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Abstract A novel atmospheric convectively coupled Kel-
vin wave trajectories database, derived from Tropical Rain-
fall Measuring Mission precipitation data, is used to inves-
tigate initiation of sequential Kelvin wave events. Based
on the analysis of beginnings of trajectories from years
1998-2012 it is shown that sequential event initiations can
be divided into two distinct categories: multiple initiations
and spin off initiations, both of which involve interactions
with ocean surface and upper ocean temperature variability.
The results of composite analysis of the 83 multiple Kelvin
wave initiations show that the local thermodynamic forcing
related to the diurnal sea surface temperature variability is
responsible for sequential Kelvin wave development. The
composite analysis of 91 spin off Kelvin wave initiations
shows that the dynamic forcing is a dominant effect and
the local thermodynamic forcing is secondary. Detail case
studies of both multiple and spin off initiations confirm sta-
tistical analysis. A multiple initiation occurs in the presence
of the high upper ocean diurnal cycle and a spin off ini-
tiation results from both dynamic and local thermodynamic
processes. The dynamic forcing is related to increased
wind speed and latent heat flux likely associated with an
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off equatorial circulation. In addition a theoretical study of
the sequential Kelvin waves is performed using a shallow
water model. Finally, conceptual models of these two types
of initiations are proposed.
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1 Introduction

Convectively coupled Kelvin waves (CCKWs) are atmos-
pheric weather systems that propagate eastward along the
equatorial wave guide with phase speeds between 11 and
14 ms™! (Roundy 2008). Near the equator CCKWs are
the leading modes of eastward moving convection on time
scales from several days to 3 weeks (Kiladis et al. 2009).
CCKWs, together with other equatorial eastward and west-
ward propagating perturbations, form the “building blocks”
of the multi-scale structure in the active phase of the Mad-
den—Julian Oscillations (MJO) (Majda and Khouider 2004;
Mapes et al. 2006). The MJO itself is a leading mode of
intraseasonal variability in the tropical atmosphere (Lau
and Waliser 2011; Madden and Julian 1972; Zhang 2005)
with numerous global implications for various components
of the weather systems (Zhang 2005; Zhang et al. 2013).
Despite progress in numerical modeling of the tropi-
cal convection and its variability, proper representation of
initiation, evolution and decay of the MJO and its com-
ponents remains challenging (Kim et al. 2009; Lin et al.
2006). It has been shown (Guo et al. 2015) that ability of
a General Circulation Model (GCM) to represent MJO
variability depends on the model’s representation of the
CCKWs. Recently, Jiang et al. (2015) showed that most of
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state-of-the-art GCMs fail to realistically represent east-
ward propagating mode of intraseasonal variability, par-
tially due to damped CCKWs activity to the east of convec-
tion center. Another model intercomparison study showed
that the majority (75%) of the GCMs surveyed do not accu-
rately represent CCKWs (Straub et al. 2010).

Although CCKWs are important components of the
tropical variability, mechanisms of their initiation are
poorly understood. Global climatologies (Kiladis et al.
2009; Roundy and Frank 2004) show three peaks of
CCKW activity: over South America, Africa and broad
peak over the Indian Ocean and Maritime Continent. Vari-
ous proposed mechanisms responsible for CCKW initiation
include extratropical forcing from Rossby wave activity in
the Pacific basin (Straub and Kiladis 2003), cold surges
propagating equatorward along eastern slope of Andes in
South America (Liebmann et al. 2009), indirect effects of
midtropospheric wave forcing within the stormtrack belt
in the Southern Hemisphere (Yang et al. 2007). Another
group consists of circumnavigating Kelvin waves, which
may be purely dynamical (dry), moist or transition between
those two kinds (Gottschalck et al. 2013; Knutson and
Weickmann 1987). Haertel et al. (2015) showed that transi-
tion of such a wave from dry to convectively coupled can
force a MJO event. Therefore, a CCKW emergence may
be preceded by dynamic precursors in low and high level
winds.

A recent study, based on analysis of the CCKW trajec-
tories (Baranowski et al. 2016) showed that in the Indian
Ocean (50-100 °E) number of CCKW initiations is high
(1143 initiations in each 1° longitude bin) and number of
ending trajectories is low (3+2 terminations). That sug-
gests that local environmental conditions are favorable
for CCKW initiation over broad area in the Indian Ocean
basin. This region is characterized by a high frequency
of occurrence of strong upper ocean diurnal warm layers
(Matthews et al. 2014) which are responsible for additional
energy flux from the ocean surface to the atmosphere deliv-
ered in a form of a daily pulses.

In the past, the problem of a transient response of dry
Kelvin waves to the sharp forcing was investigated (Silva
Dias et al. 1983). It was shown that a temporal characteris-
tic of the forcing is important for the Kelvin wave response:
the amount of Kelvin wave energy generated is greater
when the forcing is rapid.

A recent study by Ruppert and Johnson (2015) shows
that diurnal SST variability is reflected in the diurnal cycle
of the heating profiles in the atmosphere. Those authors
show that the low to midlevel moistening during the sup-
pressed phase of the MJO is accomplished by a popula-
tion of shallow cumulus and congestus clouds that exhibits
a pronounced diurnal cycle in response to oceanic diurnal
warm layers. The analysis of the suppressed phase revealed
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that the moistening characteristic of this period is accom-
plished by the diurnal cycle of cumulus clouds. The diurnal
cycle in atmospheric convection is driven by the cycle in
sea surface temperature and air-sea fluxes linked to shal-
low oceanic diurnal warm layer development. An afternoon
peak in convective cloud depth, cloud areal coverage, and
cumulus moistening are associated with this coupled diur-
nal cycle. In effect, the overall moistening is more vigorous
than would occur without it. Subsequent modeling work
(Ruppert 2016; Ruppert and Johnson 2016) emphasizes
importance of the direct impact of the shortwave radia-
tion on convection development and suggests that diurnal
oceanic warm layers and the resulting diurnal cycle of SST
is not the complete picture. Model studies suggest that in
the absence of other forcing, the diurnal oscillation of pre-
cipitation responds to the diurnal variability of SST (Chen
et al. 2015; McLay et al. 2012). These results provide moti-
vation to use the diurnally varying heat source in the ideal-
ized numerical simulations to study initiation of equatorial
waves (which we discuss in the Appendix). Another exam-
ple of a feedback between upper ocean and atmospheric
convection is a 2-day wave phenomena which was shown
to develop in response to the development and evolution of
warm layers (Chen and Houze 1997).

In this paper we are interested in assessing an impact
of short term variability of surface fluxes and SST on the
initiation of coupled waves in tropical atmosphere, in par-
ticular initiations of CCKWs over the Indian Ocean basin.
We investigate initiations of precipitating, convectively
coupled events and refer to any occurrence of a CCKW as
its initiation, regardless of its precursors. In that sense, the
coupling or recoupling to the convection within one longer
or even circumnavigating event is still considered a CCKW
initiation.

Our main observational datasets are TRMM 3B42 v7
(Huffman et al. 2007) precipitation data and surface fluxes
from OAFlux product (Yu et al. 2008). Such datasets were
used in numerous studies of tropical convection including
MJO dynamics (Masunaga et al. 2006), monsoon (Houze
et al. 2007) and hurricanes (Hence and Houze 2011).

We will also use a shallow water model to investi-
gate influence of diurnal variability of the heat source on
the zonal structure of tropical waves. A similar nonlinear
shallow-water model on the sphere was used to study baro-
tropic aspects of the formation of twin tropical disturbances
by MJO convection (Ferreira et al. 1996).

The paper is organized as follows. Section 2 presents
case studies of two types of sequential CCKWs initia-
tions—multiple (Sect. 2.1) and spin-off (Sect. 2.2); Sect. 3
gives analysis of composite environmental conditions for
both groups of sequential CCKW initiations; Sect. 4 con-
tains discussion of proposed initiation mechanisms and a
summary. Additionally, we include an Appendix, which
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comprehensively describes set up and results of a shallow
water modeling. Results of the simulations are important
for our observational analysis of multiple initiations of
CCKWs; observational and modeling results are explicitly
linked in the text. We put full description these results in
Appendix to keep our narrative flowing and on point, while
giving a Reader the opportunity to understand implications
of the non-linear diurnal forcing on structure of Kelvin
waves.

2 Case study of initialization of sequential CCKW

In this paper we will be using a novel database of CCKW
trajectories that allows lagrangian analysis of the propa-
gating events. The database has been introduced and is
described in more detail in Baranowski et al. (2016), here
we provide just a short summary. The CCKW trajectories
are defined by performing a wavenumber-frequency filter-
ing on the TRMM 3B42 precipitation data (Huffman et al.
2007) averaged between 2.5S and 2.5N, following meth-
odology of Wheeler and Kiladis (1999). For example, we
filter for in the band bounded by frequencies 1/30cpd and
4/10cpd, zonal wavenumbers 1 and 14 and shallow water
model equivalent depths of 8 and 90 m. Next, the local
maxima of the filtered precipitation are calculated. The two
nearby maxima are considered part of the same trajectory
when they occur within 6 h of each other. Such derived tra-
jectory is quality controlled against unfiltered precipitation
data to correct potential discrepancies in the location of the
beginning and end of each trajectory (Baranowski et al.
2016).

Atmospheric and oceanic conditions at the ocean surface
are assessed using daily estimates of wind speed, latent heat
flux and SST on 1x1 degree grid provided by the OAF-
lux (Yu et al. 2008). All data are averaged in the equatorial
belt (2.55-2.5N) in order to create surface fluxes consist-
ent with the precipitation data and CCKW trajectories. An
estimate of magnitude of the upper ocean temperature diur-
nal cycle is based on the TropFlux dataset (Praveen Kumar
et al. 2013) following methodology described by Matthews
et al. (2014) and Baranowski et al. (2016). It uses daily
mean values of shortwave radiation flux and wind speed at
the ocean surface to estimate the daily mean diurnal SST
anomaly.

The CCKW database contains 1840 trajectories that
occurred between January 1998 and December 2012. An
analysis of the areas of origin and end of individual CCKW
trajectories reveals that Indian Ocean basin has the high-
est number of trajectory initiation and that the Maritime
Continent is one of the major dissipation areas (see Fig. 1).
Out of all 1840 trajectories worldwide, 758 occurred in the

-180 -150 -120 -90 60 -30 0 30 60 90
Longitude (degE)

120 150 180

Fig. 1 Number of active Kelvin waves for each longitude stratified
by the time between two Kelvin waves: blue color indicates waves
reoccurring within 5 days of each other; light blue indicates waves
reoccurring between 5 and 10 days after each other; yellow indicates
waves reoccurring between 10 and 15 days after each other; orange
indicates waves reoccurring between 15 and 20 days after each other;
red indicates waves reoccurring more than 20 days after preceding
one. The x-axis is longitude in (degE), y-axis is Kelvin wave count

Indian Ocean basin defined as the area between east coast
of Africa (40E) and west coast of Sumatra (100E).

In Fig. 1 the longitudinal distribution of trajectories as
a function of a frequency of reoccurrence is shown. Reoc-
currence indicates the time, which passed from a preced-
ing CCKW passage. It can be seen that with an increase
in overall count of active CCKWs through the Indian
Ocean, a fraction of the waves with the shortest reoccur-
rence time (blue and light blue) increases as well. There
is no reason to expect that areas of high CCKW activity
should have different reoccurrence fractions. However, the
fraction of CCKWs with reoccurrence time shorter than
5 days is the highest in the eastern Indian Ocean. In fact,
CCKWs reoccurring within <10 days (blue and light blue
color) account in that area for more than 60% of all active
trajectories in that region. It can be seen that the fraction
of CCKWs reoccurring within 10-20 days is globally the
same. There is a small number of waves reoccurring with
even longer periods. Thus, the majority of the cross-basin
differences in CCKW activity are associated with events,
which come quickly after each other, and this is especially
true in the Indian Ocean basin. The fact that there are so
many CCKWs in that basin, and that they come relatively
fast after each other, indicates that the local environment
favors these waves and that it may be modified by them
through the air-sea interaction.

In what follows, we limit analysis to the Indian Ocean
and two categories will be identified: multiple initiation
and spin-off initiation, both of which depend on interac-
tions between waves and the surrounding environment.

Several cases of CCKW initiation are selected from
the database just described and used to diagnose atmos-
pheric and oceanic conditions at the ocean surface. Here,
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Fig. 2 TRMM precipitation in (mm h~!) during the period between January 3 and February 12, 2000. The x-axis is longitude in (degE); the
y-axis is time in (mm/dd). Magenta lines indicate Kelvin wave trajectories

variability of the surface wind speed, latent heat flux, mag-
nitude of the upper ocean temperature diurnal cycle and
SST in the vicinity of the CCKW initiation will be of our
primary interest.

2.1 Multiple initiation

We define multiple initiations as CCKWs occurring in the
same general area within few days from each other. In this
study we define time and space thresholds to be 5 days and
10°.

An example of multiple initiations is presented in
Figs. 2, 3, 4, 5 and 6. All CCKW trajectories are marked
with magenta lines, based on trajectory database. The
area of interest is indicated by red ellipsis. In January
2000 two CCKWs were initiated over the western Indian
Ocean (around 60E). It can be seen in Fig. 2 that the pre-
cipitation associated with these two disturbances began
over that area. The precipitation associated with the first
CCKW initiated on January 12 at 63E and the precipita-
tion associated with the second CCKW began on January
15 at 54E. Figure 4 shows that the area between 60E and
80E during the period between January 5, 2000 and Feb-
ruary 5, 2000 was characterized by relatively weak wind
speeds in the first half of that period and slightly higher
wind speeds in the second half of that period. Variabil-
ity in wind speeds is reflected in the variability of the
latent heat flux at the ocean surface which was small in
the first half of January and slightly higher in the latter
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one (Fig. 5). The SST was in the 28.5-29.0 °C range,
which is high, but smaller than the SST over the eastern
Indian Ocean during the same period (Fig. 6). This time
period is also characterized by high magnitudes of diur-
nal SST variability with large number of days for which
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Fig.3 Same as Fig. 2 but for the derived magnitude of the upper
ocean temperature diurnal cycle in (°C)
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Fig. 4 Same as Fig. 2 but for the ocean surface wind speed in (ms™).
Figure 4 same as Fig. 2 but for the ocean surface wind speed in
(ms™)
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Fig. 5 Same as Fig. 2 but for the ocean surface latent heat flux in
(Wm™)

daily mean SST anomaly at the ocean surface exceeded
0.35°C; that is relatively large and corresponds to maxi-
mum diurnal anomaly of approximately 1°C (Fig. 3).
The location of the initialization of the precipitation
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Fig. 6 Same as Fig. 2 but for the SST in (°C)

associated with these CCKWs agrees well with time and
location of the area of strong upper ocean temperature
diurnal cycle and weak latent heat flux. This suggests that
diurnally increased surface fluxes, due to development
of a diurnal warm layer at the ocean surface, might have
contributed to the subsequent development of an atmos-
pheric convection and this, in turn, contributed to forma-
tion of two individual CCKWs.

Analysis of the trajectories shows two more CCKWs
(marked with the red ellipsis) initiated within few days
around January 23 at 90E. At that time and location the
wind speed is higher which causes higher values of latent
heat flux at the ocean surface. The diurnal SST variability
in the area identified as CCKWs initiation is increased but
is not as strong as in the previous case. Increased values of
the magnitude of the diurnal SST variability are observed
as well, which leads to convective precipitation onset; this
is consistent with the previous case study.

In summary, we considered two cases of multiple ini-
tiations. One pair of multiple CCKWs was initiated in
the area of increased SST variability and relatively weak
wind speed and latent heat flux. The other pair of multiple
CCKWs was initiated in the area where the SST variabil-
ity, wind speed and latent heat flux were larger. These case
studies suggest that both the upper ocean temperature diur-
nal variability and ocean surface flux variability are impor-
tant factors for formation of convection and precipitation,
especially when they are organized in multiple CCKWs.
Such link between atmospheric convection and upper ocean
diurnal variability was noted previously (Chen et al. 2015;

@ Springer



2996

D. B. Baranowski et al.

a 02/25¢
02/20 | 18
02/15

02/10

mm/dd)

E 02005

Date

01/31
01/26 |

01/21 ¢

01/16 af N B
40 60 80 100 120 140

Longitude (degE)

b 02/25 0.5
02/20 s
, 0.4
02/15 ==
= 0.35
g 02/10
£
£ 02/05
2
& 01/31 02
0.15
01/26
0.1
01/21 .55
01/16 S 0
40 60 80 100 120 140
Longitude (degE)

Fig. 7 TRMM precipitation in (mm h™!) during the period between January 16 and February 25, 2004. The x-axis is longitude in (degE); the
y-axis is time in (mm/dd). Magenta lines indicate Kelvin wave trajectories

Ruppert and Johnson 2015) and it will be further elabo-
rated using composites of multiple CCKW initiation cases
and a modeling study.

2.2 Thermodynamic spin off initiation

A thermodynamic spin off initialization takes place when
sequential CCKWs are forced in temporal proximity to a
preceding and mature CCKW. In contrast to the previously
described multiple initiation category, a spatial proximity
constrain is relaxed so that the two disturbances do not ini-
tiate in the same area, but the latter wave has to begin in
location where the first one was active and therefore might
have preconditioned the environment or even induced
development of the sequential disturbance. Hence, the lat-
ter CCKW is a spin off from the preceding one. On the
other hand, a temporal proximity threshold has been set to
5 days as was previously. It means that in a spin off initia-
tion, a sequential wave begins more than 10° east from an
area where a preceding event began. We decided to keep
the temporal constrain set to 5 days because beyond that
period there is no reason to expect that the diurnal cycle
is influenced by the preceding wave. In Baranowski et al.
(2016) we showed that the magnitude of the diurnal cycle
is strongest 2 days after a passage of a developed CCKW.
Additionally, a predominant period of CCKW occurrence
is 5 days, so clear sky, non-convective conditions preceding
CCKW development, should persist for up to 5 days.
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An example of spin off waves is presented in Figs. 7, 8,
9, 10 and 11. These CCKWs were active in Indian Ocean
basin in the second half of January and during the Febru-
ary of 2004. During the period between January 23 and
February 4 three CCKWs initiated between longitudes
51E and 98E. Each of these three consecutive CCKWs
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Fig. 8 Same as Fig. 7 but for the derived magnitude of the upper
ocean temperature diurnal cycle in (°C)
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Fig. 9 Same as Fig. 7 but for the ocean surface wind speed in (ms™")
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Fig. 10 Same as Fig. 7 but for the ocean surface latent heat flux in
(Wm™)

originated further east. The first CCKW appeared on
January 23 at 51E and passed over 70E on January 25.
Approximately 4.5 days later the second CCKW initiated
at 70E. This disturbance passed over the 98E on Feb-
ruary 1. About 4 days later the third CCKW originated
at the same location. Distance between the first and the
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Fig. 11 Same as Fig. 7 but for the SST in (°C)

second as well as between the second and the third of
these consecutive CCKWs was bigger than 10 degrees
and time between them was <5 days which makes the
later two of them candidates for a thermodynamic spin
off initialization.

The environmental conditions along the three consecu-
tive CCKW trajectories resemble features linked to typical
interactions between CCKW and the surrounding environ-
ment as described in the previous chapter. These features at
the ocean surface include decrease in the diurnal SST vari-
ability, increase in the wind speed and subsequent increase
in values of the latent heat flux along the CCKW trajec-
tory. A typical scenario includes also an increase in mag-
nitude of the SST variability, decrease of the wind speed
and the latent heat flux in the wake of a CCKW trajectory.
For example, areas around 70E and 98E were affected by
decrease in the diurnal SST variability due to CCKW pas-
sage and subsequent increase in magnitude of the diurnal
SST variability in the wake of the disturbance. Such vari-
ability in magnitude of the upper ocean temperature can be
seen in Fig. 8 where the areas of interest are marked with
red ellipses. In the wake of ‘KW 1’ wave, at the longitude
71E, the diurnal SST variability increases. Similarly, in
the wake of KW 2, at the longitude 98E, the upper ocean
temperature diurnal cycle is increased. Location, timing
and persistence of the increased values of the diurnal SST
variability agrees well with the area and time of the origin
of the second (KW 2) and the third (KW 3) of the 3 con-
secutive CCKWs. Initiation of the second wave, which took
place on January 29 at 70E, occurred in the area where the
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diurnal SST variability, wind speed, latent heat flux at the
ocean surface increased. Moreover, such increase in the
wind speed and the latent heat flux at this time and location
seems to form a slow moving, westward propagating distur-
bance. The origin of this disturbance may be tracked back
to the strong wind speed and latent heat flux anomalies at
95E on January 27, associated with the first (KW 1) of the
three consecutive CCKW. These interactions can be seen
in Figs. 9 and 10 which present wind speed and latent heat
flux at the ocean surface for the investigated period. The
area where the second (KW 2) originated was affected by a
local thermodynamic (increased SST variability) anomaly
and a propagating dynamic anomaly (i.e. increased wind
speed and latent heat flux). Both of these anomalies may
have been induced by the first of the consecutive waves
(KW 1) and this supports the idea of forcing of the sequen-
tial CCKW (KW 2) by preceding event. A local thermo-
dynamic forcing, in the wake of a moving convective dis-
turbance, is likely associated with the area of subsidence
surrounding the area of deep convection (Kiladis et al.
2009). When convective part of a CCKW leaves the area
it is followed by environmental conditions with high inso-
lation and weak wind speeds at the ocean surface (Flatau
et al. 1997). Such environmental conditions favor develop-
ment of a strong diurnal cycle of temperature in the upper
ocean (Baranowski et al. 2016).

Based on numerical experiments (Ferreira et al. 1996) it
was shown that a Kelvin wave activity is often associated
with formation of an off equatorial circulation in the form
of a Rossby wave. Such disturbances propagate westward
and are associated with a westerly wind burst. Although
circulation and convection associated with Rossby wave is
mostly off equatorial (Kiladis et al. 2009), and cannot be
tracked using a database used in this study, its signature can
be seen in the wind speed and latent heat flux signals within
the equatorial belt. Westward propagation of increased
dynamic signal prior to the formation of the second (KW 2)
of the three consecutive CCKWs suggests that interaction
with Rossby wave can be responsible for its initiation.

Analysis of fluxes and their variability at the area of ori-
gin of the third (KW 3) of the consecutive CCKWs shows
that the wind speed and the latent heat fluxes were small
during its initiation. However, the magnitude of the diurnal
SST variability was large just before formation of the ‘KW
3°. It can be traced back to an increased magnitude of the
diurnal SST between longitudes 80E and 100E in the wake
of KW 2. In this case there is no indication of the dynamic
interaction with the preceding CCKW because the wind
speed and the latent heat fluxes are relatively small.

Another interesting spin off case was observed during
the DYNAMO project timeframe. In November 2011
during the DYNAMO field campaign (Yoneyama et al.
2013) an MJO event was observed and intensively
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studied. Two sequential CCKWs were embedded in that
MIJO event’s convective envelope (Baranowski et al.
2016; DePasquale et al. 2014; Gottschalck et al. 2013;
Johnson and Ciesielski 2013). The second of the sequen-
tial CCKWs initiated at 55E on November 26 (Baranow-
ski et al. 2016) and within 1 day intensified and exceeded
3 standard deviations of CCKW filtered precipitation [see
Table 2 in Gottschalck et al. (2013)]. Initiation and inten-
sification occurred in the area affected by the equatorial
Rossby wave induced westerly wind burst (see for exam-
ple an analysis of 925mb winds from India Meteorologi-
cal Department WFR model for 27 November 2011 in the
DYNAMO EOL catalog!). The cyclonic circulations
associated with this Rossby wave developed in relation to
the first of the sequential CCKWs which passed over the
longitude 75E on November 24 (Johnson and Ciesielski
2013) and by November 27 approached the Maritime
Continent (Baranowski et al. 2016). These conditions
suggest that the spin off initiation of the second of the
sequential CCKWs occurred in November 2011 MJO.
This analysis provides another example of a spin off initi-
ation but it is an alternative to the explanation provided
by Kerns and Chen (2013) who considered both CCKWs
in November 2011 to be the part of one system separated
by a dry air intrusion related to the Rossby gyres.

In summary, we have shown that a CCKW can develop
in a wake of another CCWK. The sequential CCKW
initiation can be linked to enhanced diurnal SST in the
subsiding part of a preceding CCKW (KW3) or dynami-
cally increased surface fluxes (KW2 and DYNAMO case
study). The latter is consistent with other studies showing
favorable conditions for cyclonic circulation development
in a wake of a CCKW (Schreck 2016), in particular over
the Indian Ocean 2 days after a CCKW passage (Schreck
2015). In both cases we call this process a spin off. The
preceding (spinning) wave influences the environment in
its proximity and the sequential (spin off) wave develops.
Analysis shows that the interaction between a preceding
wave, and the environment where spin off wave develops,
may rely on both the dynamic and local thermodynamic
forcings. The dynamic forcing, which includes propaga-
tion of an area of the increased wind speed and latent
heat fluxes, is likely related to the Rossby wave. A local
thermodynamic forcing is due to the increased diurnal
SST variability in the wake of the preceding CCKW. In
the subsequent section, on the basis of a multiple year
composite analysis, we will show that such spin off initia-
tions are common and indeed rely on both dynamic and
local thermodynamic forcing.

! http://catalog.eol.ucar.edu/dynamo/index.html.
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Fig. 12 Zonal distribution of 140
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3 Composite analysis of initiation of CCKW

It can be seen (Fig. 1) that CCKWs activities differ between
various regions. The zonal variability is strongest for the
CCKWs, which occur within a short time period after each
other. Such events have the highest chance to be part of
either a multiple initiation or a spin off initiation category.
In this section composite statistics of the CCKWs initia-
tions are investigated. We use CCKW trajectory database to
detect all trajectories that satisfy either one of the two cate-
gories. Multiple initiations occur when two or more CCKW
trajectories initiate in the same area within a short period
of time. As an example, if one CCKW initiates at 60E at
day O and the other CCKW began at 63E 4 days later, they
both would be considered as multiple initiations. Spin off
initiations occurs when a CCKW initiates in the area over
which another CCKW propagated few days earlier. As an
example, if a CCKW initiates at 87E at day 0, and over that
location another CCKW propagated 3 days earlier, such
initiation would be considered spin off initiation. Multiple
and spin off initiation categories are not overlapping, i.e. a
CCKW initiation can not be classified as multiple and spin
off at the same time.

Globally there were 362 CCKW trajectories that satisfy
multiple initiation criteria and 277 CCKW that matched
spin off initiation criteria. This means that about 20% of all
CCKW are multiple initiation and about 15% of all CCKW
are spin off initiation trajectories. It can also be seen, that
Indian Ocean basin has the largest number of CCKWs
which follow each other within a short (i.e. <10 days) time
period. The total number of multiple CCKW initiation
cases for the Indian Ocean basin is 126, which means that
about 21% of all CCKWs initiated over the Indian Ocean
matched the multiple initiation criteria. The total number of
spin off CCKWs initiation cases for Indian Ocean basin is

T
—3t— All
== Multiple
Spin Off H
Multiple + Spin Off

A4

120 15 80

Longitude (degE)

106, that is about 18% of all CCKWs initiated over Indian
Ocean matched multiple initiation criteria. Together, mul-
tiple initiations and spin off initiations, account for almost
40% of all CCKWs initiation case over the Indian Ocean
basin.

Figure 12 presents zonal distribution of total number of
CCKW initiations, which occurred within 10° wide zonal
box. It can be seen that both multiple initiation and spin
off initiation categories follow the zonal distribution of all
CCKWs initiations. However, maximum number of spin off
initiations tends to occur further to the east than the maxi-
mum number of multiple initiations. For example, in the
Indian Ocean basin, the multiple CCKWs have maximum
number of initiations between longitudes 50E and 60E
and spin off CCKWs have maximum number of initiations
between longitudes 80E and 90E. The Indian Ocean basin
is characterized by the largest fraction of multiple and spin
off initializations compared to the total number of CCKW
initialization.

Figures 13, 14 and 15 present a composite analysis of
the magnitude of the diurnal SST variability, wind speed
and latent heat flux at the ocean surface during the CCKW
initiations. Each of the figures consists of three composites:
(a) is for all CCKW initiations, (b) is for multiple CCKW
initiations only, and (c) is for spin off CCKW initiations
only. CCKWs that initiate between longitudes 60E and
100E are used in composite calculations. The x-axis on
each panel represents the longitude relative to the longitude
of a CCKW initiation and the y-axis represents the time
relative to the date of a CCKW initiation.

Figure 13 presents a comparison of magnitude of the
upper ocean temperature diurnal cycle in the proximity of
the CCKW initiation. The composite for all CCKWs (a)
shows decreased SST variability between longitudes 0 and
4 in the proximity of the time of initiation (time=0 days).
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Fig. 14 Same as Fig. 13 but for the composite of the ocean surface wind speed in (ms™Y) (color shading)

[

170

160

150

140

Relative Time (days)

130

0
Relative Longitude (degE)

Fig. 15 Same as Fig. 13 but for the composite of the ocean surface latent heat flux in (Wm™?) (color shading)
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This is manifestation of the initiation and passage of the
CCKW that is able to suppress the upper ocean diurnal
cycle. The eastward propagation is not clearly observable
in Figure because we consider area limited to the vicin-
ity of the CCKW initiation through which CCKW propa-
gates within few hours. Since, the temporal resolution of
the ocean surface data is 1 day, propagation of the CCKW
appears instantaneous. However, change in the magnitude
of the SST variability is consistent with the CCKW phase
speed. A similar structure is present in panels (b) and (c).

There are substantial differences between the 3 panels
in magnitude of the diurnal SST variability anomaly prior
to the wave development. The composite (a) for all CCKW
initiations shows increased diurnal SST variability 2 days
prior to wave initiation and 2 days after the initiation. The
maximum of the diurnal SST variability is located 3° to the
west in comparison with the location of a CCKW initiation.
In this case, the SST variability is larger after the wave pas-
sage. Although the overall zonal and temporal structure of
SST variability is reproduced in multiple initiations com-
posite, there are differences in magnitudes. When only
multiple initiations are considered, the maximum of diurnal
SST variability prior to wave development is stronger and
extends from the location of the initiation to the west. The
magnitude of the maximum observed after CCKW passage
does not change, but one can see the decrease of the magni-
tude of the SST variability 3 days after the initiation, which
is likely due to generation of the sequential CCKW.

The spin off CCKWs displays different SST variabil-
ity in comparison to all CCKWs and multiple CCKWs
composites. Although the suppressed diurnal cycle due to
CCKW development and propagation is still apparent, the
time prior to the CCKW development is dominated by low
SST variability likely related to a preceding CCKW. The
increased upper ocean temperature diurnal structure is pre-
sent 2 days prior to CCKW initiation, but the magnitude
is much lower in comparison to previous composites. The
SST variability increases 2 days after the initiation.

Figure 14 presents composites of the ocean surface
wind speed for initiations of (a) all CCKWs, (b) multiple
CCKWs and (c) spin off CCKWs. It can be seen in panel
(a) that on average, the wind speed increases during the
CCKW initiation and eastward propagation. Prior and
after the initiation, the values of wind speed anomalies are
lower. It is consistent with suppressed SST variability at the
time of a CCKW development shown in Fig. 13. The mul-
tiple CCKW initiation composite (b) shows that the ocean
surface wind speed increase at the time of wave develop-
ment which is similar to the all-CCKWs composite. How-
ever, prior to the initiation, the wind speed during the mul-
tiple CCKW initiation is even lower than in the all-CCKWs
composite case. The increased wind speed 3 days after the
development of a CCKW event is likely due to passage

of the sequential wave. Figure 14c shows that the wind
speed increases prior to the spin off CCKW initiation. This
increase is likely due to passage of the preceding wave.
After the spin off CCKW development and its passage the
wind speed decreases rapidly.

Figure 15 presents composites of the ocean surface
latent heat flux variability associated with the initiation
of (a) all CCKWs, (b) multiple CCKWs and (c) spin off
CCKWs. It can be seen that zonal and temporal variability
associated with each category is very similar to one shown
for the wind speed variability. For (a) all CCKWs and (b)
multiple CCKWs an increased latent heat flux at the time
of the initiation from an area of origin to the east is appar-
ent. For (a) all CCKWs the latent heat flux is decreased
prior to and after the wave development. This decrease
prior to the wave initiation is stronger when only multiple
CCKWs are considered. The increased latent heat flux val-
ues are observable 2—4 days after the wave development.
It is a manifestation of the sequential wave development
and passage. The (c) spin off initiation is associated with
large latent heat flux consistent with time and region of the
strong winds.

In summary, the composite analysis of multiple ini-
tiations of CCKWs shows that prior to a wave initiation,
the upper ocean temperature diurnal variability is highly
increased. At the same time the ocean surface wind speed
and latent heat fluxes are decreased. This implies that inho-
mogeneity in local thermodynamic processes (presence or
lack of the diurnal warm layer) is responsible for triggering
the CCKW in multiple initiation cases. It has been shown
(Li and Carbone 2012) that maxima of the spatial SST gra-
dient are related to development of atmospheric convec-
tion; our results also show that the multiple CCKWs are
initiated when the diurnal SST variability is the largest.

On the other hand, the diurnal SST variability during the
spin off CCKW initiations is secondary to the strong ocean
surface wind speed and latent heat flux variability. There-
fore, the triggering of the spin off CCKWs is likely to have
strong dynamic component with some contribution from
the local thermodynamic forcing.

4 Summary and conceptual models of sequential
CCKW initiation

In this paper initiation of sequential CCKWs has been
investigated on the basis of individual case studies and
15-year composites of CCKWs trajectories. We have
shown that variability of the surface fluxes and the upper
ocean temperature diurnal cycle plays an important role in
CCKW initiations. The upper ocean temperature diurnal
variability was assessed using the daily mean temperature
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anomaly estimate (Matthews et al. 2014) which combines
the wind speed and the insolation at the ocean surface.

We noticed that sequential CCKW initiation events,
which account for more than 60% of all CCKW in the
Indian Ocean, may be divided into two distinct categories:
multiple initiations and spin off initiations. A multiple ini-
tiation occurs when two or more CCKWs develop over the
same area within a short time period. The spin off initiation
happens when a CCKW develops in the wake of another
CCKW. In this section we develop conceptual models of
sequential waves initiations. These models highlight key
processes responsible for development of CCKWs of multi-
ple and spin off categories.

4.1 A conceptual model of multiple initiations
and shallow water model results

To provide a theoretical understanding of processes under-
lying multiple initiations of CCKWs we begin with sim-
ple numerical modeling set up which is described in more
detail in the Appendix. In short, we have used a diurnally
varying heat source in the shallow water model to mimic
the upper ocean temperature diurnal cycle influence on a
dry Kelvin wave initiation. We contrast these oscillating

@ Springer
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source simulations with a control simulation in which the
source is constant in time. Also, we performed simulations
in which the amplitude of the oscillations is varied. While
most of the discussion is confined to the Appendix here we
provide the main motivational results.

Figure 16 presents a comparison of (a) geopotential
height and (b) wind speed on the equator between control
run (s1) and varying source simulations (s2 for constant
amplitude of oscillations and s3 for varying amplitude of
oscillations). Comparison of all three simulations shows
that the differences in temporal distribution of the heat
source do not affect Rossby wave response but Kelvin wave
response to the temporally disturbed heat source shows sig-
nificant differences. A sequence of maxima and minima in
the geopotential height and wind speed represent spatial
structure of sequential Kelvin waves. This result shows
that the magnitude of negative geopotential height anomaly
associated with the second (—130E) and the third (—170E)
Kelvin wave is larger in ‘s3’ simulation than in ‘s2’ simula-
tion. On the other hand, the forth (155E) and fifth (120E)
waves in Kelvin wave sequence have smaller negative geo-
potential height anomaly in simulation ‘s3’ than in experi-
ment ‘s2’; that means that the amplitude of a Kelvin wave
depends on source amplitude from which it originated. The
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Fig. 17 A conceptual model of multiple Kelvin wave initiation: a
and c represent conditions of suppressed atmospheric convection with
high insolation, weak winds and strong diurnal cycle development, b

oscillating structure in both geopotential height and zonal
wind speed is clearly associated with daily ‘pulses’ of
oscillating heat source.

These modeling results show that the differences in Kel-
vin wave pattern between a constant source simulation and
oscillating source simulations are qualitatively different.
It can be seen that the spatial pattern, such as the wave-
length of a Kelvin wave, is influenced more by an oscil-
latory character of a source rather than its relative magni-
tude of oscillations. We show in the Appendix that Rossby
wave response is not affected by the temporal variability of
the source. The spatial structure of Kelvin wave response
forced by the oscillating source in a sequence of short
wavelength Kelvin waves is qualitatively consistent with
multiple CCKWs identified in observations. For example,
propagation of Kelvin waves forced by oscillating source
over some location is sequential. Furthermore, all events
originate from the same area. Thus, they meet criteria of
multiple initiations category. Relative amplitudes of the
resulting short Kelvin waves propagating towards east are
affected by the strength of the varying source “pulse” from
which it originated. In the variable source simulations, the
geopotential height anomaly, the wind anomaly and the
wind convergence are stronger than in control simulation
with the constant source. This link between the diurnally
varying heat source and Kelvin waves and a relationship
between the diurnal SST variability and development of
atmospheric convection during the MJO suppressed phase,
noticed by Chen et al. (2015) and Ruppert and Johnson
(2015), indicates that our simplified simulations are qualita-
tively agreeing with observations with the caveat that some
of the incoming diurnal shortwave signal can be partitioned

KW 1 Initiation ' no KW

and d represent days of Kelvin wave initiation preceded by increased
air-sea fluxes due to warm layer development

to directly heat the atmosphere and influence convection
development (Ruppert 2016; Ruppert and Johnson 2016).
Furthermore, shallow water model solutions suggest that
the link between short-term variability of a source and a
structure of Kelvin wave response is truly nonlinear and
exemplifies interactions across many temporal and spatial
scales. Such multi-scale interactions have been shown to be
an important component of intraseasonal variability (Neale
and Slingo 2003; Oh et al. 2013; Peatman et al. 2014; Rup-
pert 2016; Yang and Majda 2014). Aspects of nonlinear
interaction between local diurnal cycle and organized con-
vection in the tropical atmosphere should be further investi-
gated in a modeling framework.

Finally, Fig. 17 summarizes the key characteristics iden-
tified in case studies and composites of multiple CCKWs
initiation as well as that of modeling. In presence of the
suppressed atmospheric convection the upper ocean tem-
perature diurnal cycle is high and, as a result, the air-sea
fluxes are high (see Fig. 17a, c). This leads to development
of a CCKW on the following day (see Fig. 17b, d). When a
CCKW initiates, the diurnal cycle is weaker in comparison
to preceding days but it is not suppressed completely. The
day-to-day variability of the magnitude of the upper ocean
temperature diurnal cycle forces variability of the oceanic
fluxes. However, on a day that exhibits a warm layer devel-
opment, the air-sea fluxes response is delayed in compari-
son to the SST response. This is because the energy stor-
age in the warm layer which lasts into the night and enables
anomalous flux after the sunset (Matthews et al. 2014).
In this conceptual model we assume that the atmospheric
heating source driving the atmospheric convection is tied to
the upper ocean temperature diurnal variability.
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Fig. 18 A conceptual model of
spin off Kelvin wave initiation.
At Time 1 the mature Kelvin
wave (KW 1), which suppresses
upper ocean diurnal cycle, is

at Longitude 1. At Time 2 this
wave moves eastward and in its
wake high diurnal cycle devel-
ops at Longitude 1. At Time

3 an off equatorial circulation
develops at Longitude 2 which
results in observable wind
speed increase on the Equator.
The circulation strengthens
while propagating westward
and enhances surface fluxes via
wind burst induced evaporation,
which forces a spin off Kelvin
wave (KW 2) at Longitude 1

at Time 4. This mechanism
describes KW 1-KW?2 “dynami-
cal” spin off

Time 3 Time 2 Time 1

Time 4

-~

[

Longitude 1

4.2 Conceptual model of spin off initiation

Sequential CCKWs belonging to the spin off category are
forced by interaction with the preceding CCKW. Figure 18
summarizes the key characteristics identified in case stud-
ies as well as composite analysis of the spin off initiation of
CCKWs. The preceding (spinning) CCKW suppresses the
diurnal SST variability due to high cloud cover and strong
winds (Flatau et al. 1997). On the following days it moves
eastward, the convection is suppressed and wind speed is
low which results in strong upper ocean diurnal tempera-
ture cycle in its wake (Baranowski et al. 2016). While the
preceding CCKW moves further east, it may help in forma-
tion of the off equatorial circulation (Schreck 2015, 2016)
manifested by increased wind speed at the equator. Dynam-
ical signal associated with this off equatorial circulation
strengthens while propagating westward and increases
energy flux from the ocean to the atmosphere via wind
burst over high SST region. This results in spin off CCKW
initiation.
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Appendix: shallow water modeling

In this Appendix a shallow water model will be used to
investigate impact of the shortterm variability of a source
on the tropical atmosphere. Such shallow water models on
the equatorial beta plane have been used to study impacts of
the heat source spatial and temporal characteristics on the
tropical waves response (Silva Dias et al. 1983; Silva Dias
et al. 1987). It has been shown that such diurnal variability
of the localized forcing is important for the equatorial flow
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over the Amazonia region and that the amount of energy of
the Kelvin wave response is larger for the rapid heat source.
Similar approach has been used to study atmospheric equa-
torial perturbations generated by extratropical transient
forcing (Zhang and Webster 1992). Here, we use a similar
approach to study influence of the diurnal variability of the
heat source located on the Equator on the spatial and tem-
poral structure of dry Kelvin waves. In our analysis both
constant and varying heat sources will be considered. Addi-
tionally, we investigate implications of the day-to-day vari-
ability of the oscillating heat source by introducing variable
amplitude of the daily pulses.

Shallow water model description and simulation set up

Hypothesis that the diurnal cycle and its characteristics
may impact structure of the equatorial Kelvin waves is
tested using global, two-dimensional spectral element shal-
low water model (Giraldo 2000). This model solves shallow
water equations on a spherical geodesic grid. It is suitable
for testing a dynamic response of the global atmospheric
circulation to the prescribed and idealized forcing. The
equations are solved for the four variables ¢, ¢u, ¢v and
(W, where ¢ is a geopotential, u, v and w are velocity com-
ponents. Forcing consists of the force due to pressure (Fp),
the force due to the rotation of the earth (Fy), the force
required to constrain that the fluid particles remains on the
surface of the sphere (F) and additional mass source/sink,
which represents external forcing (F)

op

E+V'((Pu)=5((p) (L.
@ u
Qu

Q= ,u=|v ], S(¢)=Fp+F, +F-+F, Fp
pv W
oW

=—@Ve, Fp = —f(r X @u), F = pr (1.2)

where f is the Coriolis parameter and p is the Lagrange
multiplier used to constrain the fluid particles to remain on
the surface of the sphere condition. Numerical experiments
were conducted using different temporal characteristics of
the external forcing term Fp.

Hexahedral model grid was used in all simulations. The
horizontal resolution is roughly equivalent to the grid point
resolution of 2.2°. This model has no explicit momentum
damping. Thus, the Kelvin wave solution is not damped
and they are able to propagate along the entire equator.
Once a wave approaches the heat source it further interacts
with it, which produces complex spatial pattern.

All runs were conducted using mass sink of a circular
shape centered at the equator at longitude and latitude [0,0]
(Ferreira et al. 1996). The source had constant spatial dis-
tribution with radius equivalent to 10° along the equator.
Elsewhere Fp value was set to 0. Equation

{f(t), r < 10degrees
Fp=

0, r> 10degrees (1.3)

defines the spatial distribution of external forcing where
f(t) refers to temporal variability of mass sink described by
Eq. (1.4) and r is distance from the source center, time is
in days, T is period of oscillation set to 24 h, and 7 is the
source amplitude. The atmosphere is initially at rest, thus
developing flow is directly forced by the source. Length of
the simulation was always 10 days. External forcing had
non-zero value during the first 5 days of the simulation.
Equation

sl:t

2

ft<5) = sZ:r[l + sin( - t)]
s3:1{ 1+ sin(z?”t) ~0.5- 2 - arctan [(; —2.5) - 10]}
(1.4)

describes temporal characteristic of the mass sink for the
first 5 days; ‘s1’ refers to the constant forcing experiment,
‘s2’ refers to the case of forcing that oscillates with period
T equal 1 day and constant magnitude Tt and ‘s3’ refers to
the case with forcing oscillating with period T and magni-
tude changing with time. The arctan function in ‘s3’ forc-
ing has been chosen so that for the first 2.5 days of simula-
tion the magnitude is 2.5t and for the later 2.5 days it is
1.5t which simulates variation in an amplitude of the oscil-
lating source. Integrated external forcing is the same for all
simulations.

Results

Figure 19 presents control simulation ‘sl’ at 7.75 days
when the edge of a Kelvin wave propagated around the
equator and approached the area where it had been ini-
tiated. In this simulation Kelvin wave, Rossby wave and
their interactions are apparent. Kelvin wave response is
manifested by negative geopotential height anomaly west
of longitude —100E (this is relative longitude as these are
aqua-planet simulations). After 7.75 days Kelvin wave
travelled eastward along the equator and its leading edge
is visible at longitude —100E (Kelvin waves propagate
to the east). The Rossby wave response is manifested as
a pair of symmetric cyclonic gyres at [15N, —50E] and
[-15N, —50E] and is associated with the pair of posi-
tive geopotential height anomalies at [20N, —20E] and
[-20N, —20E]. The equatorial area between the two
Rossby gyres and between longitudes —87E and 3E is
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Fig. 19 Constant heat source experiment ‘s1’ (control) at 7.75 days.
The x-axis is longitude in (degE); the y-axis is latitude. Color shad-
ing indicates geopotential anomaly in (m) and arrows indicate wind
anomaly in (ms™'). The heat source is located at [0,0] and has 10°
spatial extent. At [20N, —20E] and [—20N, —20E] are positive geo-
potential anomalies associated with Rossby wave. Negative geo-
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potential anomaly between longitudes 100E and —100E is related to
Kelvin wave response, which was initiated at the heat source location
and circulated around the globe. Westerly wind burst can be seen at
[-50,0] close to equator and it is related to Kelvin wave and Rossby
wave interaction
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Fig. 20 Varying heat source with constant amplitude experiment ‘s2’
at 7.75 days. The x-axis is longitude in (degE); the y-axis is latitude.
Color shading indicates geopotential anomaly in (m) and arrows indi-
cate wind anomaly in (ms™"). The heat source is located at [0,0] and
has 10° spatial extent. At [20 N, —20E] and [-20N, —20E] are posi-
tive geopotential anomalies associated with Rossby wave. Sequence
of negative geopotential anomalies west of longitude —25 are related
to Kelvin waves which were initiated at the heat source location and

associated with westerly wind anomaly. After 7.75 days
the edge of the Kelvin wave interacts with the Rossby
wave. The area between —100E and —87E is charac-
terized by shift in zonal flow from easterly to the west
of that location to westerly to the east of that location.

@ Springer

circulated around the globe. Strong westerly wind burst can be seen at
between [—50,0] close to equator and it is related to Kelvin wave and
Rossby wave interaction. Westerly bursts can also be seen at longi-
tudes —110, —150 and 150, and are related to sequential Kelvin waves
interaction. Between longitudes 100 and 150 the structure consisting
of two negative and two positive geopotential anomalies is associated
with Westerly Inertial Gravity wave

Control simulation shows differences in phase speed
between Kelvin and Rossby wave responses. In 7.75 days
Kelvin wave almost travelled around the entire equator
and Rossby wave travelled a distance of 50°.
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Fig. 21 Varying heat source with varying amplitude experiment ‘s3’
at 7.75 days. The x-axis is longitude in (degE); the y-axis is latitude.
Color shading indicates geopotential anomaly in (m) and arrows
indicate wind anomaly in (ms™'). The heat source is located at [0,0]
and has 10° spatial extent. At 20N and 20S are positive geopoten-
tial anomalies associated with Rossby wave. Sequence of negative
geopotential anomalies west of longitude —25 are related to Kelvin
waves which were initiated at the heat source location and circulated

Figures 20 and 21 show results for experiments ‘s2’ and
‘s3’. It can be seen that Rossby wave response does not
change much in comparison with the simulation ‘s1’ but
structure of the Kelvin wave response is different. In simu-
lation ‘s2’ the air flow and the geopotential height struc-
ture is different from the control simulation at longitude
—60E where geopotential height minimum is present at the
equator. This minimum is the first of the sequence of five
geopotential height minima associated with Kelvin wave
responses which exhibits highly complex structure in com-
parison with the control simulation. A sequence of nega-
tive geopotential height anomalies along the equator with
minima at longitudes —70E, —130E, —170E, 155E and
120E represent Kelvin waves caused by several oscillations
of varying heat source. Each of the Kelvin waves is associ-
ated with easterlies on the equator along with the geopoten-
tial height minima and weak westerlies at each wave lead-
ing edge. Therefore, the dynamic structure of the Kelvin
wave sequence results in shift from westerlies to easterlies
at the beginning of the wave and change from easterlies to
westerlies at its end. Thus, the leading edge of each wave is
associated with flow divergence and the end of the wave is
characterized by flow convergence.

The westerlies are associated with each of the consecu-
tive Kelvin wave leading edge within the sequence. For the
first wave in the sequence the westerlies are strong due to
the interaction with the Rossby wave induced flow. Sequen-
tial westerlies are visible at longitudes —115E, —140E and

e (degE)

around the globe. Strong westerly wind burst can be seen at between
[—50,0] close to equator and it is related to Kelvin wave and Rossby
wave interaction. Westerly bursts can also be seen at longitudes —110,
—150 and 150, and are related to sequential Kelvin waves interaction.
Between longitudes 100 and 150 the structure consisting of two nega-
tive and two positive geopotential anomalies is associated with West-
erly Inertial Gravity wave as in Fig. 20 but with smaller amplitude
because varying source has smaller magnitude in this experiment

—175E and 145E. Between longitudes SOE and 100E the
symmetric structure consisting of two negative and two
positive geopotential height anomalies.. It is the only area
where the meridional flow at the equator is visible.

It can be seen that the differences between ‘s2’ (Fig. 20)
and ‘s3’ (Fig. 21) are relatively small when compared with
the differences between these experiments and the control
run. Experiment ‘s3’ shows that the structure of the Kel-
vin wave is similar to the one simulated in ‘s2’ experi-
ment. In Fig. 21 the sequence of waves can be seen with
the geopotential height minima located at longitudes —60E,
—130E, —170E, 155E and 120E. All but the first wave are
at the same locations as in the simulation ‘s2’. Each of the
consecutive waves is associated with divergence at its lead-
ing edge and convergence at its tail due to the shift in zonal
wind. This is similar to behavior simulated in ‘s2’ experi-
ment. Between longitudes 80E and 100E the structure con-
sisting of two negative and two positive geopotential height
anomalies is associated with the Eastward Inertia Gravity
wave, but these magnitudes are smaller than in ‘s2’ simu-
lation. The relative difference is attributed to relative dif-
ference in heat source magnitude between the two simula-
tions. In simulation ‘s3’ the magnitude of the diurnal heat
source variability is higher for the days one and two, and
lower for days 4 and 5 than in experiment ‘s2’. Hence, the
relative differences between geopotential height anomalies
associated with individual Kelvin waves are likely due to
differences in the heat source magnitude.

@ Springer
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These results show that the difference between control,
constant source simulation, and either one of the oscillating
source simulations is much larger than between simulations
‘s2” and ‘s3’. This suggests that the spatial pattern of a Kel-
vin wave is more influenced by the oscillatory character of
a source than by amplitude of oscillations. However, differ-
ences in amplitude of oscillations are reflected in amplitude
of the resulting short, daily Kelvin waves.

These three idealized simulations show that charac-
teristics of the heat source may affect Kelvin wave char-
acteristics and their spatial distribution but have very
limited impact on Rossby waves. In the case of a vari-
able source the geopotential height anomaly, the wind
anomaly and the wind convergence are stronger than in
control simulation. The symmetric structure in the tail of
the group of Kelvin waves is due to the existence of the
intertia-gravity waves in simulations with the diurnally
varying source; these waves were not present in simula-
tion ‘s1’ with constant forcing. This is consistent with
the analysis presented in Fig. 3b in Wheeler and Kiladis
(1999) which shows that in symmetric Outgoing Long-
wave Radiation power spectrum for these frequencies
range Eastward Inertia Gravity and Kelvin waves coexist.

Most of the analysis is focused on the simulation results
on day 7.75 when the simulated Kelvin waves already
travel around the equator and reaches the heat source. The
phase speed of the wave is approximately 50 ms~!, which
is determined by the equivalent depth that is set as the ini-
tial model condition. We know that the CCKWsare convec-
tively coupled and propagate with much lower phase speed
of 11-24 ms~!. Nevertheless, these simulations shed quali-
tative light on the dynamical structure of sequential Kelvin
waves forced by variable heat source.

Shallow water model does not have explicit represen-
tation of the physical processes responsible for the vari-
ability of the source, but Ruppert and Johnson (2015)
have shown that the diurnal cycle of fluxes at the ocean
surface may affect the diurnal evolution of atmospheric
convection. Therefore, the development of the upper
ocean diurnal warm layer is a plausible explanation for
the diurnal variability in heat source responsible for forc-
ing a sequence of Kelvin waves.
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