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[1] This study focuses on interannual variations of diurnal tropospheric heating and the
response in the mesosphere observed by radars and predicted by a model. The work is
prompted by reports of interannual variability in amplitudes of tidal variables at low
latitudes. Diurnal tides observed at Hawaii and Christmas Island exhibit a pronounced
‘‘spike’’ in amplitude from late 1997 to early 1998. It has been speculated that this
variability may be linked to the El Niño–Southern Oscillation phenomenon. We examine
diurnal solar heating due to water vapor absorption, and diurnal latent heat release due to
deep convection between 1988 and 2005. Both of these heating drives exhibit
anomalously higher amplitudes in the tropical central and eastern Pacific during
1997–1998. The altered heating patterns result in a stronger forcing of the migrating
diurnal tide by water vapor heating, and excitation of several weaker nonmigrating modes
by latent heating. A primitive equation model is used to evaluate how these drives
contribute to diurnal winds in the mesosphere. Anomalous water vapor heating results in
about 15% increases in model meridional wind amplitudes over climatological values at
subtropical latitudes between 300�E and the Greenwich meridian. While the timing of
the model amplitude enhancements is consistent with observations at Hawaii, the observed
increases are significantly stronger. Our study indicates that water vapor heating is the
larger contributor to tidal enhancement observed during 1997–1998.
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1. Introduction

[2] Atmospheric tides are among the most prominent
motions in the mesosphere and lower thermosphere
(MLT), often dominating the meridional wind field at low
latitudes [Hays et al., 1994]. Diurnal amplitudes in the MLT
exhibit variations on timescales ranging from days to years
[Fritts and Isler, 1994; Burrage et al., 1995; Eckermann et
al., 1997; Nakamura et al., 1997; Fritts et al., 1997;
Pancheva et al., 2002]. The possible causes have not been
fully sorted out, but are generally thought to fall into two
categories: (1) variability of tropospheric or stratospheric
tidal forcing and (2) amplitude modulation due to interac-
tion with the mean flow [Forbes and Vincent, 1989; Hagan
et al., 1999; McLandress, 2002b], planetary waves [Manson
et al., 1982; Teitelbaum and Vial, 1991; Palo et al., 1998;
Palo et al., 1999; Pancheva et al., 2002; Lieberman et al.,
2004] and gravity waves [Walterscheid, 1981; Fritts and

Vincent, 1987; McLandress and Ward, 1994; Nakamura et
al., 1997; Meyer, 1999; McLandress, 2002a].
[3] This study addresses variability in diurnal tropospheric

heating mechanisms, and its effects upon MLT tides. The
work is prompted by reports of interannual (IA) variability
in tropospheric and mesospheric tidal amplitudes. We
examine two primary sources of diurnal tides: heating due
to water vapor insolation absorption and latent heat release
in deep convection. We focus on events during 1997–1998,
that are associated with the El Niño–Southern Oscillation
(ENSO). ENSO is a global-scale perturbation in atmospheric
pressure, cloudiness, temperature and rainfall that occurs
roughly every 2–10 a, when warm sea surface temperatures
(SST) are displaced from the western into the central and
eastern tropical Pacific [Rasmusson and Wallace, 1983;
Philander, 1990]. The resulting variations in large-scale
tropical weather and climate systems may affect the clima-
tology of the middle atmosphere through modulation of the
radiative/convective excitation of vertically propagating
waves: tides, Kelvin waves, and gravity waves [Vial et al.,
1994; Gage et al., 1996; Eckermann et al., 1997;Mote et al.,
1998;Mote et al., 2000;Gavrilov et al., 1999; Thompson and
Wallace, 2000; Thompson et al., 2000].
[4] Evidence for IA variability in surface diurnal tides

was presented in a study by Vial et al. [1994] that examined
multidecadal time series of the diurnal surface pressure tide
at Macao (22�N, 113�E) and Batavia (now Jakarta, 6�S,
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107�E). They reported IA modulations in diurnal amplitude
of about 10–20% of the mean annual amplitude (�0.5 hPa).
The variations were correlated with a Southern Oscillation
index (SOI) based upon the Tahiti-Darwin surface pressure
difference. Vial et al. [1994] speculated that the pressure
variations at Batavia and Macao were manifestations of
diurnal forcing by water vapor absorption and latent heat
release that have been altered on planetary (or at least
Pacific Ocean size) scales by the ENSO phenomenon.
[5] Multiyear studies of the MLT diurnal tide have been

presented by Burrage et al. [1995], Vincent et al. [1998],
Tsuda et al. [1999], and Gurubaran and Rajaram [1999].
All reported IA variability of the tide that appeared to be
related to the stratospheric quasi-biennial oscillation. More
recently, Gurubaran et al. [2005] documented variations in
MLT diurnal winds during 1993–1999 at Tirunelveli
(8.7�N, 78�E) and Jakarta that correlated with deep con-
vective proxy data over the central Pacific. Gurubaran et al.
[2005] speculated that ENSO-related tidal variability arose
through convective excitation of nonmigrating tides, that
competed for dominance with the migrating diurnal tide.
[6] In the present study we quantify IA variations in MLT

diurnal tides, and in their radiative and convective forcing in
the troposphere. We then use a primitive equation model to
evaluate how the driving is communicated to diurnal winds
in the mesosphere. These experiments enable us to compare
the relative contributions of latent heat release and water
vapor insolation absorption to IA MLT tidal variations. Our
results confirm previous suggestions that the ENSO phe-
nomenon modifies tidal forcing. The key agent appears to
be enhancement of migrating component of the diurnal
water vapor insolation absorption. This is a consequence

of the increase in specific humidity over the central and
eastern Pacific during 1997–1998.

2. Mesospheric Tidal Observations

[7] We begin by showing tidal winds fromKauai, since the
variability exhibited at this and other sites was one of the
primarymotivations for our study. TheMF radar on the island
of Kauai, Hawaii (22�N, 154�W) has a nearly continuous
time series of winds extending over 17 a, probably the longest
existing data set that can be used to demonstrate mesospheric
tidal variability at tropical latitudes. 17-a diurnal composites
were prepared for each month of data, and then sinusoidal
functions were fit to provide estimates of zonal and merid-
ional wind amplitudes.
[8] Figure 1 shows the variability of the diurnal tide at

90 km. During periods when the actual tidal amplitude
exceeds the composite value, the difference is filled with
red. When the tidal amplitude falls below the composite
value, the difference is filled with blue. No filtering or
smoothing has been performed on the data, but the IA
variability of the diurnal tide is readily apparent. The
difference between the composite value for the tide and
its actual value for that particular time may be described as
the tidal ‘‘anomaly.’’
[9] The year 1997 in particular was characterized by an

anomalously large diurnal tide. The enhancement in the
diurnal tide was relatively brief, lasting about six months.
As seen in Figure 1, the average tidal amplitude is�20 m s�1

in themeridional component, and slightly smaller (�15m s�1)
in the zonal. During the 1997 anomaly, the diurnal ampli-
tudes reach about 45 m s�1. This anomaly shows up in the
meridional and zonal components at Kauai and at Christmas

Figure 1. Diurnal tidal amplitudes as a function of year, at Kauai (22�N, 154�W). When amplitudes
exceed the average seasonal value, the area between the seasonal value and the actual value for that time
is in red. When amplitudes fall below the seasonal value, the difference between the seasonal value and
the actual value is in blue.
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Island (2�N, 157�W) (see Figure 2). An MF radar at
Rarotonga (22�S, 160�W) was not operating during the
large 1997–1998 tidal enhancement, but this site is shown
to demonstrate that the tidal variability at this southern
hemisphere site closely tracks that in the northern hemi-
sphere. Gurubaran et al. [2005] also documented enhance-
ments in mesospheric diurnal winds at Tirunelveli and
Jakarta, that occurred in early to mid-1997. Therefore we
are convinced that the 1997–1998 variations exhibited in
Figures 1 and 2 are real. There appears to be a high
correlation in the tidal amplitudes between low-latitude
radar sites over India, the maritime continent, and the
central Pacific Ocean.

3. Tropospheric Tidal Sources

[10] The key tropospheric drivers for vertically propagat-
ing diurnal tides are heating due to absorption of IR solar
radiation by water vapor (hereafter referred to as ‘‘water
vapor heating’’), and latent heat release due to deep con-
vection [Chapman and Lindzen, 1970; Hagan, 1996; Hagan
and Forbes, 2002]. We have investigated these sources
using data from the NASA Water Vapor Project (NVAP),
the International Satellite Cloud Climatology Project
(ISCCP), and the Tropical Rainfall Measuring Mission
(TRMM).

3.1. IR Absorption

[11] Diurnal heating due to IR absorption by tropo-
spheric water vapor was computed using 14 a of monthly
mean NVAP global precipitable water (1988–2001). Our
methodology is described by Lieberman et al. [2003],
where NVAP-based climatological IR heating rates are also
presented (using data for 1988–1997). Briefly, NVAP
precipitable water values are inverted onto vertical struc-
tures of specific humidity provided by concurrent National
Center for Earthquake Prediction reanalyses. Specific hu-
midity profiles are then input to a simple two-stream model

with vertically uniform cloud layer structure [Groves,
1982].
[12] Monthly composites of the diurnal heating have been

formed on the basis of data between 1988 and 2001. These
composites are hereafter denoted as ‘‘climatology’’. Exam-
ination of the month-to-month IR diurnal heating rates show
that the only significant deviations from climatological
conditions occurred between July 1997 and March 1998.
The remainder of this discussion focuses upon the heating
during this period, compared to the previous and subsequent
years.
[13] Diurnal IR heating amplitudes for January 1997,

1998, and 1999 are shown in Figure 3 (left). Figure 3
(right) show the corresponding deviations from climatology.
The hour of maximum of the heating (not shown) is
uniformly 1200LT. Amplitudes in 1997 (Figure 3, top left)
resemble January climatological conditions. The dominant
feature is the zonally invariant component. There is, how-
ever, a local minimum in the tropical eastern Pacific,
associated with a dry ‘‘tongue’’ off the west coast of South
America. Other longitudinal variations are associated with
water vapor enhancements over Africa, South America, and
the maritime continent [Lieberman et al., 2003]. The typical
power spectrum at the equator (not shown) indicates a
strong westward traveling zonal wave number 1 (or migrat-
ing) component (hereafter denoted W1), and significantly
weaker nonmigrating components dominated by westward
traveling wave number 2 (W2) and eastward traveling wave
number 1 (E1).
[14] Beginning in June 1997, equatorial IR heating

extended across the entire Pacific Ocean, and the dry tongue
was substantially diminished. Heating over the Indian
Ocean, on the other hand, was weaker than usual, as seen
in Figure 3 (middle right). The pattern of equatorial heating
is shifted southward relative to the climatological condi-
tions. The maximum heating anomalies in the eastern
Pacific during 1998 are approximately 3 mW kg�1. Com-
parison with the 14-a climatological heating values (not

Figure 2. Diurnal tidal amplitudes as a function of year, at Kauai (22�N, 154�W), Christmas Island
(2�N, 157�W), and Rarotonga (22�S, 160�W).
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