate in the
model. Conclusions and discussion follow in section 5.

2. Models and experiment setup

The coupled model used for the present study is
the Scripps Coupled Ocean—Atmospheric Regional
(SCOAR) model (Seo et al. 2007). It combines two
well-known, state-of-the-art regional atmosphere and
ocean models using a flux-SST coupling strategy. The
atmospheric model is the Experimental Climate Predic-
tion Center (ECPC) Regional Spectral Model (RSM)
and the ocean model is the Regional Ocean Modeling
System (ROMS).

The RSM, originally developed at the National Cen-
ters for Environmental Prediction (NCEP) is described
in Juang and Kanamitsu (1994) and Juang et al. (1997).
The code was later updated with greater flexibility and
much higher efficiency (Kanamitsu et al. 2005). Briefly,
it is a limited-area primitive equation atmospheric
model with a perturbation method in spectral compu-
tation and utilizes a terrain-following sigma coordinate
system (28 levels). The model physics are the same as
the NCEP global seasonal forecast model (Kanamitsu
et al. 2002a) and the NCEP/National Center for Atmo-
spheric Research (NCAR) reanalysis model (Kalnay et
al. 1996) except for the parameterization of convection
and radiative processes. The parameterization for at-
mospheric deep convection in the current version of the
RSM used in this study is based on relaxed Arakawa-
Schubert scheme (Arakawa and Schubert 1974; Moor-
thi and Suarez 1992).

The ROMS solves the incompressible and hydro-
static primitive equations with a free surface on hori-
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zontal curvilinear coordinates and utilizes stretched
generalized sigma coordinates to enhance vertical reso-
lution near the sea surface and bathymetry. The details
of the model can be found in Haidvogel et al. (2000)
and Shchepetkin and McWilliams (2005).

A flux-SST coupler bridges the atmospheric (RSM)
and ocean (ROMS) models. The coupler works in a
sequential fashion; the RSM and ROMS take turns in-
tegrating while exchanging forcing every 24 h. The in-
teracting boundary layer between RSM and ROMS is
based on the bulk formula for surface fluxes of momen-
tum and sensible and latent heat adapted from the al-
gorithm of Fairall et al. (1996). Since the grids of the
atmosphere and ocean models differ, a simple linear
interpolation is used to map the SST and ocean currents
to the atmospheric physical space grid and the resultant
fluxes to the ocean grid. Care must be taken in choosing
the land-sea mask near the coasts because the atmo-
spheric model is spectral and Gibbs’ phenomenon can
result in unphysical structures in the surface flux forcing
fields over the oceanic grid points adjacent to the coast.
In each domain, the land-sea mask must be qualita-
tively optimized to reduce this effect of the mismatch
between spectral atmospheric and physical space oce-
anic models.

The low-wavenumber atmospheric flows from
NCEP/Department of Energy (DOE) Reanalysis 11
(RA2; Kanamitsu et al. 2002b) are specified as a base
field over the regional domain of the RSM. The RA2 is
available in T62 spectral resolution on a global Gauss-
ian latitude-longitude grid, at roughly 200-km grid size
in the tropics. However, the effective resolution in the
global spectral analysis is coarser than this estimated
grid size, since one needs five to six grid points to ac-
curately represent the smallest wavenumber in the
global spectral model (Pielke 1991; Laprise 1992).
Thus, wavelengths from circumglobal to 1000 km are
well resolved in the original RA2 model. For downscal-
ing purposes, Kanamaru and Kanamitsu (2007) de-
signed a scale-selective bias correction (SSBC) scheme
to reduce the tendency of wavenumbers longer than
1000 km to drift from the prescribed original RA2
large-scale fields that drive the regional response in
RSM. This procedure is invoked in SCOAR, which en-
courages the large-scale components of AEW events to
be similar for both coarse- (e.g., RA2) and higher-resol-
ution (e.g., SCOAR) grids.

The AEWs discussed in this study have a typical
wavelength of 2500 km (Reed et al. 1977) and thus, in
SCOAR, they should resemble the waves in the base
field from RA2. However, it should be noted that these
waves are also substantially influenced by many pro-
cesses, such as meridional temperature gradient, soil
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moisture content, monsoonal processes, and the re-
solved orography (Cook 1999; Mekonnen et al. 2006),
which can be modulated differently depending on the
SCOAR resolution and its downscaling procedure.
Therefore, the differences in the details of these waves
in the SCOAR simulations shown in the later sections
are, by the experimental design, largely due to changes
in SCOAR model resolution.

Here we compare two SCOAR model simulations,
where the atmospheric resolution is changed in a do-
main that covers the tropical Atlantic basin from 30°S
to 30°N and from 70°W to 20°E, including eastern Bra-
zil and western Africa. In the high ocean-low atmo-
sphere (HL) simulation, %4° resolution is used for the
ocean, but low resolution (1°) is used for the atmo-
sphere. In high ocean-high atmosphere (HH), both the
ocean and atmospheric models use 4° resolution.
Hence the only major difference in HL and HH is the
horizontal resolution in the atmosphere. A minor dif-
ference in the two cases is in the altered land-sea mask
linking the ocean and atmospheric models. The physi-
cal space fields of the atmosphere must be mapped to
the oceanic grid (and vice versa) via interpolation,
which is sensitive to the details of the land-sea mask
near the coastal ocean where large gradients of atmo-
spheric fields often occur.

In a previous study, Seo et al. (2006) used similar
SCOAR configurations to show that increasing oceanic
resolution alleviates SST biases by 20%, especially in
the African upwelling regions. In that study, they com-
pared results from HL and LL simulations, where LL
denotes low 1° resolution in both the ocean and the
atmosphere. Despite the improvement in the ocean, the
simulation of the mean ITCZ was only marginally im-
proved, likely due to a coarse 1° horizontal resolution
in the atmosphere. The present study is an extension of
Seo et al. (2006), focusing on the importance of synop-
tic-scale processes in the atmosphere in altering the
mean precipitation over the Atlantic Ocean.

The initialization and forcing procedures for both
cases are as follows: the ROMS ocean was first spun up
for 8 yr with climatological atmospheric forcing and
climatological oceanic boundary conditions. Then the
SCOAR coupled run was launched for 7 yr from 1998
to 2004 with low-wavenumber RA2 atmospheric forc-
ing and climatological oceanic boundary conditions.
The 6-yr solution from 1999 to 2004 is analyzed in this
study.

In this regional modeling framework, the remote in-
fluences on the simulated variability of the ITCZ
(Chiang et al. 2002; Xie and Carton 2004) are the same
in both SCOAR simulations. Chiang et al. (2002) show
that the anomalous Walker circulation affects the pre-
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cipitation over the tropical Atlantic, while the meridi-
onal gradient in SST determines the position of the
ITCZ. Remote ENSO conditions affect both of these
processes: the former through direct atmospheric influ-
ence (Dai and Wigley 2000) and the latter via atmo-
spheric teleconnections, which change Northern Hemi-
sphere SST. In the present SCOAR model configura-
tions the large-scale atmospheric and oceanic forcings
that drive these two mechanisms are nearly identical.
But the regional variability simulated in HH and HL
for the tropical Atlantic and western Africa may be
different in each case, giving rise to differences in vari-
ability of SST and the ITCZ. For example, the merid-
ional SST gradient is affected by local ocean—atmo-
sphere—land coupled variability, independent of the re-
mote forcing (Chang et al. 1997; Xie and Carton 2004).
Local feedback processes, such as these, are of primary
interest in this study.

3. AEW-induced low-level convergence and
precipitation: Sensitivity to model resolution

African easterly waves are the dominant synoptic-
scale weather disturbances during boreal summer
months. These waves originate in eastern Africa
(Mekonnen et al. 2006; Kilades et al. 2006; Berry and
Thorncroft 2005; Burpee 1972; Carlson 1969) and
traverse the tropical Atlantic Ocean. We are interested
in how AEW-induced wind shear and convergence lead
to large precipitation events within the marine ITCZ.

To illustrate the summertime background environ-
ments that foster the generation of the disturbances,
Fig. 1 compares the large-scale features between the
model simulations and the RA2 during the summertime
[July-September (JAS)]. Figures 1a—c show wind fields
at 700 hPa (the jet level) from the model simulations
and RA2 over northern Africa and the eastern Atlantic
Ocean. In RA2, the core of the AEJ at this level is
identified as a maximum of the easterly wind present on
the west coast of Africa at 15°N, 15°W, where wind
speed reaches 10 ms~'. The width of the jet is about
10° in latitude and the axis of the jet extends eastward
over the continent with an apparent southward shift
(Cook 1999). These observed wind structures are well
reproduced in both regional simulations, although the
models produce stronger jets than RA2. The spatial
patterns of the jet are qualitatively similar in both simu-
lations, although the jet in HH is slightly stronger than
HL at the core over western Africa. The meridional
gradient of vorticity at the jet level (Figs. 1d—f) and the
near-surface potential temperature (Figs. 1g,h) are
largely similar in HH and HL, indicating that barotro-
pic and baroclinic instability conditions that support the
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formation of the jet (Charney and Stern 1962; Burpee
1972) are similar for both 1° and % ° atmospheric reso-
lution. The simulated positive 925-hPa potential tem-
perature gradient over northern Africa (Figs. 1g,h)
compares well with RA2 (Fig. 1i) and the previous
study (e.g., Pytharoulis and Thorncroft 1999). The
model relative vorticity on the 700-hPa surface (Figs.
1d,e) is also qualitatively similar to the observed poten-
tial vorticity on the 315-K isentropic surface (Fig. 4 of
Pytharoulis and Thorncroft 1999), exhibiting a negative
vorticity gradient near and north of the jet and a posi-
tive vorticity gradient south of the jet.

Figure 2 shows the variance of summertime synoptic-
scale (2-6 day) 850-hPa meridional winds for each
simulated year over the Atlantic Ocean where the vari-
ance is large. The 2—-6-day bandpass filtering to high-
light the AEW signals in meridional wind field was pre-
viously used by Albignat and Reed (1980) and Mekon-
nen et al. (2006). Except for the summer of 1999 when
they are nearly equally strong, AEW variance over the
ocean is stronger in HH than in HL,, with mean variance
being 20% larger in the higher-resolution case. The
standard deviation of the meridional winds is therefore
only slightly (~4%-5%) stronger in HH than HL. An F
test indicates that the difference in variance in HH and
HL is not statistically different (at 95% significance
level). Thus both higher- and coarser-resolution simu-
lations yield statistically similar amplitudes of the
AEWs over the tropical Atlantic Ocean. The strikingly
different features between the two simulations that
emerge from the similar environments associated with
the waves are the associated near-surface convergence
and the precipitation, which is discussed later.

To investigate and compare the details of the simu-
lated wave structure and its propagation, Fig. 3 presents
Hovmoller diagrams of 2—-6 bandpass-filtered 850-hPa
winds for JAS of 2003 when the difference between HH
and HL was largest (Fig. 2). The simulated AEWs from
HH (Fig. 3a) and HL (Fig. 3b) exhibit wave character-
istics consistent with the observed estimates by the syn-
optic map analysis of Carlson (1969), the compositing
study of Reed et al. (1977), and the synoptic map analy-
sis of Burpee (1972), all of which found typical wave-
lengths of 2000-4000 km, periods of 3.2-3.5 days, and
phase speeds of ~8 ms~'. The simulated phase of the
waves is similar between the model simulations and
also with the observations.

These large amplitude waves propagate well beyond
the eastern Atlantic, traversing the Atlantic Ocean and
reaching the Caribbean and western boundary of the
model domain. Previous studies have reported that
they often propagate beyond the Caribbean across
Central America into the eastern Pacific basin (Frank
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FIG. 1. Six-year summertime (JAS) mean (a)—(c) wind velocity at 700 hPa (shaded when >9 m s™'), (d)—(f) 700-hPa relative vorticity
(shaded when >0.3 5™ "), and (g)—(i) 925-hPa potential temperature (shaded when >304 K). (top) HH, (middle) HL, and (bottom) RA2.
(top) HH and (bottom) RAZ2 are interpolated to the grids on HL.

1970), where they contribute to tropical cyclogenesis
(Avila and Pasch 1992). Over the tropical Atlantic
Ocean, strong cyclonic shear of the horizontal winds
associated with the large amplitude of these waves is
accompanied by localized intense precipitation (con-
tours overlaid in Fig. 3a), implying a tight connection
between wind shear generated by AEWs and strong
precipitation (Thorncroft and Hodges 2001). Early
analyses by Frank (1970) and Burpee (1972) concluded

that the easterly waves account for about half of the
tropical cyclones in the Atlantic Ocean. Figure 3a sug-
gests that the heavy precipitation events in this model
are associated with simulated tropical cyclones, which
were formed within the environment favored by the
easterly waves in the model. On the other hand, despite
the reasonably well-simulated AEWs in HL, there are
few heavy precipitation events compared to those that
occur with the strong wind shear in HH (the contours of
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FIG. 2. Variance of 2-6-day filtered 850-hPa meridional wind
speed averaged over 5°-15°N and 55°-15°W and for summer
months (JAS) for 19992004 for HH (black), HL (gray), and RA2
(white). The mean variance in HH, HL, and RA2 is 14.2, 11.3, and
5.7 m?s™2, respectively.

Fig. 3b). [Note that RA2 does not assimilate precipita-
tion (Kanamitsu et al. 2002a) so that individual precipi-
tation events may or may not correspond to observa-
tions.]

The heavy precipitation events in HH in the region of
high cyclonic shear in the easterly waves are closely
related to the markedly enhanced near-surface conver-
gence. Figure 4 presents the same plot of meridional
winds as in Fig. 3, but overlaid with the 2-6-day filtered
convergence of the 10-m winds diagnosed from the
model and RA2. First of all, the coarse grid of RA2
leads to virtually zero near-surface convergence, which
does not allow comparison with the model results. In
HH, strong convergence occurs within the region of
high shear of easterly waves, which is in phase with the
heavy precipitation seen in Fig. 3a. The in-phase rela-
tionship also occurs in HL, although the estimated con-
vergence is generally weaker, producing weaker pre-
cipitation (in Fig. 3b).

The association among the cyclonic wind shear of the
easterly waves, near-surface convergence, and the en-
hanced precipitation events shown in Figs. 3 and 4 can
be better illustrated in the selected yet representative
example in Fig. 5. It shows the two-day averaged fields
of model rainfall, convergence of 10-m winds, and out-
going longwave radiation (OLR) during 31 August-1
September 2003, a period of strong AEW activity and
intense precipitation (Fig. 3). Note that this time period
corresponds to the development of Hurricane Fabian in
observations in this region of the tropical Atlantic as
provided by the National Hurricane Center. Model
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Fi1G. 3. Hovmoller diagrams of 2-6-day filtered meridional wind
speed (ms™') at 850 hPa averaged between 5° and 15°N for Au-
gust-September 2003 from (a) HH, (b) HL, and (c) RA2. Over-
laid on the winds are the contours of unfiltered rainfall (mm
day ', contours = 10, 30, and 50 mm day ') for the same period.
[Note that RA2 does not assimilate precipitation (Kanamitsu et
al. 2002b) so that individual precipitation events may or may not
correspond to observations.]

tropical storms do not necessarily follow observations
closely, however, since the path and intensity of model
mesoscale disturbances are free to evolve without con-
straint due to dynamical instability processes, which are
sensitive to initial conditions.

During this particular period, the large wave ampli-
tudes shown in Figs. 3a and 3b are due to tropical cy-
clones (or depressions) located near 13°N, 50°W and
7°N, 20°W in HH and HL. The cyclone simulated in
HH produces massive precipitation of more than 200
mm day ! and is associated with a local minimum of
OLR, which indicates that precipitation occurs through
a convective process. This convective precipitation in
the cyclone is in turn associated with the strong low-
level convergence that exceeds 6 X 107> s~ ! at the core.
In HL, on the other hand, weaker convergence of less
than 3 X 107> s™! causes weaker convection and thus
less rain of only 30 mm day .

Heavy rainfall exceeding 200 mm day ' captured by
HH is an observed phenomenon. Lonfat et al. (2004),
for example, reported that a maximum rainfall rate of
288 mm day ! is observed for category 3-5 systems of
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FIG. 4. Same as in Fig. 3, but overlaid with the contours of
2-6-day filtered near-surface convergence (107> s~'), which was
computed from 10-m winds. Only convergence is contoured (0.3
interval with the zero contours omitted). Note the coarse grid of
RA2 leads to generally zero near-surface convergence, which
does not allow comparison with the model results.

hurricanes using the Tropical Rainfall Measuring Mis-
sion (TRMM) Microwave Imager rain estimates. Ob-
servations of rainfall rate measured from moored buoys
agree with this as well. Figure 6a shows time series of
rainfall measured at the Pilot Research Moored Array
in the Tropical Atlantic (PIRATA) buoy moored at
4°N-38°W and from the model grid at the mooring site.
In both models and observations, the variability of rain-
fall is markedly larger than its mean. The standard de-
viation (std) of rainfall in the observations is roughly
4 times greater than its mean, while in HH (HL) the
std is 2.5 (1.7) times larger than its mean. The strong-
est peak in the observations at this particular site dur-
ing this period reaches 914 mm day~'. Statistically,
the means of HH and HL are both consistent with
PIRATA, but the variability in HH is clearly more re-
alistic than in HL. The map of std of rainfall (not
shown) reveals that, in a large area around this mooring
site, the std of HH rainfall is greater than 25 mm day ",
while HL has everywhere a std less than 10 mm day .
Thus, the chosen mooring site is a typical location
within the ITCZ where variability in rainfall well ex-
ceeds its mean. The probability distribution functions
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(PDFs) of observed rainfall (Fig. 6b) confirms that sev-
eral peaks produce extremely high precipitation in the
observations. Although HH rainfall does not display
peaks as strong as in the observations, the extreme
cases shown in HH compares better with the observa-
tions. This indicates that increasing model resolution
can enhance heavy precipitation events, which skew the
rainfall distributions toward longer tails.

Biasutti et al. (2006) have shown that most of the
atmospheric general circulation models (AGCMs) un-
derestimate the high-frequency variability of the rain-
fall within the marine ITCZ and thus exhibit a reduced
range in daily precipitation there. The observed rainfall
distribution, on the other hand, extends to higher rain-
fall values with shorter decorrelation time scales (~1
day). Figure 6 indicates that HL resembles the typical
case of these AGCMs, while HH emulates the observed
distribution of daily precipitation.

The heavy precipitation events are closely related to
the convergence fields (Fig. 4), which are better re-
solved on the higher-resolution atmospheric grid. This
relation is illustrated in Fig. 7. It shows PDFs of con-
vergence for the 10-m wind computed from the models
in comparison with the estimate from the Quick Scat-
terometer (QuikSCAT) winds over 2000-04, averaged
over the ITCZ (2°-7°N and 40°-30°W). Both model
runs exhibit the slight skewness toward convergence as
in the observations, implying large-scale convergence
within the ITCZ. Yet, convergences greater than 6 X
1073 s~ ! are found only in the observations and in HH.
On the other hand, the convergence does not exceed
6 X 107° s~ ! in HL for any event during this 5-yr period
in this region. The propensity for even higher con-
vergence is observable in QuikSCAT winds, and HH
is clearly better than HL when compared with the
QuikSCAT.

Easterly waves are large-scale atmospheric processes
(wavelengths of 2000-4000 km) and thus, compared to
the ¥4° resolution in HH, the 1° atmospheric resolution
should be sufficient to resolve the wave activity reason-
ably well. Indeed, the simulated 6-yr mean variances of
the wind were not statistically different. Furthermore,
Figs. 3 and 4 suggest that the related cyclonic wind
shear is well simulated on both grids. However, com-
pared to the 1° grid, it rains more, and with a far more
realistic distribution, on the Y4° grid. The lack of rain in
HL despite the reasonably well-resolved AEWs implies
that wind convergence and subsequent convection are
important processes to produce a realistic mean pre-
cipitation pattern. At %° resolution, we approach the
horizontal scales of convection and are nearly able to
resolve the observed low-level convergence (Fig. 7).

This result can be anticipated from the idealized
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F1G. 6. (a) Time series of rainfall measured from the PIRATA mooring site at 4°N, 38°W
from March 2000 to September 2005 (black line). There is a gap in the observations from
mid-August 2002 to late August 2003, and no interpolation has been done in computing the
mean and std dev. Model rainfall is shown in red (HH) and blue (HL) at the nearest grid point
to the mooring site. Mean and std dev are shown in the upper-right corner of the plot. For the
purpose of display, the y axis is limited to 500 mm day '. There are three occasions in the
observations where the rainfall exceeds the limit of this plot. The precipitation amounts (mm
day~!) on these 3 days are 508 on 24 Apr 2000, 751 on 22 Jan 2001, and 914 on 2 Mar 2001.
(b) Same as in (a), but for the probability distribution functions of the observed and simulated

precipitation rates (shown with log scales).

study of Pauluis and Garner (2006) on the impacts of
the horizontal resolution on the statistics of the atmo-
spheric convection. They demonstrate a close connec-
tion between the horizontal resolution of the cloud-
resolving model and the statistical properties of the
deep convective towers. They find a significant im-
provement in the simulation of vertical velocity and
convection (and thus perhaps the low-level conver-
gence) when they transit from coarse 50-km to finer
16-km horizontal resolutions.

The close connection between convergence and the
convection is supported by the recent study of Biasutti
et al. (2006). They show the importance of dynamic
lifting in the deep convection of the marine ITCZ,
which allows the observed maximum ITCZ precipita-
tion to be positioned over the region of the maximum
near-surface convergence rather than the maximum
SST. Most of the AGCMs, on the other hand, are
shown to be overly sensitive to the thermodynamic con-
vective available potential energy over warm SST,

yielding a tendency to locate the maximum ITCZ rain-
fall over the local maximum SST.

4. Impacts on the larger-scale mean precipitation
and SST

a. Mean and seasonal cycle of the ITCZ

Synoptic precipitation events associated with the
easterly wave convergence and convection contribute a
significant fraction of the total rainfall variability. Fig-
ure 8 shows the ratio of the variance of 2-6-day filtered
rainfalls to the total variance. Within the marine ITCZ,
synoptic-scale precipitation accounts for 40%—-60% of
the total variance in HL. This high ratio in HL is strik-
ing, indicating that more than half of the total rainfall
variability originates from the synoptic scales. The RA2
has a similar percentage of the variance associated with
synoptic events (Fig. 8c), suggesting that this 40%—-60%
contribution to rainfall variability in the marine ITCZ
may be an upper limit from the synoptic-scale variabil-
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40°-30°W. Note the y axis is shown in logarithmic scale to high-

light the difference at the higher ends. The positive (negative)
values are convergence (divergence).

ity on the coarser grids. In HH, however, the ratio rises
to more than 60%-70%, suggesting that a substantial
fraction of the total rainfall variability is indeed deter-
mined by the synoptic-scale heavy rainfall events asso-
ciated with the easterly waves.

The fact that a significant fraction of rainfall variance
is explained by synoptic-scale variability implies that
there will be a net contribution to the larger-scale mean
rainfall in the model. Figure 9 shows the 6-yr mean
precipitation from 1999 to 2004 from the model in com-
parison with the observational estimates from the
Global Precipitation Climatology Project (GPCP; Xie
and Arkin 1997) for the corresponding period. Precipi-
tation from both observations and the model shows the
ITCZ (as described in Chiang et al. 2002) as a zonally
tilted (northeast-southwest) structure over the open
ocean with maximum rainfall between the equator and
10°N. Although the HH model tends to produce more
rain within the marine ITCZ than the observations, the
figure demonstrates that the rainfall simulation in HH
is improved compared to HL. Precipitation over the
open ocean in HH is about 9 mm day ', much closer to
the observed rainfall of about 8 mm day '. On the
other hand, rainfall in HL is only 4 mm day .

Figure 10 illustrates the seasonal variation of the lo-
cation of maximum precipitation in the model and ob-
servations, representing the seasonal migration of the
ITCZ. Generally, the location of the ITCZ is well re-
produced in the model during most of the year except
for the boreal spring season. During boreal spring
months, from February to May, the ITCZ in HL crosses
the equator into the Southern Hemisphere, while the
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Fi1G. 8. Ratio (%) of variance of 2—-6-day bandpass-filtered rain-
fall to the variance of the total rainfall from (a) HH, (b) HL, and
(c) RA2 averaged from 1999 to 2004. Contours shown are 50%,
60%, and 70%. The variances are computed for all seasons.

ITCZ in HH stays north of the equator throughout the
year, which is consistent with the observations (Chiang
et al. 2002). It is clear that not only the mean rainfall
but also the seasonal cycle of the ITCZ is better simu-
lated in HH than in HL.

b. Large-scale SST distribution

This section investigates the role of large-scale mean
SST and its relation to the improved ITCZ simulation.
Figure 11a shows the 6-yr mean SST for HH, and the
mean difference with HL (HH minus HL) is presented
in Fig. 11b. Also shown are (HH minus HL) difference
maps of 6-yr mean surface winds, net surface heat flux,
latent surface heat flux, and surface radiative flux. The
change in SST when increasing the resolution (Fig. 11b)
shows a notable basin-scale open-ocean cooling of
~0.5°C in the extratropics in both hemispheres, little
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FIG. 9. Six-year (1999-2004) mean rainfall (mm day ') from model: (a) HH, (b) HL, and
(c) the observations from the GPCP. The model precipitation in (a) and (b) is regridded
to the GPCP grids at 2.5° X 2.5°. Precipitation >13 mm day ' is shaded in gray.

change near the equator (5°S-5°N), and coastal warm-
ing (up to 2°C) along the west coast of Africa. The
cooling in the extratropics and warming along the coast
are both damped by the net surface heat flux (Fig. 11d).
On the other hand, SST does not change along the
equator, implying the presence of an altered oceanic
heat flux at the ocean surface, which balances the ther-
modynamic cooling. The altered total surface heat flux
along the equator is a result of both evaporative cooling
by enhanced southeasterly winds (Fig. 11c) and radia-
tive cooling by increased cloudiness (not shown). In
HH, both hemispheres have enhanced trade winds that
support the large-scale convergence into the ITCZ,
which is significantly stronger even though the mean
position of the ITCZ remains nearly the same in HH
and HL (Fig. 9).

Figure 12 shows the seasonal cycles of monthly av-
eraged SST in the extratropics for both hemispheres in
the regions where the SST was colder in HH. Both in
the Northern and Southern Hemispheres, the SSTs in
HH are persistently colder than HL throughout the an-
nual cycle. The seasonal cycle of the position of ITCZ
(Fig. 10) is sensitive to the seasonal variability of the
meridional (interhemispheric) gradient of SST through
the modulation of meridional surface pressure gradient
and the near-surface winds (Hastenrath and Greischar
1993). The seasonal cycle of the anomalous meridional
SST gradient is computed as the difference in anoma-
lous SST between the northern and southern regions
defined in Figs. 12a and 12b. Chiang et al. (2002) de-
fined the tropical Atlantic gradient index in a similar
way (albeit using zonally integrated SST instead of
using a box) to describe the relation among the merid-
ional SST gradient, the near-surface winds, and the

precipitation in the ITCZ. Figure 12c shows that the
seasonal cycles of the simulated meridional SST gradi-
ents are almost indistinguishable, albeit weaker than
the observed estimate. The gradients look similar in
the model simulations because the open-ocean SST
cooled by roughly the same amount in both hemi-
spheres in HH.

The debate still continues about whether the merid-
ional SST gradient and the large-scale convergence de-
termine the rain in the ITCZ or whether the wind con-
vergence is determined by midtropospheric heating and
hence the rainfall in the ITCZ. Gill (1980) argues for
the latter, whereas Lindzen and Nigam (1987) favor the
former. Figure 11 suggests that Gill (1980) is more rel-
evant in the current model because the meridional SST
gradient did not change in the simulations; this implies
that the enhanced southerlies in HH are forced by the
larger-scale, stronger ITCZ.

Enhanced southerlies across the equator will have

Latitude

SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG
FiG. 10. The seasonal variation of latitude of the maximum
precipitation averaged between 50° and 20°W from the 6-yr

(1999-2004) monthly averages for the GPCP precipitation (thick
solid), HH (thin solid line), and HL (thin dashed line).



1428

(a) Mean SST: HH

30N
20N
10N

EQ
10s

208 —
550  35W  15W

(¢) Mean Wind: HH—HL

30N ‘
CweeesTrrrany
ESTREsssaas — =
EONL‘.,.......* 2 m/s | M
PR T I A\ J
10N - (RN EE Ly 0.5
EQ' -0.5
. -1
"eesvrant
1081 MRy i_,s
stesaansanadl '
208 T T T T
55W 35W 15W 5E
(e) Mean Qlh: HH-HL
30N .

20N A
10N
EQ1
108

208

5E

35W  15W

55W

JOURNAL OF CLIMATE

VOLUME 21

(b) Mean SST: HH—-HL

0.5

0.25

-0.25

-0.5

55W 15W

(d) Mean Qnet: HH—HL

;

10N A

30N

20N

EQA
10S

208 T T 2
55W 35W 15W

-l L — | I
- ™
= o

(f) Mean Qrad: HH—HL

Y
o o o

55W 350 15W
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m~?), (d) net surface, (e) surface latent, and (f) net surface radiative. The negative (positive)

in heat flux cools (warms) the ocean.

dynamical consequences for the ocean. The details of
mixed layer heat budget calculations can reveal the dy-
namical and thermodynamical balances in SST, mixed
layer depth and net surface heat, and freshwater fluxes.
Such an analysis is beyond the scope of this paper and
will be reported elsewhere.

The warming along the west coast of Africa in Fig.
11a deserves some attention. It is likely that the coastal
warming in HH is simply due to the altered near-coastal
winds, which drive reductions in upwelling and open-
ocean Ekman advection of SST gradients. However,
the details of the atmospheric land-sea mask are very
different in the HL and HH cases, due to the enhanced
resolution in HH. Since an interpolation-extrapolation
scheme is used to map the atmospheric fields to the
oceanic grids, the small-scale structures in the HH
land-sea mask play an important role in establishing
the near-coastal alongshore upwelling-downwelling
wind fields. In the both HL and HH, the land-sea mask

was qualitatively optimized to attempt to reduce the
mismatch between oceanic and atmospheric grids and
the misrepresentation of fluxes due to spectral trunca-
tions errors (Gibbs phenomenon). But it is not com-
pletely clear whether a different interpolation scheme
for HH and HL (and/or a smoother land-sea mask)
would result in similarly warmer SST along the coast in
case HH. Nonetheless, this study focuses on the basin-
scale SST changes and its meridional gradient, not the
changes in SST concentrated in the narrow band along
the coast, which appear to be too localized to generate
the basinwide effects.

5. Conclusions and discussion

A regional coupled climate model has been config-
ured for the tropical Atlantic in the present study to
explore the climatic importance of synoptic-scale atmo-
spheric disturbances originating from the African con-
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F1G. 12. (a) Seasonal cycle of monthly averaged SST (1999-
2004) over 5°-25°N, 50°-20°W for the observations from TRMM
SST (thick solid), HH (thin solid), and HL (thin dashed). (b)
Same as (a), but for the Southern Hemisphere in 5°-25°S, 50°-
20°W. (c) Same as (a), but for the seasonal cycle of meridional
gradient of SST anomaly. SST gradient is computed as the differ-
ence in SST anomaly in the northern extratropics (5°-25°N, 50°-
20°W) and the southern extratropics (5°-25°S, 50°-20°W).

tinent. The analyses have shown that these synoptic-
scale easterly waves are reasonably well simulated in
the model with similar strengths both on 1° and '4°
atmospheric grids. The simulated wave characteristics,
including their amplitudes, are comparable between the
model simulations, and the phases of the waves are
similar to those of the RA2 fields that drive the regional
models.

Strong cyclonic shear of the wind is generated in the
easterly waves both in HH and HL, although this wind
shear is accompanied by heavy precipitation events
only in HH, not in HL (Fig. 3). This is because the
computed convergence in HH is much larger than in
HL (Fig. 4), which leads to stronger convection and
heavier precipitation (Figs. 5, 6). This propensity for
higher convergence in the high-resolution case com-
pares well with QuikSCAT observations of winds and
clearly represents an improvement over the low-resolu-
tion case (Fig. 7).

The climatic importance of AEW-related conver-
gence and convection processes is that they can lead to
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a more realistic model precipitation climatology and
seasonality over the Atlantic Ocean (Figs. 9, 10). The
occurrences of extreme rainfall events are much more
realistic in HH and resemble rainfall measurements
from the PIRATA buoy. These heavy rainfall events,
occurring on the 2-6-day time scales associated with the
easterly waves, account for a significant fraction
(>60%-70%) of the simulated variance of precipita-
tion (Fig. 8), which implies a considerable alteration of
the larger-scale annual mean rainfall due to these heavy
rainfall events.

This improvement in the simulation of mean precipi-
tation and the seasonal migration of ITCZ in the
SCOAR model does not appear to be directly related
to changes in the mean meridional SST gradient, which
remain the same in both HH and HL (Figs. 11, 12). The
location of the ITCZ is largely well captured in both
simulations, but the convection associated with the
AEWs in HH enhances the precipitation, which yields
a more realistic ITCZ. This results in enhanced cross-
equatorial southerlies, which leads to stronger large-
scale convergence into the ITCZ (Gill 1980).

The details of the AEWs including the mechanism(s)
of generation, life cycle, and the connection to the con-
vection and hurricanes are not fully understood despite
their important role in regulating precipitation and re-
gional climate (Thorncroft et al. 2003; Mekonnen et al.
2006). The resultant small-scale atmospheric conver-
gence and convection processes cannot be realistically
resolved in the coupled GCMs that are used for climate
prediction in this region primarily due to the coarseness
of the atmospheric grids. As a result, these models com-
monly exhibit large systematic errors in the tropical
Atlantic Ocean (Davey et al. 2002) and over western
African nations (CLIVAR 2000). Our study here pro-
poses that these climate models require higher horizon-
tal resolution for better capturing the observed scale of
convergence and convection. Higher horizontal resolu-
tion allows heavier precipitation events in the model
that skew overall rainfall distributions toward longer
tails, which can alter the mean large-scale climate in this
region.

One of the foci of the international project called the
African Monsoon Multidisciplinary Analysis (AMMA;
Redelsperger et al. 2006) is to understand western Af-
rican climate variability on multi-spatial-temporal
scales and its complex interactions in the western Af-
rican region. On the atmospheric mesoscale, the
AMMA aims to study the typical rain-producing pro-
cesses associated with the synoptic easterly waves and
the African easterly jet, and their connection to the
larger-scale climate variability. The current study di-
rectly addresses this issue by substantiating that 1) the
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transient synoptic-scale easterly waves that capture cy-
clonic wind shear and 2) the fine horizontal resolution
that facilitates low-level convergence and convection
are both essential to climate models to generate realis-
tic and much improved mean precipitation climatolo-
gies.
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