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ABSTRACT

The 5-day Rossby—Haurwitz wave is unlike other large-scale wave modes that interact with tropical rainfall
in that associated rainfall presents as a modulation of localized areas of rainfall instead of propagating with the
wave. This form of wave-modulated convective organization in climate models has received little attention.
This study investigates the simulation of interactions between the 5-day wave and tropical convection in 30
models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) and compares these with the
interaction diagnosed from ERA-Interim and TRMM precipitation data. Models simulate the dry dynamics
of the 5-day wave well, with realistic coherences between upper- and lower-tropospheric winds, as well as
magnitudes and geographic distribution of wave wind anomalies being close to observations. The models
consistently display significant coherences between 5-day-wave zonal winds and precipitation but perform
less well at simulating the spatial distribution and magnitude of precipitation anomalies. For example, a third
of the models do not reproduce significant observed anomalies near the Andes, and the best-performing
model simulates only 38 % of the observed variance over the tropical Andes and 24% of the observed variance
over the Gulf of Guinea. Models with higher resolution perform better in simulating the magnitude of the
Andean rainfall anomalies, but there is no similar relationship over the Gulf of Guinea. The evidence
therefore suggests that the simulated interaction is mostly one way only, with the wave dynamics forcing the
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precipitation variations on the 5-day time scale.

1. Introduction

The organization of tropical convection in space and
time is important for how it interacts with the global
circulation and the climate system in general. It is thus
important that climate models reflect observed patterns
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of organization in order to accurately simulate climate
processes. On time scales between days and seasons
(1-90 days), the organization of tropical convection is
dominated by the convectively coupled equatorial
waves (CCEWs; Kiladis et al. 2009) and the Madden—
Julian oscillation (MJO; Madden and Julian 1972a;
Zhang 2005). These modes consist of large-scale cou-
pled dynamic and convective fields that propagate to-
gether, and as such, the propagation and characteristics
of these modes are strongly governed by the interactions
between convection and the large-scale dynamic fields.
These wave modes are important in weather systems such
as monsoons (Yasunari 1979; Hendon and Liebmann
1990), tropical cyclones (Liebmann et al. 1994; Bessafi and
Wheeler 2006), and, through teleconnections, extratropical
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precipitation systems (Jones 2000). However, current cli-
mate models have difficulty simulating these modes of
organized tropical convection (Lin et al. 2006; Straub et al.
2010; Hung et al. 2013).

Evidence also exists for another atmospheric wave
mode, the “5-day wave,” which significantly interacts
with tropical convection (Hendon and Wheeler 2008;
King et al. 2015). The 5-day wave is the gravest sym-
metrical free Rossby wave (or Rossby—-Haurwitz wave)
with zonal wavenumber 1. The free Rossby waves are a
class of external normal modes of the atmosphere,
characterized by their barotropic vertical structure,
westward propagation relative to the local flow, and
lower frequencies compared to the other class of ex-
ternal modes (i.e., the free gravity waves; Salby 1984;
Madden 2007).

The wind and geopotential anomalies associated with
the 5-day wave propagate westward with a period of
between 4 and 6 days (Madden and Julian 1972b), but
unlike the MJO and CCEWs, the convective fields as-
sociated with the 5-day wave do not appear to propagate
with the wave and are instead localized to a few loca-
tions in the tropics, specifically the lower slopes of the
tropical Andes and over the Gulf of Guinea near West
Africa, where it can modulate rainfall by up to 4 mm day
and is a key source of submonthly rainfall variability
(King et al. 2015). Over the equatorial belt between
central Africa and the Andes, the wave modulates ob-
served precipitation by around 5% and observed lightning
by 7% relative to the mean (Burpee 1976).

Unlike for the CCEWs and the MJO, global circula-
tion models have featured semirealistic 5-day-wave
signatures in geopotential and wind for at least 30 years
(Hayashi and Golder 1983; Hamilton 1987; Manzini and
Hamilton 1993), and higher-wavenumber Rossby—
Haurwitz waves have been suggested as a tool to test
the dynamical cores of climate models (Williamson et al.
1992). Model-based studies investigating the excitation
of the 5-day wave have suggested that latent heat release
in the tropics plays a crucial role in exciting this and
other atmospheric normal modes (Salby and Garcia
1987; Garcia and Salby 1987; Hamilton 1987; Miyoshi
and Hirooka 1999), although the lowest meridional
mode has also been identified in dry climate models
(Potter et al. 2014). Despite this, it is not currently
known how well the interaction between the 5-day wave
and tropical convection is simulated in modern climate
models, and examining how models represent this little-
investigated interaction between dynamics and convec-
tion allows for greater understanding of the quality of
tropical convective processes in atmospheric models.

This study investigates the interaction between trop-
ical convection and the 5-day wave in 30 of the CMIP5
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climate models, utilizing two complementary techniques
described in King et al. (2015). The remainder of the paper
is organized as follows. Section 2 describes the data and
methodology used in this paper. Section 3 presents the
space—time power and coherence-squared spectra of tro-
pospheric zonal winds and precipitation from the models,
as well as the 5-day-wave wind and precipitation com-
posite structures. Section 4 will discuss issues about the
interaction between the 5-day wave and tropical convec-
tion arising from the model results presented in section 3,
and finally, conclusions are presented in section 5.

2. Data and methods
a. Climate model and validation datasets

Representations of the interaction between the 5-day
wave and tropical convection are investigated using four
variables: precipitation, which is used as a marker of
large-scale convection; 250-hPa zonal wind, which is
used to assess upper-tropospheric dynamics; and
850-hPa zonal and meridional winds, which are used to
assess lower-tropospheric dynamics.

The climate models assessed are 30 members of phase
5 of the Coupled Model Intercomparison Project (CMIP5),
as listed in Table 1. Daily winds and precipitation values
were obtained from the models’ historical simulations for
the period 1980-2005 for all models but HadGEM2-CC,
where the data were only available for the period De-
cember 1979-November 2005 and were obtained and an-
alyzed over this period for this model only. Where a climate
model had an ensemble of many members, data from the
rlilpl ensemble member were analyzed, as this member
was available for all models.

Evaluation was performed using wind data from the
ERA-Interim dataset (ECMWF 2009; Dee et al. 2011)
and precipitation from the Tropical Rainfall Measuring
Mission (TRMM) 3B42 version 7 dataset (Huffman
et al. 2007; TRMM 2011). These data were taken from
the period 1998-2012 and thus have a shorter temporal
extent than the model data.

b. Coherence-squared spectra

A coherence spectral analysis was performed for each
of the 30 models, computed for pairs of 850-hPa/250-hPa
zonal wind and 850-hPa zonal wind/precipitation,
in order to determine the existence of both the 5-day
wave and an interaction between the wave and tropical
convection on a global scale in the models as well as
allowing a rough metric of how “‘strong” the interaction
is. The procedure utilized is similar to that used in previous
studies (e.g., Hendon and Wheeler 2008; Yasunaga and
Mapes 2012; King et al. 2015).
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TABLE 1. List of the CMIP5 models used in this study along with their native horizontal resolution near the equator and references
providing further model details. Only one historical simulation ensemble member per model was used in this study. (Expansions of
acronyms are available online at http://www.ametsoc.org/PubsAcronymList.)

Model Horizontal resolution (lat X lon) Reference
ACCESS1.0 1.25° X 1.88° Bi et al. (2013)
ACCESS1.3 1.25° X 1.88° Bi et al. (2013)
BCC_CSM1.1 2.79° X 2.81° Xin et al. (2013)
BCC_CSM1.1(m) 1.12° X 1.13° Xin et al. (2013)
BNU-ESM 2.79° x 2.81° Jiet al. (2014)
CanESM2 2.79° X 2.81° Arora et al. (2011)
CMCC-CESM 3.71° X 3.75° Scoccimarro et al. (2011)
CMCC-CM 0.75° X 0.75° Scoccimarro et al. (2011)
CMCC-CMS 1.87° X 1.88° Scoccimarro et al. (2011)
CNRM-CM5 1.40° X 1.41° Voldoire et al. (2013)
CSIRO Mk3.6.0 1.87° X 1.88° Rotstayn et al. (2010)
FGOALS-g2 2.79° X 2.81° Zhou et al. (2013)
GFDL CM3 2.00° X 2.50° Donner et al. (2011)
GFDL-ESM2G 2.02° X 2.50° Dunne et al. (2012)
GFDL-ESM2M 2.02° X 2.50° Dunne et al. (2012)
HadCM3 2.50° x 3.75° Collins et al. (2001)
HadGEM2-CC 1.25° X 1.88° Martin et al. (2011)
INM-CM4.0 1.50° X 2.00° Volodin et al. (2010)
IPSL-CM5A-LR 1.90° X 3.75° Dufresne et al. (2013)
IPSL-CM5A-MR 1.27° X 2.50° Dufresne et al. (2013)
IPSL-CM5B-LR 1.90° X 3.75° Dufresne et al. (2013)
MIROC-ESM 2.79° X 2.81° Watanabe et al. (2010)
MIROC-ESM-CHEM 2.79° X 2.81° Watanabe et al. (2010)
MIROC4h 0.56° X 0.56° Sakamoto et al. (2012)
MIROC5 1.40° X 1.41° Watanabe et al. (2010)
MPI-ESM-LR 1.87° X 1.88° Giorgetta et al. (2013)
MPI-ESM-P 1.87° X 1.88° Giorgetta et al. (2013)
MRI-CGCM3 1.12° X 1.13° Yukimoto et al. (2012)
MRI-ESM1 1.12° X 1.13° Adachi et al. (2013)
NorESM1-M 1.90° X 2.50° Bentsen et al. (2013)

Data for each variable are first partitioned into equa-
torially symmetric and antisymmetric components for
each latitude up to 15° from the equator, and analysis is
only performed upon the symmetric data. The symmetric
component datasets are then broken into a series of 96-day
segments, each starting a day later than the previous so
that adjacent segments overlap by 95 days. Each individual
segment is detrended and tapered to zero over the first and
last 5 days by a split cosine-tapered rectangular window.
The segmented data are then Fourier transformed in time
at each longitude and latitude, Fourier transformed in
longitude at each frequency and latitude, and used to
calculate spectral power and copower for each segment.
These are then averaged over all segments and latitudes.
To improve the display, the spectral power estimates are
smoothed in frequency by a 1-2-1 running mean filter.
This results in a reduction of effective bandwidth but not
to an extent where the 5-day wave is no longer identifiable.
Westward-propagating features are displayed as negative
wavenumbers and eastward as positive.

Existence of a relationship in the spectral space is
determined by testing against the null hypothesis of no

relationship using the method in von Storch and Zwiers
(1999), with the degrees of freedom (dof) estimated by
the following:

dof = 2(amplitude and phase) X years of data
X 360(lowest value of days per year for the models)
X 3(1-2-1 filter)/96(size of segment).

This gives a value of at least 585 dof for the climate
models and 342 dof for evaluation data.

c. Space—time filtering and lagged-regression
composites

Lagged-regression composites based on a filtered zonal
wind time series are used to determine the geographical
spread and magnitude of the precipitation signals in
models relative to those in observations. Following King
et al. (2015), an index time series of the 5-day wave for
each model was obtained by first filtering 850-hPa zonal
wind anomalies for westward wavenumber 1 and periods
between 4 and 6 days. Then the latitudinal average of the
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filtered data was taken between 7.5°S and 7.5°N at 0° lon-
gitude, forming a reference time series against which raw
850-hPa zonal winds and precipitation were regressed.

As in King et al. (2015), regression was only per-
formed for time intervals where the variance in a 19-day
window of the reference time series was greater than the
total variance of the reference time series so as to min-
imize the effect of periods of low 5-day-wave magnitude
on the composites. The window size was chosen to be
19 days because it is just larger than 3 times the longest
filtered period, though the results are relatively in-
sensitive to the window size.

Statistical significance of the regressed anomalies
against a null hypothesis of no anomaly was determined
through a Student’s ¢ test. When directly comparing
average anomalies in a region, the models and obser-
vational data were regridded to the same resolution as
CMCC-CESM, the model with the lowest spatial reso-
lution of 3.71° X 3.75° before the composites were
generated so that data could be more fairly compared.

3. Results
a. Spectral analysis

Figure 1 shows the raw symmetric wavenumber—
frequency spectra of 850-hPa zonal winds and pre-
cipitation for the ERA-Interim and TRMM datasets as
well as three representative CMIP5 models: ACCESS1.3,
MPI-ESM-P, and INM-CM4.0. INM-CM4.0 is presented
as it shows the most coherent 5-day-wave signals (as can
be seen in Fig. 3), MPI-ESM-P is presented as it shows
coherences between 5-day-wave zonal winds and pre-
cipitation close to that in observations, and ACCESS1.3 is
shown as it is the most recent coupled model from Aus-
tralian modeling groups. Similar precipitation spectra for
other CMIP5 models can be found in Fig. 3 of Hung et al.
(2013) and zonal wind spectra in Fig. 4 of Lott et al. (2014)
although for lower-stratospheric zonal winds instead of
lower-tropospheric zonal winds. The CMIP models tend
to show increased variance in high-frequency zonal winds
(above 0.1 cycles per day) compared to the ERA-Interim
dataset, although INM-CM4.0 (Fig. 1g) has reduced var-
iance in high-frequency zonal winds. Despite this, all
models including INM-CM4.0 have greater raw variance
in 850-hPa zonal winds at the 5-day range than seen in
ERA-Interim. On the other hand, CMIP5 models tend to
underrepresent precipitation variation at frequencies at
and above 0.2 cycles per day, including the 5-day-wave
range, but overstate westward-propagating low-frequency
rainfall variance compared to TRMM.

The coherence spectrum between equatorially sym-
metric 850- and 250-hPa ERA-Interim zonal winds,
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shown in Fig. 2a, has the 5-day wave appearing as a peak
in the coherence-squared statistic of ~0.4 at westward
(i.e., negative) wavenumber 1. Also apparent are higher-
wavenumber Rossby—Haurwitz waves, which appear at
westward wavenumbers 2-5 with periods from ~8.5 to
3.5 days. The coherence-squared peaks for these ob-
served waves well match the plotted theoretical disper-
sion curve for the n = 1 Rossby-Haurwitz wave,
assuming a shallow-water equivalent depth of 10 km and
an effective advective zonal wind from midlatitude
background winds of 15ms™' (Kasahara 1980). This
result is consistent with the results of Hendon and
Wheeler (2008) and King et al. (2015).

Another prominent peak in the ERA-Interim zonal
wind coherence spectrum of Fig. 2a is that of the MJO,
with a coherence-squared of greater than 0.5 at east-
ward wavenumber 1 and periods of 30-80 days. The
upper- and lower-tropospheric wind fields are out of
phase for the MJO (downward-pointing vector) but
roughly in phase (upward-pointing vector) for the
Rossby-Haurwitz waves, confirming their well-known
baroclinic and barotropic vertical structures, respec-
tively. In addition, relatively high coherence-squared
values occur for both dry and convectively coupled
Kelvin waves at eastward-propagating wavenumbers
1-5, with the convectively coupled equatorial Kelvin
waves at lower frequencies (periods of 5-20 days) and the
dry Kelvin waves at higher frequencies (periods of less
than about 4 days).

In the coherence spectrum between symmetric
850-hPa ERA-Interim zonal wind and TRMM 3B42 pre-
cipitation (Fig. 2b), the coherence-squared peaks of the
waves that involve a strong interaction with convection
remain strong or strengthen (in comparison to the peaks
in Fig. 2a). For example, the peaks of the MJO and
convectively coupled Kelvin waves appear strong and
extend to higher zonal wavenumbers. On the other
hand, the coherence signals for the purely dry waves
such as the dry Kelvin wave disappear. For the n = 1
Rossby—Haurwitz wave, the coherence peaks for all
wavenumbers disappear except for westward wave-
number 1, corresponding to the 5-day wave, and the
level of coherence is weaker than not only that displayed
by the MJO but also that of the convectively coupled
Kelvin and equatorial Rossby waves. Despite this, the
5-day wave still displays the strongest coherence between
any large-scale westward-propagating disturbance and
precipitation at time scales between 2.5 and 10 days. The
phase relationship between lower-tropospheric wind
and precipitation for the 5-day wave is similar to that
observed for the MJO and the convectively coupled
Kelvin waves, with enhanced precipitation leading
westerly wind anomalies by a quarter cycle.
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FIG. 1. Space-time power spectra of (left) 850-hPa zonal winds and (right) precipitation from (a),(b)
ERA-Interim and TRMM 3B42, and the (c),(d) MPI-ESM-P, (e),(f) ACCESS1.3, and (g),(h) INM-
CM4.0 climate models. Solid dispersion curves are shown for the Kelvin wave, n = 1 equatorial Rossby
(ER) wave, n = 1 westward inertia-gravity (WIG), and n = 1 eastward inertia-gravity (EIG) waves with
equivalent depths of 12, 25, and 50 m; a dashed dispersion curve is shown for the n = 1 Rossby-Haurwitz
(n = 1 RH) wave with equivalent depth of 10 km assuming background zonal flow of 15ms™".
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FIG. 2. Space-time spectrum of coherence squared (contours) and phase (vectors)
for symmetric components of (left) 250- and 850-hPa zonal winds and (right) pre-
cipitation and 850-hPa zonal winds, from (a),(b) ERA-Interim and TRMM 3B42
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spectively. Dispersion curves are as in Fig. 1, with an additional Kelvin wave dis-
persion curve at an equivalent depth of 200 m.
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These coherence spectra can be compared with those
from the three representative CMIPS5 climate models in
Figs. 2c-h (and for the other 27 CMIP5 models in Fig. 1
of the supplemental material) and with the average
and maximum coherence-squared values at westward
wavenumber 1 in the 4-6-day range for all 30 models in
Fig. 3. For the MJO, the CMIPS5 climate models in-
vestigated here poorly simulate the coherence between
upper- and lower-tropospheric winds (Fig. 2, left), in line
with the well-known difficulties in simulating the MJO
(Hung et al. 2013). The model simulations both under-
represent the level of coherence seen in observational
data and place the MJO coherence signal at a higher
frequency than what is observed.

The models simulate the coherences between the two
levels of zonal winds associated with the n = 1 Rossby—
Haurwitz waves reasonably well, with all models placing
the peak coherence for these waves near the correct
frequency for wavenumbers 1-5. While individual model
coherences for the free Rossby waves vary from below
that observed (as in ACCESS1.3; Fig. 2e) to above that
observed (as in INM-CM4.0; Fig. 2g), the values in Fig. 3a
show that the model 5-day-wave wind coherences vary
around that seen in the observations, with no model
having a peak coherence-squared in the 5-day-wave range
less than 0.32. This is in line with previous studies showing
general circulation models being able to realistically
simulate the 5-day wave, even without moist convec-
tive forcing (Hayashi and Golder 1983; Miyoshi and
Hirooka 1999; Potter et al. 2014).

The climate models also perform better at accurately
simulating the coherence between zonal winds and pre-
cipitation associated with the 5-day wave than they do
with features such as the MJO and convectively coupled
Kelvin waves (Fig. 2, right column). Models strongly
underrepresent the strength of the interaction between
the zonal winds and precipitation for the MJO and Kelvin
waves, with even one of the models closest to the re-
analysis (MPI-ESM-P; Fig. 2d) having reduced coherence
between zonal wind anomalies and precipitation in the
MJO and Kelvin waves up to zonal wavenumber 8.

The models also tend to separate the MJO wind and
precipitation coherence signal into two parts: a low-
frequency, wavenumber-2-5 signal and a higher-
frequency, wavenumber-1-2 signal. The low-frequency
component is at a frequency below that of the observed
MJO (Fig. 2b) and tends to extend more toward higher
wavenumbers; the higher-frequency component is at a
slightly higher frequency than the observed MJO and
seems to be more coincident with the low-wavenumber
Kelvin wave dispersion relationship.

Despite the relatively poor performance the models
have in simulating the coherence between zonal wind
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FIG. 3. Average (bars) and maximum (dots) coherence squared
at westward zonal wavenumber 1 and with a period of 4-6 days
between (a) 850- and 250-hPa zonal winds and (b) 850-hPa zonal
winds and precipitation for observations and the CMIP5 models.
The average coherence squared for the observations is in red, and
a reference line is located at maximum coherence of the
observations.

and precipitation associated with the MJO and Kelvin
waves, all the models simulate significant coherences
between 850-hPa zonal winds and precipitation for the
5-day wave, which are close to the observed coherence.
However, unlike the upper- and lower-tropospheric
zonal wind coherence, there is a greater spread of
maximum coherence values between the models rela-
tive to the maximum coherence value seen in obser-
vations (Fig. 3b), with values ranging from around
double that seen in observed data (HadCM3 and INM-
CM4.0) to values around half of that observed (GFDL
CM3 and IPSL-CMS5A-LR). There is also a less consis-
tent relationship between the maximum and average
coherence-squared values in the 5-day range, suggesting
that some models have a more peaked coherence signal
than others. Curiously, INM-CM4.0 has the strongest
wind—precipitation coherence for the 5-day wave but
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some of the weakest coherence values for the con-
vectively coupled Kelvin waves and the MJO (Fig. 2h).

b. Composites

Consistent with the results of King et al. (2015), the
observed composite wind field associated with the 5-day
wave (Fig. 4) closely replicates that predicted by theory
(Elbern and Speth 1993), with a zonal wavenumber-1
structure in zonal wind anomalies along the equator that
propagates westward by about 150° longitude in two
days. Reductions in 850-hPa wind anomaly magnitudes
are observed near 30°E and 75°W owing to the topo-
graphic barriers there (the East African highlands and
the Andes, respectively) that are mostly higher than that
of the 850-hPa pressure surface.

In comparison to the wind field, which propagates
westward, the observed precipitation anomalies appear to
be stationary in space with the magnitude of the anoma-
lies changing as the wave propagates westward. As with
King et al. (2015), the strongest and most extensive
anomalies appear over the Gulf of Guinea and the trop-
ical Andes, off the eastern coast of Colombia, and slightly
east of the date line (180°). Smaller signals appear off the
west coast of Sumatra and both coasts of the Philippines.

Observed precipitation over the Gulf of Guinea and
near the date line is in quadrature with the wind
anomalies, with enhanced precipitation leading westerly
wind anomalies. However, over the tropical Andes,
enhanced precipitation is roughly in phase with easterly
wind anomalies and off the coast of Sumatra is roughly
in phase with westerly wind anomalies. These pre-
cipitation composite anomalies and phase relative to the
zonal wind anomalies are similar to those observed in
outgoing longwave radiation, another convective proxy,
particularly for the strong signals over the Gulf of
Guinea and the Andes (King et al. 2015).

In line with the generally good representation of
upper- and lower-tropospheric wind correlations associ-
ated with the 5-day wave in climate models, all the
climate models accurately simulate the wavenumber-1
structure in horizontal winds, as demonstrated for three
models in Fig. 5, albeit with higher-magnitude wind
anomalies than seen in the observations. Most models
represent the reduction in wind anomalies at 30°E, but
fewer models well represent the reduction in amplitudes
at 75°W, with higher-resolution models more likely to
simulate reduced amplitudes at this location (see sup-
plemental material for composites for all models).

All the models also have areas of statistically signifi-
cant local precipitation anomalies, but the location,
magnitude and significance of these anomalies vary and
no model comes close to fully replicating the pre-
cipitation anomalies seen in the observational data.
Despite this, the significant observed 5-day-wave-related
precipitation anomalies over the Gulf of Guinea
and West Africa are also present to some extent in all
climate models investigated except GFDL-ESM2G and
GFDL-ESM2M. These anomalies vary in extent from
being highly localized near the islands of Bioko and
Principe (roughly 0°-5°N, 7.5°E), like in MPI-ESM-P in
Figs. 5a,b, to including a large amount of the Congo
basin as represented in the ACCESS1.3 model (Figs. 5¢,d)
or a large east-west extent of the gulf as represented
in INM-CM4.0 (Figs. Se,f). While these models all rep-
resent some significant anomaly in the region, none well
represent the strong land-sea contrast in anomalies seen
in observations (Fig. 4).

Compared to the Gulf of Guinea and West Africa
signals, the examined models perform less well in the
Andean region, with a significant rainfall-wave in-
teraction not present in nine of the climate models:
BNU-ESM, CanESM2, CMCC-CESM, FGOALS-g2,
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FIG. 5. Composite 850-hPa horizontal wind (vectors) and precipitation anomalies (shading)
associated with the 5-day wave from three climate models: (a),(b) MPI-ESM-P,
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imum wave amplitude at 0°, 0°. Values are scaled by two standard deviations of wave amplitude.

Values shown are significant at the 95% level.

GFDL CM3, GFDL-ESM2G, GFDL-ESM2M, IPSL-
CMSA-LR, and IPSL-CMS5B-LR.

Despite most models having significant precipitation
anomalies at the 95% level in the areas of the stron-
gest anomalies in observations, the magnitude of the
model anomalies are in general lower than that observed
in TRMM data. Figure 6 shows the pointwise variance in
regressed precipitation between lags of —10 days to
10 days for all models averaged between 10°N and 10°S,
with no models having a variance peak over the Gulf of
Guinea greater than a quarter of that seen in TRMM
data. The CMCC-CM, MPI-ESM-P, and MIROC4h
models have the strongest anomaly variance directly
over the Gulf of Guinea, with other models with strong
variance in the region having their precipitation signals
farther to the east, either at the West African coast
(BCC_CSM1.1 and IPSL-CM5B-LR) or over the Congo
basin [BCC_CSM1.1(m) and MIROC4h]. Model vari-
ances are closer to observations over the Andes, with

CMCC-CM, BCC_CSM1.1, and MRI-ESM1 having
strong regressed precipitation variance directly over the
Andes, which is at least half that of the observations.
The precipitation signals for most models are con-
strained more to the western edge of the Andes; how-
ever, the observed precipitation occurs primarily over
the eastern edge of the Andes and the Amazonian
foothills, which is only strongly apparent in
BCC_CSM1.1(m), CMCC-CMS, MIROC4h, and MRI-
CGCM3. Despite not being as strong as the associated
precipitation over the Andes and West Africa, the ob-
served precipitation variance over the Indian Ocean and
western Pacific Ocean between 45°E and 150°W is
matched by elevated precipitation variance in most of
the models, with BCC_CSM1 and BCC_CSM1.1(m)
having variance in this region very close to observations.

Over the tropical Andes, a relationship exists between
model 5-day-wave precipitation anomaly magnitudes
and the native longitudinal resolution of the climate
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FIG. 6. Average between 10°N and 10°S of pointwise regressed composite precipitation
variance over lags —10 to 10 days for the CMIPS models and observations.

model, as is shown in the scatterplot in Fig. 7a. The R*  the Gulf of Guinea, as can be seen in Fig. 7b. Here, there
value between the number of longitudinal grid points is only a very weak R* value of 0.08.

and variance of precipitation anomalies is 0.54, which is Comparisons between the model coherence-squared
significant at above the 99% level. However, this re- between precipitation and zonal winds (Fig. 3) and the
lationship between model resolution and precipitation 5-day-wave precipitation anomalies over the Gulf of
anomaly magnitudes does not hold for anomalies over Guinea and Andean regions are examined in Fig. 8. In
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FIG. 7. Scatterplots of the regressed model precipitation variance relative to that shown in TRMM 3B42 against
the native longitudinal resolution of the model (inverse degrees). The precipitation variances are calculated from
averages for each lag calculated for a box over (a) the tropical Andes and (b) the Gulf of Guinea. Improved
variance with increasing resolution explains over half of the observed variation in the region over the Andes, and
the observed trend is statistically significant to no trend at above the 99% level. A much weaker and less significant
trend is observed over the Gulf of Guinea.



1 DECEMBER 2016

(a) Andes (7.5S-7.5N, 80W-60W)

0.40 TR [T NN NN SR AR RN RN N

) L]
% | I
Z 030 o -
|_
o
2 1 X :
= 020 . =
s 1 I
[0) L]
e .
© ) b I
= 010 . ° =
> 1 . i

L
L]
1 °® . . o.. L]
L] LJ
0.00 o i e L
000 002 004 006 008 0.0

5-day wave avg. PR/U850 Coh?

KING ET AL.

8621
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FIG. 8. Scatterplots of regressed model precipitation variance relative to that shown in TRMM 3B42 against the
model coherence squared between precipitation and 850-hPa zonal wind averaged over the 5-day-wave range over
(a) the tropical Andes and (b) the Gulf of Guinea. The vertical line marks the average coherence squared between
precipitation and 850-hPa zonal wind in the 5-day-wave range observed in the reanalysis.

both the Andean and Gulf of Guinea regions, a re-
lationship between the absolute magnitude of the model’s
difference from the observed spectral coherence-squared
and model anomaly magnitude is seen, which is significant
at more than a 90% level, but with small correlation co-
efficients (0.2 and 0.11, respectively). This suggests that
models with better anomaly magnitudes are more likely to
exhibit close spectral characteristics to observations, but
conversely spectral characteristics close to observations
are not a strong predictor of good anomaly magnitude
simulation.

4. Discussion

Both the regressed composites and, to a lesser extent,
the spectral coherences, have shown that while the
CMIPS5 climate models perform very well at simulating
the dry dynamics of the 5-day wave, they are less able to
accurately simulate its interaction with tropical con-
vection. This runs somewhat counter to what is observed
for the CCEWs and the MJO, for which the simulation
of the dynamical fields is related to the simulation of
the convective anomalies; in many models the MJO
and CCEW simulation is poor in both the winds and
convection.

This separation between the simulation quality of the
dynamics and convective anomalies of the 5-day wave is
informative about the nature of the 5-day wave and its
observed interaction with convection. The current un-
derstanding of the observed waves is that disturbances in
the atmosphere outside of those in the 5-day range force

the wave, either through interactions with topography
(Cheong and Kimura 1997) or through tropical con-
vection on other time and length scales projecting upon
the 5-day wave and thus driving it (Salby and Garcia
1987; Garcia and Salby 1987). Furthermore, model
studies have shown that dry GCMs are able to generate
Rossby-Haurwitz waves without the presence of moist
convection and topography but with forcing for the wave
coming from horizontal and vertical temperature gra-
dients (Miyoshi and Hirooka 1999; Potter et al. 2014).
These forcing mechanisms are likely active in the
CMIPS models and could drive 5-day-wave magnitudes
in model winds close to observations even when the
wave-associated convection in models is much lower
than that observed in reanalysis data. Furthermore, if
tropical convection anomalies on the spatial and tem-
poral scale observed were a key factor in the forcing of
the 5-day wave, one would expect the wind anomalies to
be stronger in models with stronger precipitation
anomalies. However, this is not what is observed with
the model composites. Consequently, this implies that
the observed 5-day-wave-related convective anomalies
are not a major factor in the forcing and maintenance of
the wave in both observations and models and that the
association of tropical convection with the 5-day wave is
due to the wave modulating convection.

The similarities between the 5-day-wave zonal wind
coherences with precipitation in the models and in ob-
servations seem to run counter to the reduced model
composite precipitation anomalies relative to the ob-
servations. However, this may be due to the 5-day wave
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modulating a similar proportion of the total tropical
convection in the models as in observations but that the
level of total tropical convection at this temporal and
spatial scale is reduced in the models. This is evident in
the power spectra of precipitation in the climate models,
which have reduced variance at the space and time
scales of the 5-day wave relative to that seen in obser-
vations (Fig. 1). The increased variance in model zonal
winds compared to observations at the spatial and
temporal scales of the 5-day wave also explains the
generally increased magnitude of wind anomalies in the
model composites compared to the reanalysis.

The difficulties some models have with the 5-day-
wave wind and precipitation amplitudes near the Andes
are likely due to the differences in representation of
Andean topography in the models. The near-equatorial
Andes are tall and thin (~200-km wide and at least
4000 m in maximum elevation in an east-west transect).
The width of the Andes, being around 1.8° of longitude,
is close to and in many cases smaller than the longitu-
dinal resolution of the models and as such lower reso-
lution models are likely to smooth out the sharp barrier
of the Andes. This will lead to increased 850-hPa wind
anomalies in lower-resolution models, as the smoother
terrain is lower than the 850-hPa pressure surface, and
reduced precipitation anomalies, as a lower elevation
barrier reduces the strength of the orographic effect
postulated to be behind the 5-day-wave-related pre-
cipitation there (King et al. 2015). These effects would
also explain why improved resolution does not strongly
influence model precipitation anomalies over the Gulf
of Guinea. It is hypothesized in King et al. (2015) that
the rainfall associated with the 5-day wave there is not
due to orographic interactions, and thus there is no
strong reason to expect a relationship between resolu-
tion and wave-related rainfall in that region.

5. Conclusions

This study investigates the simulation of the in-
teraction between the 5-day wave and tropical convec-
tion in 30 CMIP5 models. The model results are
compared with an observational representation of the
interaction determined from ERA-Interim and TRMM
3B42 rainfall estimates.

Spectral coherence-squared measurements between
lower- and upper-tropospheric zonal winds show that
all models have a strong dry dynamical signal corre-
sponding to the n = 1 Rossby-Haurwitz waves. This
agrees with previous studies showing that the n = 1
Rossby—Haurwitz waves exist as a well-resolved fea-
ture in numerical climate models and further suggests
that the simulation of the basic dynamics are mainly
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independent of the quality of the simulated interaction
with convection.

Significant spectral coherence between 850-hPa zonal
winds and precipitation exists for all the investigated
models in the 5-day wave range but with the coherence
and peak period of this interaction between pre-
cipitation and zonal winds varying in the models around
the magnitude of the observed coherence and peak pe-
riod. The model spectral coherences for the 5-day wave
are close to those in observations even when the models
do not well simulate other large-scale wave interactions
with convection in the tropics.

Lagged-regression composites tend to show that the
models are very good at replicating the horizontal wind
field associated with the 5-day wave. This is consistent
with the spectral coherences between the upper and
lower troposphere being close to observed and previous
investigation of Rossby-Haurwitz wave dynamics in
climate models.

The models do less well at identifying the spatial
pattern of 5-day-wave-related precipitation anomalies.
Despite most models having significant anomalies near
the Gulf of Guinea and two-thirds having anomalies
near the Andes, the spatial extent of the anomalies in the
models does not exactly match that of observations, and
the magnitude of the precipitation anomalies in these
regions are too low by at least a factor of 3.

The magnitude of wave-related precipitation anoma-
lies over the slopes of the Andes is significantly related
to model resolution, with over half of the variation in the
models’ performance in this region coming from the
changes in resolution, likely owing to improved orog-
raphy in these models. However, this relationship does
not hold over the Gulf of Guinea because, although
there is a trend of increasing anomaly magnitude with
increasing resolution, this trend is not statistically sig-
nificant and explains little of the variation in model
performance.

The reduced magnitude of 5-day-wave-related pre-
cipitation anomalies relative to observations in the
models can be explained in light of similar wind field
magnitudes and wind—precipitation coherence values by
the models having reduced background variability of
precipitation at the 5-day-wave scales. This is part of the
redder precipitation spectra observed in the models,
with higher variability at long periods and reduced
variability at shorter periods.

Overall, the evidence suggests that the simulated
interaction between the 5-day wave and tropical pre-
cipitation is mostly one way only, with the wave dy-
namics forcing the precipitation variations on the 5-day
time scale. Given that the interaction over the Andes is
consistent with orographic forcing, further efforts to
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identify the mechanisms behind the interaction in the
West African region will provide greater insight into
the nature of the 5-day-wave modulation of tropical
convection.
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