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ABSTRACT
The lower-atmospheric circulation in the tropics is strongly influenced by large-scale daily variations referred to as atmospheric solar tides. Most earlier studies have used simplified linear theory to explain daily
variations in the tropics. The present study employs a comprehensive limited-area atmospheric model and
revisits some longstanding issues related to atmospheric tidal dynamics. The tides in the tropical lower atmosphere are realistically simulated in the control experiment with a near-global (758S–758N) version of the
model. Sensitivity experiments with different aspects of the solar heating suppressed showed that the semidiurnal (S2) tide near the surface can be attributed roughly equally to stratospheric and tropospheric direct
solar heating and that the diurnal (S1) tide is excited almost entirely by tropospheric direct solar heating as
well as solar heating of Earth’s surface. Linear theory with forcing only by direct radiative heating predicts the
phase of the S2 barometric oscillation should be ;0910 LT versus the ;0945 LT phase seen in low-latitude
observations. The roles of (i) convective and latent heating and (ii) mechanical dissipation, in determining the
S2 phase, are assessed in the model. It is found that the former effect delays the phase by ;25 min and the
latter by ;5 min; these two effects together explain the observed phase. When the model is run in limited-area
domains comparable to those used in typical regional climate studies the S2, but not S1, tide is found to be
significantly weaker than observed, even using atmospheric reanalysis data to drive the lateral boundaries.

1. Introduction
The daily variation of solar heating has effects on the
atmospheric circulation across a range of space scales.
On a small horizontal scale, contrasts in surface properties and topography lead to local circulations such as the
familiar land–sea breeze and mountain–valley breeze.
The dynamics of such local circulations generally involve
small-scale turbulent ‘‘friction,’’ and the circulations are
largely restricted to the planetary boundary layer and
make only small contributions to the daily cycle in atmospheric pressure. On the global scale the solar heating
produces a large zonally traveling gravity wave perturbation we know as the ‘‘atmospheric tide’’ that can
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propagate both upward and downward away from its
forcing altitudes. This daily perturbation is conventionally resolved into solar diurnal (24 h or S1), solar semidiurnal (12 h or S2), etc. Fourier components. The S1 and
S2 variations themselves can be further decomposed into
zonal harmonics. The westward-propagating wavenumber 1 (2) for S1 (S2) are predominant, particularly in
the tropics, and are called ‘‘migrating’’ (sun synchronous)
components, while the other zonal wavenumbers are
termed ‘‘nonmigrating’’ (non sun synchronous) components. Migrating components are forced by the zonally
symmetric (in local time) component of heating while the
nonmigrating tides are caused by zonal inhomogeneities
of heating or topography.
The atmospheric tide generally has its largest manifestation in terms of fluctuations of temperature and
horizontal wind in the mesosphere and thermosphere,
and most research on tides in recent decades has concentrated on those upper reaches of the atmosphere. In
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our study, however, we will focus on the tide in the lower
atmosphere and particularly its manifestation in surface
fields. The tides are most easily seen in surface pressure
data and at low latitudes the daily cycle of barometric
pressure is quite remarkable.
In the tropics the S2 surface pressure oscillation S2( p)
is in most locations larger by a factor of ;2 or more than
the S1 surface pressure oscillation S1( p). This basic observation was long regarded as a puzzle, since the typical
atmospheric heating variation throughout the day projects much more strongly onto the S1 harmonic than the
S2 harmonic (Chapman and Lindzen 1970).
Given the rather small amplitudes of the tidal perturbations in wind and density, it seems that the tide should
be treated accurately in linear theory (except possibly
high in the atmosphere where perturbations become
large). In addition, the zonal phase velocity of the migrating tide in the tropics is quite high (;400 m s21) and
so, to first order, it may be reasonable to ignore the winds
in the mean state and describe the tidal variations with a
very simplified theory that treats them as linear waves
on a motionless mean state characterized by a single
vertical temperature profile. This is known as ‘‘classical
tidal theory’’ (CTT) and this theory was the key to
obtaining a basic understanding of the diurnal variability
observed in surface pressure (Chapman and Lindzen
1970). Within the CTT approximation the governing
equations are separable in time, longitude, latitude, and
height. The usual approach to solving for the response
to a given monochromatic forcing is to express the solutions in terms of Fourier harmonics in time and longitude
and Hough functions in latitude. Each Fourier harmonic–
Hough function combination describes the horizontal
structure of one mode. The vertical structure is obtained
by solving a vertical structure equation forced by the
profile of heating that projects onto the particular
Fourier–Hough horizontal mode.
Initial applications of CTT focused on the response to
solar gravitational tidal forcing (now understood to be
quite unimportant) and some early results (e.g., Pekeris
1937) later proved to be misleading in light of later observations of the temperature structure of the middle
atmosphere (Chapman and Lindzen 1970). It was found
that the effects of the daily cycle of direct solar heating
were the most important solar tidal excitation (Siebert
1961; Butler and Small 1963). Notably Butler and Small
(1963) demonstrated that the solar heating by ozone
absorption efficiently excited the gravest meridionally
symmetric mode for the migrating S2 tide and at low
latitudes they claimed that this forcing could account for
about two-thirds of the observed S2( p) at the ground,
while the other roughly one-third could be explained by
solar absorption by water vapor in the troposphere.
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FIG. 1. Schematic showing how S2 tide is composed of 1200 and
0900 LT components. The observed S2 component (red arrow) can
be represented by a vector with its magnitude and direction representing its amplitude and phase, respectively. This red arrow can
be decomposed into 0900 (green) and 1200 LT (blue) components
in a vector sense.

Another important development was the discovery
that for S1 (but not S2) the CTT predicts that thermal
excitation may project onto modes with strongly trapped
vertical structures (Lindzen 1966; Kato 1966). There
followed complete CTT calculations of the S1 and S2 tide
forced by direct solar heating of the atmosphere
(Lindzen 1967, 1968; Chapman and Lindzen 1970).
Lindzen (1967) estimated that that 80% of the S1 solar
thermal forcing projects onto physically trapped modes
which cannot propagate disturbances forced in the
stratosphere to the ground.
While the CTT calculations of Lindzen (1967, 1968)
accounted for the observed amplitudes of the migrating
S1( p) and S2( p), one significant mystery remained.
Specifically the CTT results are robust in predicting that
in the tropics the migrating S2( p) forced by heating
peaking at 1200 local time (LT) should peak near
0900 LT (a result depicted schematically by the green
arrow in Fig. 1). In his classic study of the S2 tide determined from long barometric records at several hundred stations worldwide, Haurwitz (1956) showed that
the observed phase of annual-mean S2( p) at stations in
the tropics is almost always between 0930 and 1000 LT.
Haurwitz determined that the annual-mean migrating
S2( p) peaks at 0944 LT (see the red arrow in Fig. 1). This
has been also confirmed by recent studies with larger
observational datasets (Haurwitz and Cowley 1973; Dai
and Wang 1999; Schindelegger and Ray 2014).
Lindzen (1978) noted that the discrepancy could be
accounted for if there was another significant thermal
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forcing for S2 peaking around 0300 LT. Assuming a
reasonable vertical distribution of latent heating in a
CTT calculation, he showed that a migrating S2 rainfall
variation at low latitudes of amplitude ;1.2 mm day21
peaking near 0300 LT would add a component of S2( p)
peaking near 1200 LT that could explain the observed
phase of the total S2( p). By examining results for the longterm mean rainfall during each hour of the day at several
low-latitude stations, Lindzen showed that this heating
source was at least plausible. Hamilton (1981a,b) followed this up by examining the daily rainfall at a considerably larger group of tropical stations and found
indeed that there seemed to be a coherent S2 variation of
rainfall with amplitude greater than 1 mm day21 peaking
around 0300 LT. Hamilton’s analysis was limited as it was
largely restricted to stations where there were previously
published results for the observed daily march of mean
rainfall. This could lead to a bias that effectively favored
the inclusion of particularly rainy sites or sites with notably prominent diurnal variability (features that might
have attracted the attention of earlier investigators).
Subsequent analyses of satellite-derived rainfall rates
have confirmed the existence of a prominent migrating
S2 component of tropical rainfall peaking near 0300 LT
but have indicated a somewhat smaller amplitude:
;0.6 mm day21 for observations based on IR brightness
temperature (Forbes et al. 1997) and ;0.5 mm day21
from the Tropical Rainfall Measuring Mission (Sakazaki
et al. 2017). If these remote sensing observations are
accurate, then some modification will be needed for
Lindzen’s (1978) explanation for the observed phase of
tropical S2( p). Another development of note was the
advent of models that have extended CTT by inclusion
of the advective effects of the zonal-mean winds (e.g.,
Hagan et al. 1995). This refinement of CTT changes
results for the surface tide only modestly, but Forbes
et al. (1997) found that the S2( p) near the equator
computed in response to realistic solar heating peaked
near 0912 LT (specifically these calculations included
zonal-mean zonal winds and temperatures appropriate
for April; see the purple arrow in Fig. 1). Forbes et al.
speculated that this deviation from CTT predictions
could help account for the late phase of the observed
S2( p) in concert with a smaller latent heat forcing than
that hypothesized by Lindzen (1978).
While CTT and more sophisticated linear theoretical
models have been quite successful in reproducing many
aspects of the atmospheric tide (e.g., Forbes and Garrett
1979), the tidal fields, including results for S2( p), have
also now been investigated using increasingly complex
comprehensive general circulation models (GCMs).
Early studies used GCMs with domains stretching only
to the middle stratosphere (Hunt and Manabe 1968;
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Zwiers and Hamilton 1986; Tokioka and Yagai 1987;
Yagai 1989) and the results for even the surface tides in
such models are strongly impacted by the artificial
(‘‘rigid lid’’) upper boundary conditions typically imposed in GCMs (Lindzen et al. 1968; Zwiers and
Hamilton 1986). Many more recently developed GCMs
have domains extending to the mesosphere or lower
thermosphere and evaluations of the tidal variability in
several such models have been published (McLandress
1997; Dai and Trenberth 2004; Chang et al. 2008;
Hamilton et al. 2008; Covey et al. 2011, 2014; Sakazaki
et al. 2015). To zeroth order the simulated S1 and S2 tides
in such GCMs appear realistic, but some deviations from
observed behavior are evident and significant disagreement among model results is reported (Covey et al.
2011, 2014). Notably the local time phase of the S2( p) in
January at low latitudes in the 16 state-of-the-art models
reviewed by Covey et al. (2014) span ;0920–1025 LT.
Excitation sources of tides were examined in two earlier
studies using comprehensive models. Woolnough et al.
(2004) examined the role of stratospheric radiative
heating in forcing tides in an ‘‘aquaplanet’’ GCM. They
showed that eliminating the diurnal cycle of stratospheric heating reduced the equatorial S2( p) amplitude
by only ;30%, which they noted a smaller value than
anticipated on the basis of earlier theoretical tidal
studies. Note, however, that the Woolnough et al. model
had its highest level ;4.5 hPa and thus stratospheric
ozone heating may not have been fully resolved. Recently Sakazaki et al. (2017, hereafter SA17) conducted
similar numerical experiments with a near-global model
with realistic stratospheric ozone concentrations and full
topography and land–sea distribution. They found that
the contribution from stratospheric heating was nearly
50% for S2( p) while being negligible for S1( p).
Our interest in studying atmospheric tidal oscillations
in the lower atmosphere is driven partly by the history
described above and particularly a desire to more completely and confidently explain the observations of S2( p)
in the tropics. In addition, since the solar tide is a significant component of variability at all tropical locations,
it needs to be modeled accurately in climate and weather
prediction models. There is increasing evidence that the
large-scale tide, particularly for S2, plays an important
role in driving the daily variation of rainfall in the tropics
(Brier and Simpson 1969; Lindzen 2003; Woolnough et al.
2004; SA17). This opens the possibility of a feedback
between the S2 dynamical tide and the S2 rainfall variation, because, as noted earlier, the latent heating associated with the S2 rainfall variation affects the S2 tide.
This potential feedback is one reason for investigating
tides with comprehensive numerical models that can
simulate a self-consistent hydrological cycle. In the
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FIG. 2. Vertical profile of volume mixing ratio of (a) ozone and (b) water vapor, averaged from 1 Dec 1999
through 30 Nov 2000 and between 108S and 108N. For (a), ozone is specified from the UGAMP climatology. For (b),
the black and red curves are from the CNTL simulation in our model and ERA-Interim, respectively.

present paper we concentrate on the latent heat forcing of
the tide, while SA17 describes an investigation (using the
same model) of the role of the dynamical tidal fields in
driving the rainfall variations in the tropics. Finally, in the
tropics the surface pressure tendency is almost always
dominated by the tide and this component must thus be
accurately treated in schemes that assimilate data into
global analyses used to initialize weather forecasts.
Our investigation will employ a comprehensive atmospheric simulation model run in a near-global domain. We will show our model validates the results of the
linear theory calculations discussed earlier, but it extends
the earlier theoretical investigations in that the model
includes a self-consistent calculation of latent heat release and a realistic treatment of dissipative processes
associated with exchanges at Earth’s surface and with
small-scale vertical mixing. We will show that the control
version of our model simulates realistic surface tides in
the tropics. We will then conduct experiments introducing arbitrary modifications of our model to assess
in a straightforward manner the roles of stratospheric
and tropospheric solar heating, latent heating, and mechanical dissipation in controlling the simulated S1 and S2
tide, with a particular focus on S2( p). In addition we will
assess the solar tide as simulated in limited-area versions
of our model covering domains similar to those used
now in a great many regional climate model studies.
The remainder of the manuscript is organized as follows. Section 2 describes our model and the experimental
design. Section 3 evaluates our control simulation against
observations with a focus on the S1 and S2 variations in
surface pressure and wind. Section 4 discusses the results

of the sensitivity experiments. Conclusions are summarized in section 5.

2. Model description, experimental design, and
analysis method
a. Model description
Our study has employed a comprehensive limitedarea atmospheric model developed at the International
Pacific Research Center (IPRC) of University of
Hawai‘i at M
anoa (Wang et al. 2003, 2007). The model
solves the hydrostatic primitive equations on a sphere
formulated in a terrain-following s vertical coordinate.
The model employs a fourth-order conservative horizontal finite-difference scheme on a longitude–latitude
grid and a leapfrog scheme with intermittent application
of an Euler backward scheme for the time integration.
The model incorporates the mass flux convective parameterization scheme for subgrid-scale shallow, midlevel, and penetrative convection originally developed
by Tiedtke (1989) and later modified by Nordeng (1994).
A sophisticated radiation code (Sun and Rikus 1999) is
included with prescribed seasonally varying, zonally
symmetric ozone concentrations provided by the
UGAMP climatology (Li and Shine 1995; see Fig. 2a for
the annual-mean near-equatorial vertical profile). As
noted earlier, direct absorption of solar radiation by
water vapor is an important excitation for the tide.
Figure 2b shows the vertical profile of water vapor near
the equator as simulated over one full year by our control model and demonstrates that the observed water
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FIG. 3. Vertical model levels and the experimental design for the
ExST and ExTR integrations. The blue stars show the Rayleigh
damping rates for the top five model levels.

vapor distribution is realistically reproduced in our
model. The nonlocal E–« turbulence closure scheme of
Langland and Liou (1996) is used for the subgrid-scale
vertical mixing. This model has been applied extensively
in earlier regional studies including climate simulations
of East Asia (Wang et al. 2003), the South American–
eastern Pacific region (Xu et al. 2004), the tropical
western Pacific–Indian Ocean region including the
Maritime Continent (Wang et al. 2007), the northwestern Pacific Ocean (Nakamura and Miyama 2014), and
in a recent near-global simulation designed to study the
diurnal cycle of tropical rainfall (SA17).
In this study, as in SA17, our control model is run in
near-global zonal strip mode with lateral boundaries at
758S and 758N. As discussed later in this paper, we confirmed that this configuration simulates realistic surface
tidal fields in the tropics and that this aspect of the simulation does not change substantially if the boundaries
are moved farther poleward. In all calculations the horizontal grid had 18 resolution in both longitude and latitude. The model employed 37 s vertical levels up to
pressure ;0.24 hPa (see Fig. 3 for model levels).
All our model runs are retrospective and European
Centre for Medium-Range Weather Forecasts global
reanalysis (ERA-Interim) data (Dee et al. 2011), available 6 hourly with a horizontal resolution of 1.58 3 1.58
and 41 pressure levels up to 0.1 hPa, were used as initial
and lateral boundary conditions. The ocean surface
temperatures were prescribed as a combination of daily
mean values from NOAA global analyses (Reynolds
et al. 2007) and a computed diurnal cycle as in Zeng and
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Beljaars (2005). Our control model was run for two
separate year-long periods: one integration was initialized on 15 November 1999 and run through 30 November 2000 and the other was initialized on 15 November
2004 and run through 30 November 2005. In both cases,
the first 15 days were for spinup and the data for the rest
of the days are analyzed here. These two control runs are
the same as reported by SA17, who show that the overall
features of the zonal-mean wind and temperature as well
as the geographical distribution of mean precipitation
are simulated rather realistically. The most obvious
unrealistic feature of the control simulation is in the
tropical stratosphere, where the observations reflect the
presence of the well-known quasi-biennial oscillation
(QBO) while our model winds are persistently easterly.
This is a common deficiency for most current global
climate models (e.g., Kawatani and Hamilton 2013). In
addition, the model simulates temperatures for the
winter (summer) polar mesosphere that are too cold
(warm), a problem that typically affects models run
without parameterized gravity wave drag. Note that
despite these deficiencies in the basic state, our simulation reproduces quite realistic tides in the tropical lower
atmosphere as shown later [see Hamilton (1983) and
Hamilton and Garcia (1984) for a discussion of the
rather minor effects of the QBO on S2( p)].
Over the top five levels, a linear damping is applied to
the anomaly from the zonal-mean fields of temperature
and horizontal winds in order to damp upwardpropagating waves (see Fig. 3 for the actual damping
coefficients employed). Note that we tested the cases
with doubled and zero damping coefficients; but the
results for the tropical surface tides were not changed
substantially (not shown). This indicates that the reflection by our upper boundary (located in the mesosphere) is negligible in terms of its effects on surface
tides. That is, in contrast to the results of Zwiers and
Hamilton (1986), who used a model with the upper
boundary around 10 hPa, any upper-boundary reflection
is expected to be unimportant for the surface tides in our
model configuration.
Our model includes a realistic calculation of the solar
zenith angle as a function of location and universal time
[or equivalently mean solar time (MST)]. This means
that, depending on the time of year, the sun may reach
its zenith up to several minutes later or earlier than 1200
local MST. The difference between the time of zenith of
the actual (or ‘‘apparent’’) sun and 1200 local MST is
shown as a function of season in Fig. 4. Simplified theoretical treatments of tides have generally assumed that
the apparent sun is overhead at 1200 LT and to be
consistent with earlier discussions we will present our
model results with phases expressed in apparent solar
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FIG. 4. Seasonal dependence of the difference between MST and
AST (MST minus AST) in our model.

time (AST, in which the sun is overhead at local 1200).
This issue is completely insignificant when computations
or observations of annual-mean tidal fields are considered. However, most observations and climate model
results will be expressed in MST and this needs to be
considered when interpreting results for individual
seasons (Hamilton and Sakazaki 2017).

b. Design of sensitivity experiments
1) TROPOSPHERIC VERSUS STRATOSPHERIC
DIURNAL SHORTWAVE FORCING

We conducted several experiments to assess the importance of different components of the solar heating as
excitations for S1 and S2. In each experiment we integrated our model for 1 month (15 November–15 December 1999) with the diurnal cycle of shortwave flux at
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the surface (SSWF) and/or of shortwave heating (SWH)
in some layer of the atmosphere suppressed. Specifically,
we followed the method adopted by SA17 and suppressed the diurnal cycle by replacing the SSWF or SWH
at each time and place by diurnal means for the same day
from our CNTL run (more precisely we linearly interpolated in time from the time series of the daily mean
values on the same dates in the CNTL integration). In our
‘‘stratospheric forcing’’ experiment (ExST), the diurnal cycles of SSWF and SWH for s $ 0.18 are suppressed so that
the diurnal cycle is forced only by stratospheric (s , 0.18)
heating (Fig. 3). In our ‘‘tropospheric forcing’’ experiment (ExTR), the diurnal cycles of SSWF and SWH
at s , 0.18 are suppressed so that the diurnal cycle is
forced only by in situ tropospheric heating (Fig. 3). In our
‘‘surface forcing’’ experiment (ExSFC), the diurnal cycles
of SWH are all suppressed so that the diurnal cycle is
forced only by surface solar radiative heating. In each of
these experiments we treated the first 15 days as spinup
and analyzed only 1–15 December 1999. Note that SA17
also show results of experiments related to the present
ExST and ExTR.
We performed one more experiment (ExLB) to examine the importance of the lateral boundary forcing in
exciting tides in our model. This experiment was performed with all the diurnal cycles of SSWF and SWH
suppressed, so that the only source of diurnal forcing
was at the lateral boundaries. See Table 1 for a summary
of these experiments.

2) EFFECT OF CONVECTION AND OTHER
SUBGRID-SCALE HEATING PROCESSES
Any approach to suppressing the diurnal cycle of
convective and other latent heating in a model experiment will be somewhat problematic as such heating is

TABLE 1. Design of numerical experiments. DC indicates diurnal cycle.
Expt

Horizontal domain

Comments

CNTL
ExST
ExTR
ExSFC
ExLB
ExQ0
ExD2

758S–758N, 08–3608E
As in CNTL
As in CNTL
As in CNTL
As in CNTL
As in CNTL
As in CNTL

ExD05
Ex80
Ex70
Ex60
Ex45
Ex30
Ex30R
Ex20R

As in CNTL
808S–808N, 08–3608E
708S–708N, 08–3608E
608S–608N, 08–3608E
458S–458N, 08–3608E
308S–308N, 08–3608E
308S–308N, 408–1808E
208S–208N, 758–1658E

—
DC in SWH allowed only in the stratosphere, no DC in SSWF
DC in SWH allowed only in the troposphere, no DC in SSWF
No DC in SWH, DC in SSWF allowed
No DC in SWH or SSWF
Feedback from latent heat release switched off after day 15 during integration
Surface drag coefficient and mixing coefficients for momentum doubled
after day 15 during integration
As in ExD2, but for halved coefficients
As in CNTL
As in CNTL
As in CNTL
As in CNTL
As in CNTL
As in CNTL
As in CNTL
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very highly correlated with the actual instantaneous
meteorology (including cloud fields), an aspect that
cannot be completely retained in any ‘‘suppressed diurnal convection’’ model, even one designed to keep
daily mean heating and only filter the diurnal harmonics.
As described below here we have adopted a dramatically simple approach to suppressing the effects of diurnal convective heating on the tides.
In this approach we repeat the first 15 days of the
CNTL simulation, and then for the last 15 days we
simply eliminate the nonradiative diabatic heating
from the model. Specifically this means that in the
thermodynamic equation we set to zero the contributions from the moist convection parameterization,
from the vertical turbulent mixing parameterization,
and from large-scale condensation. We call this experiment ExQ0 and it was performed for initial conditions at 15 November 1999 and then repeated for
initial conditions at 15 November 2004. In each case we
analyze the evolution seen in the surface tide during the
15 days after this change is made (1–15 December).
This experiment obviously involves a major and unrealistic perturbation to the entire model and our approach assumes that useful information about the tides
may be obtained before the model simulation drifts too
extremely. Specifically, we imagine two adjustment
times for the tide. One is a short-term adjustment associated with the setup time for the linear wave tidal
response. For S2, Walterscheid (1997) estimated a set
up time exceeding 6 days. However, this was based on
the time needed for the S2 tide to set up over the whole
depth of the atmosphere, while we expect that the adjustment of near-surface tides to a change in tropospheric forcing would be more rapid. We will show that
in our experiments S2(p) in the tropics appears to adjust
over a period of ;2 days to the sudden removal of this
excitation. Of course, the tides will also adjust as the
entire model climate drifts in response to the large
perturbation introduced starting 1 December. In this
case, not surprisingly, the entire model atmosphere
begins to cool after 1 December at a rate throughout
the tropical troposphere close to 18C day21.

3) EFFECT OF MECHANICAL DISSIPATION
We performed similar experiments to assess the effects of mechanical dissipation on the S2 tide by introducing instantaneous adjustments at 1 December in
the parameterized sources in the horizontal momentum
equations. We have two sets of experiments: in one
(ExD2) the surface drag coefficient (momentum transfer coefficient CD) and subgrid mixing coefficients for
momentum have been doubled, while in the other
(ExD05) the coefficients are halved.

The momentum transferred from the atmosphere to
Earth’s surface is parameterized here (as usual in
GCMs) as rCDjVjV, where V is the horizontal wind and
r is the air density at the lowest model level. Of course
when a sudden increase (decrease) is made to CD one
may anticipate the model will respond with a compensating decrease (increase) in V. Assuming the tidal wind
at the surface is small, the relevant effect on the tide of
the surface friction can be linearized to rCDjVjaveu,
where r and jVjave are the background daily mean values
and u is the tidal horizontal wind. At low latitudes jVjave
decreased by roughly 20% for ExD2 and increased by
roughly 20% for ExD05 (Fig. 5), meaning that the effective surface drag acting on u is changed by factors of
;1.6 (52 3 0.8) for ExD2 and ;0.6 (50.5 3 1.2) for
ExD05. The background temperature did not change
significantly in these experiments (not shown). Just as
for the ExQ0 experiment, the ExD2 and ExD05 experiments were performed for both the 1999 and 2004 cases.

4) SENSITIVITY TO DOMAIN SIZE
To investigate the sensitivity of tides to the location
of lateral boundaries, the model was integrated with
different horizontal domains (Fig. 6): (i) 808S–808N,
08–3608E (Ex80), (ii) 708S–708N, 08–3608E (Ex70), (iii)
608S–608N, 08–3608E (Ex60), (iv) 458S–458N, 08–3608E
(Ex45), (v) 308S–308N, 08–3608E (Ex30), (vi) 308S–308N,
408–1808E (Ex30R), and (vii) 208S–208N, 758–1658E
(Ex20R). For these experiments, the model was run
from 15 November through 31 December 1999 and results for December are analyzed.
Note that in our model, a one-way nesting is used to
update the model time integration in a buffer zone near
the lateral boundaries (;58) within which the model
prognostic variables are nudged to the prescribed reanalysis values (Wang et al. 2003).

c. Analysis method
For each grid point, hourly output data (in universal
time: tUT) are averaged over a certain period (e.g.,
1 month) to produce a mean daily cycle. Using the relation between local time (or MST: tLT) and tUT, tLT 5
tUT 1 l/v, where l is longitude (rad) and v 5 2p/24 (h21),
the daily cycle in universal time is converted to one in
MST. The daily cycle in any quantity on the surface X,
after the subtraction of its daily mean, is expressed as the
sum of diurnal harmonics:
X(l, u, tLT ) 5

å An (l, u) cosfvn [tLT 2 dn (l, u)]g,

(1)

n

where u is latitude and An and dn are amplitude and phase,
respectively, of the nth harmonic component (e.g., n 5 1:
diurnal, n 5 2: semidiurnal). As mentioned in section 1,
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FIG. 5. Daily time series of daily mean magnitude of lowest-model-level horizontal winds jVjave averaged between 108S and 108N. (b) The ratio of jVjave compared to that of CNTL. The average for 2 yr (1999 and 2004 runs) is
shown. Black, red, and blue curves are for CNTL, ExD2, and ExD05, respectively.

the daily cycle is further decomposed into migrating
components [zonal mean of (1)] and nonmigrating components [the anomaly from zonal mean of (1)] as
X(l, u, tLT ) 5 Xmig (u, tLT ) 1 Xnonmig (l, u, tLT )
5

å An (u) cosfvn [tLT 2 dn (u)]g
n

1

å A0n (l, u) cosfvn [tLT 2 d0n (l, u)]g,

(2)

n

where An (A0n ) and dn (d0n ) are amplitude and phase,
respectively, of the migrating (nonmigrating) component. A least squares fitting is used for actual calculation.
Finally, the phase in MST is converted to that in AST
(see section 2a).
In sections 4b and 4c, the 0900 and 1200 LT components of semidiurnal migrating tides are calculated as
A2 sin(2pd2 /12) and A2 cos(2pd2 /12), respectively (see
Fig. 1; note that these two components are orthogonal).

1.4 hPa and phase of 0930–1000 LT (e.g., Schindelegger
and Ray 2014). For S2, the amplitude maximizes near the
equator and decreases with latitude, while the phase is
nearly constant with latitude. In the tropics this meridional structure is fairly close to that of the single so-called
(2, 2) Hough mode (e.g., Chapman and Lindzen 1970).
The geographical distribution shows that the amplitude
of S2(p) is fairly zonally uniform although it is somewhat
enhanced over the continents. In contrast, S1( p) is much
more affected by the geographical variations of the surface properties with strongly enhanced amplitudes over
the continents, exceeding 1.5 hPa at some locations, indicative of large nonmigrating components.

3. Comparison of CNTL experiment to
observations
Figure 7 shows the annual-mean S2(p) and S1(p) from
the CNTL experiment. Near the equator the migrating
component of S2 (S1) amplitude and phase of the migrating components of S2 (S1) are ;1.4 (0.6) hPa and
;0940 (;0600) LT, respectively. These model results for
S2(p) are quite consistent with the observed amplitude of

FIG. 6. Horizontal model domains adopted in our sensitivity experiments: 808S–808N (Ex80); 758S–758N (CNTL); 708S–708N
(Ex70); 608S–608N (Ex60); 458S–458N (Ex45); 308S–308N (Ex30);
308S–308N, 458–1808E (Ex30R); and 208S–208N, 758–1658E (Ex20R).
The red cross shows the location of Jakarta (68S, 106.58E).
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a

b

c

d

FIG. 7. (a) Amplitude and (b) phase of migrating component in surface pressure tides. Black and blue curves are
for S2 and S1 components, respectively. For S1 phase, refer to the right-hand axis. Longitude–latitude distribution of
amplitude of (c) semidiurnal and (d) diurnal pressure tides. The results averaged for 2 yr are shown. The results are
identical to those in some panels in Fig. 2 of SA17 (with different color code).

The diurnal cycle in surface wind over large open
ocean areas should be dominated by the migrating tides
(and possibly some other very-large-scale nonmigrating
components) since local topographic effects are very
small. Deser and Smith (1998) and Ueyama and Deser
(2008) examined the diurnal cycle of surface wind by
using many years of observation data from moored

buoys over the tropical Pacific Ocean. In Fig. 8 we show
results for the annual-mean S1 and S2 horizontal winds at
the lowest model level (s 5 0.997; ;25 m in height)
determined from our 2 yr of CNTL integration. The
results are displayed in the harmonic-dial vector format
as in the earlier observational studies and are presented
for the same near-equatorial region [our figure can be
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FIG. 8. Harmonic-dial vectors for (a) S1 zonal wind, (b) S2 zonal wind, (c) S1 meridional wind, and (d) S2 meridional wind at the lowest model level (;25 m in height). The results averaged for 2 yr are shown. For S1 (S2), the
vectors pointing eastward indicate the phase is 0000 (0000) LT while those pointing westward indicate the phase is
1200 (0600) LT.

compared with Figs. 2 and 3 of Ueyama and Deser
(2008)]. The harmonic-dial vector denotes the amplitude by its length and the phase by its direction [e.g., a
vector pointing to the west indicates a phase of 1200
(0600) LT for S1 (S2)]. For S2, the zonal wind is coherent
with amplitude and phase of ;0.18 m s21 and ;0300 LT.
The S2 variation in meridional wind has a smaller amplitude (;0.08 m s21) than for the zonal wind; the phase
has a different value between the Northern Hemisphere (NH) side (mostly 0000 LT) and the Southern

Hemisphere (SH) side (mostly 0600 LT) of the equator.
The phase relationship between zonal and meridional
wind means that meridional wind precedes (follows) zonal
wind by a quarter cycle on the NH (SH) side of the
equator. For S1, in contrast, the amplitude of zonal wind
(;0.14 m s21) is smaller than that of meridional wind
(0.26 m s21). Although the spatial variability is large, particularly for zonal wind, most vectors show that the phase
on the NH (SH) side of the equator is 1200–1800 (1200–
1800) LT for zonal wind and 0600–1200 (1800–0000) LT
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FIG. 9. (a) Amplitude and (b) phase of the migrating component of S2(p) averaged for 1–15 Dec 1999. Black
curves are for CNTL. Red, blue, and green curves are for ExST, ExTR, and ExSFC, respectively, while black
dashed curves are for the linear sum of the three experiments (the harmonic sum was taken and then the S2
amplitude and phase were calculated). Magenta curves are for ExLB. See text for details.

for the meridional wind, again the meridional wind
basically preceding (following) zonal wind. These
characteristics are basically consistent with the observations (Deser and Smith 1998; Ueyama and Deser
2008) except that our amplitudes are larger than the
reported observed values: the S2 (S1) zonal and meridional wind oscillations were reported to have typical amplitudes in the buoy data of 0.14 (0.07) m s21 and
0.06 (0.19) m s21, respectively. This difference is likely
due to the fact that our results are for the lowest model
level (;25 m in height) while the observations from
the buoys were obtained by instruments 3.8 m above
the surface.

4. Results of sensitivity experiments
Now that we have shown that our model realistically
reproduces the surface tides in the tropics, we turn to
discussing the results of our various sensitivity experiments (each experiment involving ;1-month integration as discussed above). Section 4a examines the
relative importance of tidal responses to different layers
of solar radiative heating. Sections 4b and 4c analyze the
effects of the large perturbations introduced into the
convective heating and mechanical friction in the model
with a focus on the implications for how the local time
phase of S2(p) in the tropics is maintained ;3/4 h later
than 0900 LT. Section 4d shows the results for different
horizontal domains.

a. Different layers of shortwave forcing
Figure 9 shows the results of migrating S2(p) in the
tropics from the ExST, ExTR, and ExSFC experiments
representing three different kinds of direct radiative
forcing of the diurnal cycle. Of course, in each case the
model will develop a cycle of convective heating as a
response to the primary diurnal cycle of solar heating
and this also forces the tides in each simulation. The
results in Fig. 9 show that for S2(p), the direct heating in
the stratosphere and the troposphere contribute almost
equally (;0.5 hPa for each), while the effect of solar
heating of the surface is secondary (;0.2 hPa). We also
show the sum of the S2(p) from each of these three experiments and this reproduces the results of CNTL quite
well. It is also confirmed that the effects from the lateral
boundaries at 758N and 758S (ExLB) on the tropical
S2(p) are small (,0.1 hPa). The relative contribution of
stratospheric radiative heating in the present results
(;40%) is smaller than the ;60%–70% value that
would be consistent with the early theoretical calculations (Lindzen 1968) but larger than deduced from
aquaplanet GCM simulations (;30%) (Woolnough
et al. 2004; again note that their highest model level was
in the stratosphere at 4.5 hPa). The phase for ExST and
ExTR are nearly 0930 LT—that is, close to, but somewhat earlier than in CNTL—but that for ExSFC is
somewhat later (;1000 LT), indicating that the actual
heating of the atmosphere from the effects of surface
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FIG. 10. Longitude–latitude distributions of (a)–(d) amplitude and (e)–(h) phase of S2(p) for (a),(e) CNTL,
(b),(f) ExST, (c),(g) ExTR, and (d),(h) ExSFC. Color bars are shown at the bottom. Only results at grid points with
amplitude greater than 0.2 hPa are shaded.

heating (and resulting convective feedbacks) is somewhat delayed relative to the heating from direct solar
absorption in the atmosphere (and its associated convective feedbacks).
Figure 10 shows the longitude–latitude distributions of
the simulated S2(p) amplitude and phase in the ExST,
ExTR, and ExSFC runs compared with the CNTL results
for the same period of the year. Both S2(p) amplitude and
phase are nearly zonally uniform for the experiments
with radiative forcing in the free atmosphere (ExTR and

ExST). Although ozone distribution is prescribed and
zonally uniform, water vapor concentration is a prognostic variable and will have some zonal asymmetries, but
our results indicate such asymmetry has only a minor
effect on S2(p). The land–sea contrast in amplitude [i.e.,
enhanced S2(p) over the continents] that we see in CNTL
(and observations) is thus presumably driven by the surface heating (ExSFC) (Fig. 10d).
The results for S1(p) are shown in Figs. 11 and 12. In
Fig. 11, the sum of three experiments (ExST, ExTR, and

FIG. 11. As in Fig. 9, but for S1 migrating component.
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FIG. 12. As in Fig. 10, but for S1(p). Only results at grid points with amplitude greater than 0.2 hPa are shaded.

ExSFC) again reproduces the results of CNTL reasonably well, although the amplitude of the sum is
systematically smaller than that of CNTL. In contrast
to S2(p), the migrating S1(p) is found to be largely (;2/3)
attributed to the tropospheric water vapor heating
with a negligible contribution from stratospheric
heating, consistent with expectations of CTT. Surface
heating accounts for the other ;1/3 of total amplitude. Again, the effect of lateral boundary forcing
is ,0.1 hPa, negligible in the tropics. The phases from
the major contributors (ExTR and ExSFC) are similar
at ;0600 LT (the uncertainty of phase is large for
ExST and ExLB for which the amplitudes are very
small) (Fig. 11b).
The longitude–latitude distribution of S1(p) is shown
in Fig. 12. As for S2(p), the response to radiative forcing
in the free atmosphere (ExTR) is zonally uniform for S1(p)
as well, although the amplitude is relatively large over
open ocean. The contribution from the stratospheric
heating (ExST) is again negligible (Fig. 12b). Over the
land, the surface forcing (ExSFC) is much more important (;1.5 hPa at the maximum) than the tropospheric forcing (ExTR). These are again consistent
with the earlier findings of CTT studies that nonmigrating components for S1(p) are largely driven by
differential heating due to land–sea contrast (Tsuda
and Kato 1989; Lieberman and Leovy 1995). It is worth
noting that for ExSFC, the phase around the South
American continent shows a horizontal propagation
from the land area to the surrounding ocean; this likely
corresponds to the gravity wave feature of nonmigrating tides excited and emanating from the continent (Sakazaki et al. 2015).

b. Convective heating effect on S2(p)
Figure 13 shows the time series of daily values of nearequatorial S2(p) amplitude and phase, as well as the 0900
and 1200 LT components, from the CNTL and ExQ0
experiments [section 2b(2)]. Here, the results averaged
for the two time series in different years (i.e., years 1999
and 2004) are shown. In CNTL, the amplitude and phase
are stable around at 1.3 hPa and 0940 LT, respectively,
during the integration (Figs. 13a,b). However, it is found
that once the convective heating is switched off, the
amplitude drops by ;0.1 hPa and the phase becomes
earlier by ;20 min. Also, these changes project mainly
onto the 1200 LT component (drop of ;0.2 hPa) with
only minor perturbation initially to the 0900 LT component (,0.05 hPa). As noted earlier, we see in the
ExQ0 experiment an apparent rapid adjustment in S2(p)
over just 2–3 days from the ‘‘switch off’’ date. After this
initial adjustment changes in S2(p) are much more
gradual for the last ;12 days of the experiment. It is
interesting to see an apparent long-term downward
trend in the 0900 LT component. As the model atmosphere cools, the water vapor concentrations in the atmosphere will reduce, leading to a trend to weaker
direct solar forcing by water vapor absorption.
Our finding is roughly consistent with the estimation
in previous studies based on CTT. Lindzen (1978) estimated that a S2 rainfall variation, S2(R), with the amplitude and phase near the equator of 1.2 mm day21 and
0300 LT, respectively, excites a 1200 LT component of
;0.4 hPa. In our model, S2(R) amplitude and phase are
;0.4 mm day21 and 0300 LT (not shown), which would
correspond to a contribution to the 1200 LT component

Unauthenticated | Downloaded 01/09/23 06:41 AM UTC

2480

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 74

FIG. 13. Time series of (a) amplitude, (b) phase, (c) 0900 LT component, and (d) 1200 LT component for the
migrating component of S2(p) averaged between 108S and 108N. Black curves are for CNTL, and blue curves are for
ExQ0. The average for 2 yr (1999 and 2004 runs) is shown. A 3-day running mean has been applied for smoothing.
Thin vertical line in each panel shows the timing (1 Dec) when the convective heating is switched off.

of ;0.15 hPa based on Lindzen’s estimation. This is
close to the ;0.2 hPa drop we see in the 1200 LT component of S2(p), once the convective heating is switched
off in our model.

c. Dissipation effect on S2(p)
Figure 14 shows the results for near-equatorial S2(p)
in experiments with doubled or halved coefficients for
the surface drag and mixing (ExD2 and ExD05), shown
in the same format as Fig. 13. Once again we see a rapid

adjustment of the tropical S2(p) to the sudden change
imposed on 1 December. It is found that once the coefficient has been doubled (halved), the S2(p) phase
regresses (progresses) by ;5 (;3) min systematically
(Fig. 14b), without a significant change in amplitude
(Fig. 14a). As is the case for convective heating (section
4b), these changes project mainly onto the 1200 LT
component (Fig. 14d; increase and decrease by
;0.05 hPa for ExD2 and Ex05, respectively) without a
systematic change in 0900 LT component (Fig. 14c). The
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FIG. 14. As in Fig. 13, but for ExD2 (red curves) and ExD05 (blue curves), where the coefficients for surface drag
and mixing are doubled (for ExD2) or halved (for ExD05) after day 15 of integration.

same result is apparent in both individual years (not
shown). These findings indicate that the mechanical
dissipation in the atmosphere has a modest effect on the
S2 surface tide in the tropics and that the effect is to
delay the S2(p) phase by perhaps ;5–10 min.

d. Lateral boundary conditions
Figure 15 shows the migrating component of surface
pressure tides simulated in different horizontal domains.
Our results indicate that the S2(p) amplitude decreases
in the meridional strip integrations as the domain

shrinks; for example, the amplitude at the equator is
0.7 hPa for Ex30, which is only ;50% of that in CNTL
(758S–758N). Also, the simulated S2(p) phase is unrealistically late in the cases with narrow domains (e.g.,
1030 LT for Ex30 and Ex45) and approaches the observed value (;0940 LT) with broadening the boundaries. We believe this is the first time this strong
dependence of the simulated tropical S2 tide on the
location of meridional boundaries has been demonstrated. However, the comparison among the three
results of Ex80, CNTL, and Ex70 demonstrates that the
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FIG. 15. (a) Amplitude and (b) phase of the migrating component of S2(p) in December 1999 with different
horizontal model domains. (c),(d) As in (a) and (b), respectively, but for the migrating component of S1(p). Color
allocation is shown at the bottom and in Fig. 6.

dependence of S2(p) on the boundary location has
converged by 758; in other words, it was a reasonable
choice to set the boundaries at 758 in CNTL run for
realistic tidal simulations in the tropics. With regard to
S1, on the other hand, the model run in every zonal strip
domain we considered reproduces a realistic amplitude
and phase in the tropics; that is, there is no systematic
dependence on the location of the lateral boundaries.
Possible reasons for the different sensitivity of S2(p)
and S1(p) to the location of the latitudinal boundaries
will be discussed later in this section.

Figure 16 shows the daily cycle of surface pressure at
particular locations: averaged over the Maritime Continent
(108S–108N, 908–1508E; left panels) and Jakarta (denoted
by 3 in Fig. 6; right panels). In addition to the results of
longitudinally cyclic simulations, we also show results from
simulations with domains with longitudinal boundaries
(i.e., Ex30R and Ex20R). It is found that the shape of daily
cycle of barometric pressure is significantly affected by the
lateral boundaries and that such change is largely attributed to the change in S2 component (solid curves in
Figs. 16b,d). Also, in the cases with the presence of
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FIG. 16. Diurnal cycle in surface pressure (a),(b) over the Maritime Continent (108S–108N, 908–1508E) and
(c),(d) at Jakarta (68S, 106.58E), during December 1999, from results with different horizontal model domains.
Shown are (a),(c) the anomaly from daily mean and (b),(d) its S2 (solid) and S1 (dashed) components. Color
allocation is shown at the bottom and in Fig. 6.

longitudinal boundaries, the S2(p) amplitude becomes
even smaller; it is only ;0.5 hPa for Ex20R. Again, it is
worth noting that there are no significant systematic
changes in the S1 component (dashed curves in Figs. 16b,d).
Figure 17 presents the migrating component of the
rainfall variations S1(R) and S2(R) in the zonal strip
simulations. It is noteworthy that the migrating S2(R)
shows a similar dependence on the latitudinal boundaries as for S2(p). The S2(R) amplitude near the equator
is ;0.25 mm day21 in the 308S–308N domain simulation, which is approximately half of that in CNTL
(;0.5 mm day21). These findings are quite consistent
with the discovery by SA17 that the tropical S2 rainfall is
significantly affected by the S2 dynamical tide. Notably,
SA17 found that reducing the dynamical S2 tide in their
model (e.g., by suppressing stratospheric tidal forcing)
resulted in a commensurate reduction in the migrating
S2(R) in the tropics (note that the present study uses the
same model as SA17). On the other hand, just as for
S1(p), S1(R) at low latitudes is largely independent of the
choice of horizontal domain.

Our findings that the S2 tide and its effect on the
rainfall are both significantly degraded in a limited-area
model is a possible concern for the many contemporary
regional model climate and forecasting studies. Of
course our results will depend to some extent on the
horizontal boundary forcing imposed. In the present
experiments our lateral boundary conditions are interpolated from reanalyses available at 6-hourly intervals. This leads to a strong artificial suppression of the
S2 signal provided by the boundary forcing. The effect of
the boundaries on S2 may be different when boundary
forcing is taken from GCM output with high temporal
resolution or the limited domain model is run nested
within the larger domain. Also the emerging generation
of global reanalyses will have finer temporal resolution
(e.g., Dee 2016) and this may alleviate the difficulty
identified here in simulating the diurnal cycle with limited-area models.
The different sensitivity of S2(p) and S1(p) to the location of the latitudinal boundaries might be related to
the difference in S1 and S2 propagation characteristics.
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FIG. 17. As in Fig. 15, but for diurnal cycle in rainfall averaged for December 1999.

The tidal components may be approximated locally as
plane inertia–gravity waves, and such waves can propagate both vertically and horizontally only in the region
with f , v, where v is frequency of the wave and f is the
Coriolis parameter. It is well known that the nature of
spatial propagation at high latitudes is different for the
S1 tide than for the S2 tide (e.g., Chapman and Lindzen
1970). Poleward of 308 latitude the frequency v1 , f and
this means (in the local f-plane approximation) that at S1
frequency plane inertia–gravity waves cannot propagate
in all directions, but must be trapped in at least one
spatial dimension. This has a well-known consequence
in classical tidal theory as many S1 Hough modes are

associated with trapped vertical structures. More generally, spatial propagation will be inhibited at high latitudes for S1 relative to S2 and so it is not surprising that
the high-latitude boundary has negligible influence on
the S1 tide in the tropics.

5. Discussion and conclusions
The present study investigated the physical processes
controlling tides in the tropical lower atmosphere. We
used a comprehensive atmospheric model to revisit some
key issues addressed over the last 50 yr in simpler theoretical models. We chose to use a particular limited-area
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model (the IPRC RegCM) for our purposes as it had a
history of successful simulation of the diurnal cycle in
the tropical troposphere (Wang et al. 2007; SA17). Also,
by using a limited-area model we were able to address
the simulation of tides in near-global models as well as in
smaller domains typical of those currently used in many
regional climate investigations.
We verified that the tides in the tropics were realistically simulated in a version of our model with
boundaries at 758S and 758N and that the low-latitude
simulation was largely unchanged if the boundaries were
moved farther poleward. We found that the S2, but not
S1, surface tide was quite sensitive to a reduction of this
domain and that the S2(p) simulated in a 408 3 908 domain centered over the Maritime Continent had only
about half of the realistic amplitude. SA17 found that
some of the S2 rainfall variation in the tropics was forced
by the dynamical tide and so accurate simulation of the
daily cycle of rainfall in regional climate models may
also be compromised by this effect.
The earliest complete calculations of the tide in
linear theory (Lindzen 1968) indicated that the S2 tide
at the ground was forced primarily by direct absorption of solar radiation by ozone in the stratosphere and
secondarily by solar heating of the troposphere by
water vapor absorption [see also Butler and Small
(1963)]. This conclusion was based on somewhat idealized thermal forcing profiles, however, and Forbes
and Garrett (1979) found that more sophisticated
calculations of the ozone and water vapor heating resulted in rather different S2 heating profiles. Here we
addressed the issue in a very straightforward way by
running our model in a series of experiments with
different aspects of the solar heating suppressed. Our
results showed that the S2(p) at low latitudes is excited
roughly equally by the stratospheric (;40%) and tropospheric (;40%) direct radiative heating, while the
S2 variation in solar heating of Earth’s surface makes a
smaller contribution (;20%). For S1( p), by contrast,
tropospheric direct radiative heating is dominant for
the migrating component but solar heating of the
surface is also important, particularly for exciting
nonmigrating components.
Linear theory with a motionless mean state and excitation only by a heating source peaking at 1200 LT
makes a robust prediction that the phase of the equatorial S2(p) should be close to (slightly earlier) than
0900 LT, which is far from the observational phase, which
is roughly 0945 LT. More recent calculations suggest that
the inclusion of realistic mean winds and mean temperature gradients in the linear theory moves the phase
somewhat later (;0910 LT). On the basis of rainfall
observations and linear theory it has been suggested that
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the S2 cycle of latent heat release forces another component of the tide peaking near 1200 LT that results in a
significantly later phase for the total S2(p) (Lindzen
1978; Hamilton 1981a; Forbes et al. 1997). Our model
represents a step beyond earlier theoretical treatments
in that it features a self-consistent hydrological cycle.
We showed that the model simulation of the S2 component of rainfall is realistic when compared with
modern satellite data. We then performed a simple (if
drastic) experiment that showed that when the latent
heating source is removed the phase of S2(p) quickly
moves from a realistic ;0940 LT back to ;0915 LT. This
result supports the basic contention of Lindzen (1978)
that latent heating is a significant excitation for S2 and
leads to a later phase for S2(p).
Finally we used our model to assess the role of mechanical dissipation in controlling the phase of S2(p).
The original classical tidal theory was developed without
any dissipative processes considered. The linear theory
was generalized by Lindzen and McKenzie (1967) and
Dickinson and Geller (1968) to include a linear damping
of temperature perturbations and by Forbes and Garrett
(1979) and Hagan et al. (1995) to include a second-order
vertical diffusion with fixed coefficient. None of these
studies indicated that the diffusive processes would have
significance for surface tides. Our comprehensive model
includes a much more sophisticated treatment of the
subgrid-scale dissipative processes following the usual
(and widely tested) approaches in GCMs. We assessed
the role of the mechanical dissipative processes, including surface drag, in determining S2(p) phase by
introducing a sudden change in the drag and mixing
coefficients. We find that the fairly drastic changes in
dissipation we introduced into the model resulted in
small, but not negligible (;3–5 min), changes in nearequatorial S2(p) phase, with enhanced (reduced) dissipation leading to a later (earlier) phase.
Our model results provide a complete explanation for
the observed phase of S2(p). With no latent heating or
mechanical dissipation our results suggest the nearequatorial S2(p) phase might be near 0912 LT found in
linear simulations including mean winds by Forbes et al.
(1997). Adding the effects of a realistic treatment of
dissipation (including surface drag) would delay the
phase by ;5 min. Including the latent heating source
would then delay the phase by another ;25 min.
In recent years the atmospheric surface tides have been
one component of the circulation that has been assessed in
intercomparison projects for state-of-the-art global climate
models (Covey et al. 2011, 2014). These studies have found
considerable disagreement among models in some aspects
of the tide, notably the S2(p) phase (Covey et al. 2014). Our
results here have shown that a comprehensive (near global)
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model can simulate a quite realistic S2 signal in both
barometric pressure and rainfall. The analysis presented
here of the details of the tidal forcing and response in our
model may help guide the diagnosis of the discrepancies
among the tidal simulations of other climate models.
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