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Diurnal and semidiurnal variations in global surface
wind and divergence fields

Aiguo Dai and Clara Deser
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Abstract. Diurnal and semidiurnal variations in surface winds and wind divergence
over the globe (50°S—70°N) are documented using 3-hourly wind observations from
~10,000 land stations and available marine reports during 1976-1997. A strong
diurnal cycle in surface winds is found over land areas (strongest over high terrain
and in summer) with an amplitude of 0.6—1.1 m/s for wind speed and 0.5—0.7 m/s
for the zonal and meridional wind components. Surface wind speed peaks in the
early afternoon over most of the globe. It is suggested that increased downward
turbulent mixing of momentum during the day could be one of the main causes
for the early afternoon maximum of surface wind speed. The diurnal anomalies of
surface wind divergence tend to be out of phase in adjacent regions. In particular,
land areas (except for extreme inland locations) exhibit maximum divergence
around dawn (0600—0800 local solar time(LST)), while nearby oceanic regions have
their maximum divergence in the evening (1700—1900 LST). Thus, there is evidence
for a large-scale diurnal circulation in which surface air rises and converges over
the continents and sinks and diverges over nearby oceans in the afternoon and
early evening, and the opposite occurs in the early morning. Over the tropical
Atlantic and Pacific Oceans (10°S—10°N), a zonally coherent pattern of maximum
convergence (divergence) north (south) of the equator around 0900-1200 LST is
generally similar to the latitudinal profile of the mean daily divergence, indicative
of an enhancement of the local Hadley cell around 1030 LST relative to the daily
mean. Another zonally coherent north-south dipole occurs over the North Pacific,
with maximum surface wind divergence (convergence) around 0600—0800 LST in
the subtropics (midlatitudes). This phase pattern correlates with cloud cover over
the two regions. Over the United States, surface divergence peaks around 0600 LST

in the west and the east and around 2000 LST in the center.

1. Introduction

Solar heating in the atmosphere, combined with other
regional forcings, generates internal gravity waves in the
atmosphere at periods of integral fractions of a solar
day, especially at the diurnal and semidiurnal periods.
These waves cause regular oscillations in atmospheric
pressure, temperature, and wind fields which are of-
ten referred to as atmospheric tides [ Wallace and Har-
tranft, 1969; Chapman and Lindzen, 1970; Haurwitz and
Cowley, 1973; Hsu and Hoskins, 1989; Whiteman and
Bian, 1996; Dai and Wang, 1999]. Although the tidal
variations in winds are much larger in the upper atmo-
sphere than at the surface [ Wallace and Hartranft, 1969;
Williams and Avery, 1996], large diurnal and semidiur-
nal variations in surface or lower tropospheric winds are
found over tropical islands [Aspliden, 1977; Williams et
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al., 1992], the open oceans in the tropical Pacific [Gut-
zler and Hartten, 1995; Deser, 1994; Deser and Smith,
1998] and tropical Atlantic [Pedder, 1978; Nitta and
Esbensen, 1974], the central United States [Hering and
Borden, 1962; Reiter and Tang, 1984], southern India
[Sivaramakrishnan et al., 1993), northeastern Australia
[May, 1995], and eastern Africa [Savijarvi, 1997]. For
example, Heino [1978] finds that diurnal variations of
surface wind speed accounts for more than 50% of the
total variance in summer over Finland. Over the tropi-
cal Pacific, Deser and Smith [1998] find that the semid-
iurnal cycle dominates the daily variation of the surface
zonal wind component (u) with an average amplitude
of 0.15 m/s and a phase (time of maximum, or Tmax)
of 0310 and 1510 local solar time (LST), while the diur-
nal cycle dominates for the meridional wind component
(v), which peaks around 0600—-0900 (1800—2000) LST
north (south) of the equator and has an average ampli-
tude of 0.19 m/s.

Many of the features of daily wind variations docu-
mented by the above regional studies have been found
to be related to local forcing such as solar heating asso-
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ciated with topography, latent heating in moist convec-
tion, and differential solar heating over adjacent water
and land surfaces. To separate the migrating, global
tidal waves from the nonmigrating, regional tidal sig-
nals, one needs to analyze the daily variations on a
global scale.

The daily variations in surface wind divergence have
been documented only for limited regions in the trop-
ical Atlantic [Nitta and Esbensen, 1974; Pedder, 1978;
Dewart, 1978] and tropical Pacific [Deser and Smith,
1998], where diurnal variations in surface divergence
appear to be out of phase between 5°N and 5°S. Dai
et al. [1999] analyzed the diurnal variations of surface
divergence associated with the diurnal and semidiur-
nal tides in surface pressure fields over the contiguous
United States.

The diurnal cycle in low-level wind convergence may
be related to that in precipitation. Dai et al. [1999] sug-
gest that the diurnal cycle in low-level convergence over
the United States largely controls the diurnal timing in
summer precipitation (late afternoon maxima over the
Rockies and the East and nocturnal maxima in the cen-
tral United States). Limited ship observations suggests
that maritime precipitation is significantly more fre-
quent at night, with a maximum around 0300 LST over
the northern (30°N—58°N) Atlantic and Pacific [Kraus,
1963]. Satellite and surface observations also show early
morning or predawn maxima in tropical oceanic rainfall
[Janowiak et al., 1994; Chang et al., 1995] and deep con-
vection [Gray and Jacobson, 1977; McGarry and Reed,
1978; Albright, 1987; Fu et al., 1990; Hendon and Wood-
berry, 1993]. However, a late afternoon maximum of
convection was found over the tropical eastern Atlantic
Reed and Jaffe, 1981].

Several complementary mechanisms have been pro-
posed to explain the diurnal cycle in deep convective
rainfall over the tropical oceans. These include day-
night variations in tropospheric radiative cooling rates
[Gray and Jacobsen, 1977; Foltz and Gray, 1979], cloud-
radiation interactions [Randall et al., 1991; Xu and
Randall, 1995], and daytime heating of the sea surface
Hendon and Woodberry, 1993; Chen and Houze, 1997).
However, the relative importance of these processes has
not yet been resolved. Results of diurnal variations of
surface winds and divergence should provide insights
into the mechanisms for the diurnal cycle in the oceanic
rainfall and convection.

In this study, we document the mean diurnal and
semidiurnal variations in surface wind speed, zonal and
meridional wind components, and surface wind diver-
gence over the globe (50°S—70°N) by analyzing 3-hourly
data from approximately 10,000 land and island sta-
tions and individual marine reports from the Compre-
hensive Ocean-Atmosphere Data Set (COADS) during
1976—1997. To the best of our knowledge, this work
represents the first attempt to examine the mean daily
variations of surface winds and wind divergence on a
global basis. We also discuss the implications of our
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results in terms of causal mechanisms for the strong di-
urnal cycles in surface wind speed and wind divergence.

2. Data and Analysis Method

The 3-hourly station data of surface wind speed and
direction, from which the zonal (u) and meridional
(v) wind components are derived, were extracted from
the Global Telecommunication System (GTS) synoptic
weather reports archived at the National Center for At-
mospheric Research (NCAR) (DS464.0, http://www.scd
.ucar.edu/dss/datasets/ds464.0.html). This surface data
set, which covers the time period from July 1976 to
April 1997 and has a volume of about 2.5 GB per
year, contains 3-hourly (0000, 0300, 0600 Coordinated
Universal Time (UTC), etc.) surface wind measure-
ments (typically made at about 10 meters above the
ground) from about 15,000 land and island stations.
We also processed the individual marine reports from
the COADS data set [ Woodruff et al., 1993) from Jan-
uary 1976 to December 1995 (data after 1995 were not
released at the time of our analysis). The COADS re-
ports include hourly data from a small number of buoys
in the equatorial Pacific, and 3-hourly data from ships
and buoys. We used the COADS reports at the GTS
3-hourly reporting times.

Surface wind speeds are typically reported in units
of knots (1 knot = 0.514 m/s). Although this preci-
sion is rather low compared to the diurnal amplitudes
of surface winds, the averaging over a large number (up
to 1800) of reports should substantially reduce the ran-
dom errors in the measurements. While the winds are
measured at a relatively stable height above the ground
at the land and island stations, shibs and buoys mea-
sure winds at various levels. The Tropical Atmosphere-
Ocean (TAQ) and other moored buoys measure winds
at ~2 m above the sea surface. Anemometers on fish-
ing and other small boats can be 2—20 m above the
sea surface, while big commercial ships may measure
winds at more than 20 m above the sea surface. The
biases resulting from the variable measurement heights
in marine surface wind data are discussed by Kent et
al. [1993]. A preliminary evaluation suggested that
ship-measured wind is as good a measure of the large-
scale wind flow as the winds recorded at island sta-
tions [Morrissey et al., 1988]. Despite their differences
in the measuring height, winds measured by ships and
buoys match fairly well [Quayle, 1984]. No attempts
were made to adjust these biases in this study nor in
COADS.

In contrast to land stations, which are fixed, the ship
and many of the buoys are moving, and thus their re-
ports are made at variable longitude/latitude locations.
We averaged individual marine reports within each 2.5°
longitude x 2° latitude box to obtain a mean value for
each grid box at each reporting time. Land and fixed
ocean stations were analyzed individually for the am-
plitude and phase of diurnal (S;) and semidiurnal (Ss)
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Figure 1. Stations (big dots) and 2.5° longitude x 2.0° latitude oceanic grid boxes (small dots)
with 4 or more years of surface wind data during the 1976-1997 period at the 0900 UTC (top)
and 1200 UTC (bottom) observation times. N is the number of total stations and oceanic boxes.

harmonics which then were gridded onto a 2.5° longi-
tude x 2° latitude grid using the natural neighbor in-
terpolation method [Watson, 1992]. The gridded data
of amplitude and phase were used in the spherical har-
monic analysis.

The number of reports of surface winds at 0300,
0900, 1500 and 2100 UTC is generally smaller than at
0000, 0600, 1200, and 1800 UTC for both the GTS and
COADS data sets (cf. Figure 1). Over much of the
Southern Ocean (south of ~30°S) and parts of the equa-
torial Pacific, surface wind data are available only at
0000, 0600, 1200, and 1800 UTC. While these 6-hourly
data are sufficient for sampling the diurnal harmonic,
they are not adequate for capturing the semidiurnal cy-
cle. Fortunately, the semidiurnal cycle of surface winds
does not change rapidly in the longitudinal direction
over the oceans [Deser and Smith, 1998]. Thus we were
able to supplement the 6-hourly data at those oceanic
grid boxes that have data only at 0000, 0600, 1200, and

1800 UTC (cf. Figure 1) by using reports (after daily
mean is removed) 10° to the east (40 min later) and to
the west (40 min earlier). This results in 12 reports per
day (0000, 0040, 0520, 0600, 0640 UTC, etc.) at these
oceanic boxes. Sampling tests with given diurnal and
semidiurnal harmonics showed that the 3-hourly even
sampling (i.e., 0000, 0300, 0600 UTC, etc.) and the
supplemented 12 reports/day sampling are sufficient to
exactly reproduce the original harmonics. Tests also
showed that the supplementation of data points does
not change the diurnal harmonics significantly.

The individual observations at each synoptic hour
were averaged by season (DJF, December—February;
MAM, March—May; JJA, June—August; and SON,
September—November) for each year. For the season-
ally averaged values to be used in our harmonic analy-
sis we required at least 7 of the 8 synoptic hours hav-
ing data for the land stations and 11 of the 12 sup-
plemented synoptic hours having data for the oceanic
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grid boxes. About 10,000 GTS stations and 5000—7000
(2.5° x 2.0°) oceanic grid boxes meet this requirement
with four or more years of data during the 1976-1997
period. GTS stations and oceanic grid boxes with less
than four years of data were excluded in our analysis.
The stations and oceanic grid boxes with sufficient data
are shown in Figure 1 for the 0900 (similar for 0300,
1500, and 2100 ) UTC and 1200 {similar for 0000, 0600,
1800) UTC observation times. It can be seen that the
station and marine observations provide good coverage
over much of the globe except the Arctic Ocean, Green-
land, the Antarctic, and the southern Pacific (south of
50°S) where the data are sparse. We shall focus on the
region from 50°S to 70°N.

Surface divergence (D = V e V, where V is horizon-
tal wind vector) was computed (on sigma surface) us-
ing finite differencing from the observed 2.5° longitude
x 2.0° latitude gridded winds. Tests showed that the
finite-difference method yielded divergence fields similar
to those derived using spectral methods.

The mean 3-hourly surface wind and divergence data
(Y) at each location may be represented by

Y(t') = Yo + Si(t') + S2(t') + residual (1)

Sn(t') = Ap sin (nt' + 0,) = ap, cos (nt') + by, sin (nt')
(2)

where n=1, 2 (for diurnal and semidiurnal oscillations),

Western U.S. (108.23W, 36.75N
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Y, is the daily mean value, S; and S, are the diurnal
and semidiurnal harmonics, respectively, 4,, is the am-
plitude (note that the peak-to-peak amplitude is 24,,),
0y is the phase, and ¢’ is mean local solar time (LST) ex-
pressed in degrees or radians (i.e., t' = 27t; /24, where t;
is LST in hours). The residual in equation (1) contains
the higher-order harmonics of the daily cycle which are
not resolved by the 3-hourly sampling. Since previ-
ous analyses of hourly data showed that these high-
frequency harmonics are much smaller than S; and S»
over the tropical Pacific Ocean [Deser and Smith, 1998],
the error induced by the aliasing of the high-frequency
harmonics is likely to be small in equations (1) and (2).

A few examples of the fitted diurnal and semidiur-
nal oscillations of wind speed are shown in Figure 2. It
should be emphasized that while the diurnal and semid-
iurnal harmonics can represent the diurnal variations
reasonably well over majority of the locations, they fit
the data poorly at some stations and ocean boxes, espe-
cially when the number of observations is small and/or
the diurnal variations are weak. We shall use the per-
centage of the mean daily variance explained by the two
harmonics as a measure of the goodness of fit.

The harmonic coefficients a,, and b, are then interpo-
lated onto a 2.5° longitude x 2° latitude grid using the
natural neighbor interpolation method [ Watson, 1992).
At each latitude, the gridded coefficients are then ex-
panded using trigonometric series of the longitude so
that the relative importance of various zonal modes
with different wave numbers can be examined (see Hau-
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Figure 2. Observed mean DJF surface wind speed (pluses) together with the fitted diurnal
(short-dashed curve) and semidiurnal (long-dashed curve) harmonics at four locations. The solid
curve is the sum of the two harmonics.
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Figure 3. Annual mean surface wind speed anomalies
(m/s) relative to the daily mean at the 6-hourly ob-
servation times derived by averaging and gridding the
station and marine data of the 1976-1997 period. Neg-
ative values are hatched. Contour intervals are 0.2 m/s.
Plots for seasonal means are similar.

rwitz and Cowley [1973) and Dai and Wang [1999] for
details of the method).

The raw data of annual mean surface wind speed (ex-
pressed as departures from the daily mean) are shown
in Figure 3 for the 6-hourly observation times. It can
be seen that the westward propagating wave number 1

mode predominates. The dominant wave mode will be-
come more clear in the zonal harmonic analysis of the
data. Superposed on top of the migrating global mode,
there are various regional features. For example, diur-
nal wind variations are larger over land than ocean and
strongest over high terrain such as the Rocky Moun-
tains, the Andes, and the Tibetan Plateau.

3. Results

3.1. Daily Variations of Surface Winds

Figure 4 shows the spatial distributions of the am-
plitudes of the diurnal and semidiurnal harmonics in
annual mean wind speed, zonal, and meridional wind
components averaged over the 1976-1997 period. It can
be seen that the amplitudes of S; are generally larger
over land (especially over high terrain such as the Ti-
betan Plateau and the western United States) than over
ocean. It should be pointed out that large values over
continental boundaries were interpolated onto adjacent
oceans by the contouring package (same in Figure 5).
The amplitude of S; for wind speed ranges from 0.6
to over 1.0 m/s over land areas. For the zonal and
meridional wind components, the amplitudes of S; are
about 0.3—0.4 m/s over the oceans and 0.5—0.7 m/s
over middle- and low-latitude land areas. These are con-
siderably smaller than those of wind speed, suggesting
that diurnal variations in wind directions are relatively
small. Analyses of wind direction data (not shown) in-
dicate that the diurnal amplitude of wind direction is
about 10° over the oceans and 10°-40° over land areas
(larger in summer and over high terrains).

The semidiurnal harmonics in surface winds have an
amplitude of about 0.2—0.3 m/s, which is substantially
smaller than that of the diurnal harmonics (Figure 4).
This is in contrast to surface pressure whose semidiurnal
oscillation is stronger than or comparable to the diurnal
oscillation over most of the globe [Dai and Wang, 1999).
There is also no significant land-sea difference in the
amplitude of S2 (consistent with the surface pressure
field), suggesting that surface forcing of the semidiurnal
oscillation is small.

Seasonal variations in the amplitudes of surface winds
are significant only for S; and only over the land areas
outside the tropics. Figure 5 shows that the ampli-
tudes of S; of surface wind speed over North America
and Eurasia vary from about 0.3—0.5 m/s in DJF to
0.7—-1.1m/s in JJA. Similar seasonal variations are also
seen for the zonal and meridional wind components (not
shown).

Figure 6 shows the local solar time Tmax when the
diurnal harmonic peaks for annual mean wind speed.
The diurnal harmonic of wind speed peaks around early
afternoon (1400 LST) over most land areas and slightly
earlier (1200—1400 LST) over the oceans. Tmax over
the Pacific off Mexico is in late afternoon (1600—1800
LST). This feature seems to be robust since there are
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Figure 4. Amplitude (in units of 0.1m/s) of the diurnal (S;, left column) and semidiurnal (Ss,
right column) harmonics of mean annual surface wind speed (top panels), zonal (middle panels),
and meridional (bottom panels) wind components. The amplitudes have been smoothed in space
to reduce the small-scale noise. Contour intervals are 0.1 m/s for S; and 0.05 m/s for S;. Values

over 0.7 m/s are hatched.

sufficient ship reports from this area (cf. Figure 1).
Compared with surface wind speed, the phase of the
diurnal harmonics of the wind components (not shown)
exhibits more regional variations, with Tmax generally
peaking around 1200 LST. The seasonal differences of
Tmax are generally small.

A convenient measure of the relative strengths of the
diurnal and semidiurnal harmonics is the percentage of
the mean daily variance accounted for (Figure 7). Over
most land areas the diurnal (semidiurnal) harmonic ex-
plains 50—70% (10-20%) of the mean daily variance;
while over the oceans, the percent variance explained is
only slightly larger for the diurnal harmonic (30—40%)
than for the semidiurnal harmonic (15—-25%). To-
gether, the two harmonics explain 60—90% of the mean

daily variance over land areas and only about half of
the daily variance over the oceans. This partly reflects
the fact that the sampling errors are larger over ocean
than over land.

3.2. Daily Variations of Surface Wind
Divergence

To provide a context for diurnal variations in surface
wind divergence, we show the daily mean surface wind
and wind divergence fields for the annual mean, winter
and summer (Figure 8). It can be seen that the Inter-
tropical Convergence Zone (ITCZ) is well defined over
the Pacific and Atlantic by the bands of maximum con-
vergence (1.5—2.0 x 1079 s~ for annual and DJF and
2—3 x 1076 571 for JJA). Over the Indian Ocean, the
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Figure 5. Same as Figure 4 (S; only) but for mean DJF (top) and JJA (bottom) surface wind

speed.

tropical convergence zone spreads over a much wider
region. The subtropical divergence centers over the
oceans are close to the western boundaries of the con-
tinenits and to the east of the centers of the subtropi-
cal pressure highs [e.g., Shea, 1986]. Strong divergence
(1.5—2.5 x 1079 s~!) also occurs during DJF over the
eastern coasts of Asia and North America where winds
coming off the continents from the northwest accelerate
over the oceans. Over North America, strong diver-
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Figure 6. Local solar time Tmax (hours) when the di-
urnal harmonic (S1) of annual mean surface wind speed
peaks.

gence occurs in the western and eastern parts of the
continent, while convergence tends to occur in the mid-
dle. This pattern exists in all the seasons although the
convergence in the middle is much reduced during DJF
and extends farther to the west in JJA (the pattern in
spring and autumn is very similar to that for the an-
nual mean). The land (oceanic) areas tend to have more
convergence (divergence) in summer (also see Figure 10)
while the opposite is true in winter. This is no surprise
because the boundary layer air over land is warmer than
the air over ocean during summer, which leads to sur-
face wind convergence and rising motion over land (vice
versa in winter). We shall show that this mechanism
may also explain the phase difference in the divrnal cy-
cle of surface divergence between land and ocean.
Figure 9 shows the amplitudes of the diurnal and
semidiurnal harmonics of the annual mean, DJF and
JJA divergence calculated from the observed winds.
The diurnal amplitude of the divergence varies from 2.0
x 10~7 s~! over the oceans to about 3.0-5.5 x 107
s~! over land areas. During boreal summer, maximum
values occur over the western coast of North America,
northern Africa, and the Middle East. During austral
summer, the diurnal amplitude is largest (4.0—5.5 x
10~7 s~1) over Australia and southern Africa. There
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Figure 7. Percentage of the mean daily variance explained by the diurnal (left) and semidiurnal
(right) harmonics of the annual mean surface wind speed. Plots for the zonal and meridional
wind components are similar to those of wind speed.

are, however, no high values of the diurnal amplitude
over the Bolivian highlands in DJF, which is likely due
to the poor data sampling over the region (cf. Figure 1).
The semidiurnal amplitude of the divergence is about
1.0-2.0 x 10~7 s~! over most of the low and middle lat-
itudes and does not vary much from winter to summer.
The values at the higher latitudes (especially for Ss)
are likely to have large uncertainties due to the limited
number of observations there.

Plate 1 shows the Tmax for annual mean surface wind
divergence. The estimated phase may have large uncer-
tainties (£1.5 hours), especially over the oceans. Never-
theless, some large-scale patterns are evident for many
regions in Plate 1. It can be seen that the diurnal cycle
of divergence tends to be approximately out of phase
for many adjacent regions. For example, most land ar-
eas (except for the innermost parts of the continents)
tend to have maximum divergence (or minimum conver-
gence) around dawn (0600—0800 LST), while the oceans
adjacent to the continents have maximum divergence in
the evening (1700—1900 LST). This pattern is evident
over almost all the continental boundaries, especially
around Australia, North America, eastern Asia, the In-
dian subcontinent, and the Mediterranean Sea. Even
though somne innermost parts of Eurasia and North
America do not follow this land-sea pattern, simple av-
eraging (weighted by area) of the JJA divergence data
over the land and oceanic areas between 25°N and 60°N
results in two diurnal cycles with near opposite phases
(Figure 10). Figure 10 also shows that the diurnal cycle
dominates over the semidiurnal cycle over both the land
and the oceanic areas at these northern latitudes. The
above land-sea phase difference is most pronounced in
summer but is also evident in other seasons and in the
annual mean.

Over the United States the diurnal harmonic of sur-
face divergence peaks around 0600 LST in the western
and eastern United States and around 2000 LST in the

central United States (Plate 1). This alternating fea-
ture, which is seen in all the seasons, resembles the pat-
tern in the mean divergence field (Figure 8). Figure 11
(top) shows the mean daily march of surface divergence
averaged over the western, central, and eastern United
States during summer. The diurnal amplitude is largest
(9-12 x 1077 s71) in the western United States and
smallest (~2 x 10~7 s7!) in the central United States.
The diurnal cycle dominates over the semidiurnal cycle
in the western and eastern United States. Figure 11
(bottom) shows the pattern of 1800 LST minus 0600
LST differences of surface winds and divergence. At
1800 LST relative to 0600 LST, strong winds (up to
2 m s™!) from the Pacific (the Atlantic) and the Gulf
of Mexico converge over the western (eastern) United
States, while the wind anomalies are relatively weak
over the central United States.

The phase map (Plate 1) of the diurnal harmonic of
surface wind divergence shows a zonally coherent (al-
though noisy) pattern within about 10° of the equator
over the Pacific and Atlantic, with maximum conver-
gence (divergence) north (south) of the equator around
0900—-1200 LST. Accordingly, we zonally averaged the
diurnal divergence anomalies across the eastern and
central Pacific (180°—85°W) and Atlantic (55°W —15°E).
Figure 12 shows the zonally averaged daily mean wind
divergence profile, together with the zonally averaged
divergence anomaly profile around 1030 LST for the Pa-
cific (top) and Atlantic (bottom) domains in each sea-
son. Note that the scale for the daily mean divergence is
in 107% s~1, while the scale for the 1030 LST divergence
anomaly is in 10~7 s~!. With the exception of the Pa-
cific in JJA the latitudinal structure of the divergence
anomaly at 1030 LST is generally similar to the profile
of the mean daily divergence, indicative of an enhance-
ment (~10%) of the local Atlantic and Pacific Hadley
cells at 1030 LST relative to the daily mean. In JJA
over the Pacific the profile of anomalous divergence at
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Figure 9. Same as Figure 4 but for annual mean, DJF and JJA surface divergence (10~7 s~1)

calculated from the observed winds.

1030 LST is displaced southward by about 5° of latitude
relative to the profile of daily mean divergence, and the
strongest diurnal cycles are over the transition zones,
not in the ITCZ. We do not understand the reasons
for this displacement. The diurnal divergence results
broadly support the findings of Deser and Smith [1998]
for the tropical Pacific, although Deser and Smith found
considerably larger amplitudes over the equatorial Pa-
cific. This may be partly due to the higher temporal
sampling (hourly data) and less smoothing in time and
space in Deser and Smith [1998] than in the present
study.

Figure 13 provides more detail on the diurnal varia-
tion of the local Hadley cell in the Atlantic during DJF.
The surface divergence data confirm the phase pattern
shown in Plate 1. Figure 13 shows that surface diver-

gence over the equatorial Atlantic ITCZ (3.5°S—7.5°N)
peaks around 0100 LST, which is out of phase with the
regions to the north (7.5°N—19.5°N, Tmax~1300 LST)
and south (3.5°5—18.5°S, Tmax~1400 LST). Compared
with the Pacific ITCZ, where surface divergence peaks
around 2230 LST, Tmax over the Atlantic ITCZ is
2—3 hours later. Our Atlantic ITCZ results are con-
sistent with measurements made during the GARP At-
lantic Tropical Experiment (GATE, about 5°N—10°N
and 27°W—20°W): Pedder [1978] reports an amplitude
of 0.2 x 1075 s7! and a Tiax of 0310 LST, which is
slightly later than that shown in Plate 1 and Figure 13.

The alternating pattern of divergence seen in the
tropics also exists at higher latitudes over the central
Pacific Ocean. Figure 14 shows the mean annual diur-
nal cycle of surface wind divergence zonally averaged
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Plate 1. Same as Figure 6 but for surface wind divergence in colors.

across the central Pacific (160°E—130°W) as a function
of latitude. It can be seen that the diurnal harmonic
peaks around 1800—2000 LST from ~25°N to 42°N,
which is out of phase with the region 10°—25°N. Across
the equator the diurnal cycle is approximately out of
phase between 0°—10°N (Tax=2100-2300 LST) and
0°-12°S (Tmax=0900—1200 LST). The phase transi-
tion from 25°N to 12°S suggests that the diurnal cycle
of surface divergence over the ITCZ (0°—10°N) is cou-
pled with both the zones to the north (10°—~25°N) and
south (0°—12°S). Figure 14 also shows that the mean
diurnal amplitude increases from about 0.5 x 1077 s7?
around the equator to 1.0—1.5 x 1077 s~! in the sub-
tropics in the Pacific. Over the South Pacific, Tmax
is approximately 7 hours earlier over 12°S—28°S than
over 0°—12°S. The amplitude over 12°5—28°S is also
about twice that over the other latitudinal zones. Tests
showed that the land stations within 12°S—28°S (cf.
Figure 1) do not change the diurnal pattern in this zone.
Over the Atlantic Ocean, the alternating pattern is also

25-60N Land (solid line) vs Ocean (dashed line), JJA8 0
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Figure 10. Mean surface wind divergence (10-7 s71)
during JJA averaged at each local time over the land
(solid curve, left ordinate, negative values indicate con-
vergence) and oceanic {dashed curve, right ordinate)
areas from 25°N to 60°N.

evident although strong coastal effects make it less pro-
nounced than over the central Pacific Ocean (Plate 1).

3.3. Zonal Wave Components

The diurnal and semidiurnal oscillations can be ex-
panded into various zonal wave components at each lat-
itude. Figure 15 shows the globally (from 50°S to 70°N)
averaged amplitudes for the important wave compo-
nents of the annual diurnal and semidiurnal harmonics.
The wave modes with positive (negative) wave numbers
(s) travel toward the west (east), while the mode with
s=0 is a standing wave. In particular, the wave with
s=1for S; (s = 2 for Sp) travels westward at the speed
of the mean Sun. When expressed in the local time,
this wave is independent of the longitude and is called
the migrating tide, whereas the other waves depends
on both the local time and the longitude and are called
nonmigrating tides [Haurwitz and Cowley, 1973).

Figure 15 shows that both the diurnal and semidi-
urnal oscillations are dominated by the migrating tides
whose global mean amplitudes are about 5 times those
of the nonmigrating tides. Contrary to surface pres-
sure, whose global mean amplitude of the semidiurnal
oscillation is greater than that of the diurnal oscilla-
tion [Haurwitz and Cowley, 1973; Dai and Wanyg, 1999],
the global mean amplitudes of the diurnal oscillation of
surface winds and divergence are larger than those of
the semidiurnal oscillation, especially for their migrat-
ing components and for surface wind speed and diver-
gence. This is consistent with the patterns shown in the
raw data (Figure 3).

Globally averaged, the amplitudes of the two harmon-
ics of the zonal wind component are only slightly larger
than those of the respective harmonics of the merid-
ional wind component. The diurnal harmonic of sur-
face wind speed is about twice as strong as those of the
wind components, while the semidiurnal harmonic of
surface wind speed is considerably weaker than those
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Figure 12. Mean seasonal surface divergence (10~°
s~1, dashed curve) and 1030 LST divergence anomaly
(reconstructed from the diurnal harmonic) relative to
the daily mean (10~7 571, solid curve) zonally averaged
over the tropical Pacific from 85°W to 180°W (top) and
the Atlantic from 55°W to 15°E (bottom).

Longitude (deg.)

Figure 11. (top) Mean surface wind divergence
anomalies(10~7 s~!) during JJA averaged at each lo-
cal time over the western (west of 100°W, solid curve),
central (100°—85°W, short-dashed curve), and east-
ern (east of 85°W, long-dashed curve) United States.
(bottom) Mean 1800 LST minus 0600 LST difference
of surface winds (maximum arrow length = 2.0 m/s)
and divergence (ranging from —1.0 to +0.5 x 1073
s~!, shaded (white) areas have negative (positive) di-
vergence) for JJA over North America.

of the wind components. Seasonal variations of the
global mean amplitudes of the wave modes are small
(not shown).

4. Discussion

The diurnal harmonic of wind speed (Figure 6) is ap-
proximately in phase with the diurnal cycle of surface
air temperatures (Figure 16). Associated with higher
surface temperatures during the day, sensible heat from
the surface peaks in the afternoon, resulting in increased
instability in the planetary boundary layer. This allows
more downward turbulent mixing of momentum during
the day than at night and contributes to the maximum
wind speed in the afternoon. On the other hand, sen-
sible heating from the surface can also generate spatial
gradients in surface pressure fields and thus stronger
winds during the day. The large land-sea difference in
the amplitudes of S;, which is also seen in the diur-
nal harmonic of surface pressure [Dai and Wang, 1999],
is consistent with the stronger diurnal cycle in surface
turbulent mixing and larger sensible heating over land
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Figure 13. Diurnal evolution of the mean DJF diver-
gence (thick solid curve) and divergence anomalies (rel-
ative to the daily mean) represented by the fitted diur-
nal (long-dashed curve) and semidiurnal (short-dashed
curve) harmonics averaged over three latitudinal bands
in the tropical Atlantic. The thin solid curve is the sum
of the two harmonics. The averaging was done at each
UTC time, but the results are plotted against the lo-
cal time at the center of the zones as defined by the
longitudes and latitudes indicated on each panel.
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Figure 14. Annual mean diurnal cycle of the zon-
ally averaged surface wind divergence (10~7 s~1) across
the Pacific (160°E—130°W) as a function of latitude
based on the estimated diurnal harmonic of the 1976-
1995 period. The averaging was done at each local time.
Positive (negative, hatched) values indicate divergence
(convergence) relative to the daily mean.

than over ocean, although the same mechanisms may
work over ocean as well.

The land-ocean phase differences in the diurnal cycle
of surface wind divergence (Plate 1 and Figure 10) is
analogous to the land-ocean differences in mean summer
and winter divergence fields (cf. section 3.2 and Fig-
ure 8). During the daytime, land areas warm up more
rapidly than the oceans, which results in much higher
surface temperatures over land than over ocean in sum-
mer and the smallest land-ocean temperature differ-
ence in winter by the afternoon (1400—1600 LST) (Fig-
ure 16). During the night, radiative cooling decreases
surface temperatures faster over land than over ocean,
which results in substantially lower temperatures over
land than over ocean in summer and the largest land-
ocean temperature difference in winter around dawn
(Figure 16). Associated with this diurnal cycle in the
land-ocean difference of surface air temperatures, which
is primarily due to land temperature changes, there
should be a continental-scale diurnal atmospheric cir-
culation (superposed on top of the daily mean circula-
tion) in which surface air rises and converges over land
areas and sinks and diverges over the oceans in the af-
ternoon and early evening, and the opposite in the early
morning. The land-ocean phase difference in the diurnal
cycle of surface divergence is consistent with the exis-
tence of such a solar-driven diurnal circulation between
the continents and the oceans with a mean amplitude
of ~2 x 1077 57! (Figure 10).

Figure 11 shows that much of the air mass associ-
ated with the diurnal cycle of surface wind divergence
over the western and eastern United States comes from
the adjacent oceans (including the Gulf of Mexico) with
a small contribution from the central United States.
This suggests that the diurnal land-ocean circulation
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described above is a primary cause for the diurnal phase
pattern of surface divergence over the western and east-
ern United States. Dai et al. [1999] suggest that this
diurnal cycle of divergence could be a major factor con-
trolling the diurnal timing of summer convective pre-
cipitation over the United States.

The diurnal cycle of surface convergence is generally
consistent with the diurnal cycle of convective precip-
itation which tends to have a nighttime or an early
morning maximum over many oceanic regions [Kraus,
1961; Janowiak et al., 1994; Chang et al., 1995] and
a late afternoon maximum over land areas [Dai et al.,
1999]). However, Plate 1 shows that there are excep-
tions to this general tendency. For example, surface
wind convergence occurs from about midnight to 1000
LST over the central United States (Figure 11) (which is
roughly consistent with the early morning precipitation
maximum there) and in the late afternoon and evening
(1800-2100 LST) over the central Pacific from 10°N to
25°N (Figure 14).

Gray and colleagues [Gray and Jacobsen, 1977; Foltz
and Gray, 1979] have suggested that low-level diver-
gence (convergence) should be a maximum at the end
of the night over relatively clear-sky (cloudy) areas due
to the fact that atmospheric radiative cooling at night is
larger over clear-sky than cloudy areas. The phase pat-
tern of the diurnal harmonic of surface divergence over
the central Pacific from 10°N—25°N to 25°N—45°N and
over the equatorial ITCZ region is correlated with cloud
cover over these regions (Figure 17) in a manner that
appears to broadly support the radiative cooling hy-
pothesis. However, the afternoon maximum in surface
wind convergence over the southern Pacific convergence
zone (~15°—27°S) seems to be inconsistent with the ra-
diative cooling mechanism. Further study is needed to
understand the diurnal phase differences in surface wind
divergence between the North and the South Pacific.

Marine stratus cloud cover off the western bound-
aries of the subtropical Americas and Africa has been
found to exhibit substantial diurnal variations (ampli-
tude = 3-10%, strongest in summer), with maxima
around 0300—0500 LST [Warren et al., 1988; Rozen-
daal et al., 1995]. It has been suggested that absorption
of solar radiation within the clouds (which causes en-
trainment of dry air from above the boundary layer that
dissipates the stratus during the day) and advection of
moist boundary layer air from an upwind region more
favorable to cloud formation could be responsible for
the early morning maximum of marine stratus clouds
[Rozendaal et al., 1995]. Plate 1 shows that the diurnal
maximum of convergence (divergence) is in phase with
the early morning maximum (late afternoon minimum)
of stratus clouds over the above regions. Since surface
convergence (with a diurnal amplitude of ~3—4 x 107
s~ 1) enhances the moisture flux into the marine bound-
ary layer, it may favor stratus cloud formation. The
relative importance of diurnal convergence versus diur-
nal cloud top heating for the observed diurnal cycle of
marine stratus clouds remains to be assessed.
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Figure 15. Globally (50°S—70°N) averaged amplitudes of the diurnal (left column) and semid-
iurnal (right column) cycles at various zonal wave numbers for mean annual surface wind com-

ponents, wind speed, and divergence.

5. Summary

Diurnal and semidiurnal variations in surface winds
and wind divergence over the globe (50°S—70°N) have
been documented using 3-hourly wind observations from
approximately 10,000 stations and COADS marine re-
ports during 1976-1997. The main results are summa-
rized as follows:

Surface winds have a strong diurnal cycle over land
areas (strongest over high terrain such as the Tibetan
Plateau, the western United States, and the Andes and
in summer) with an amplitude of 0.6—1.1 m/s for wind
speed and 0.5—0.7 m/s for the zonal and meridional
wind components. Over the oceans the amplitude of
the diurnal cycles is about 0.3—0.4 m/s for both the
wind speed and the wind components and vary little
from winter to summer. The semidiurnal cycle in sur-
face winds is weaker than the diurnal cycle and has an
amplitude of 0.2—0.3 m/s over both land and ocean for

wind speed and the wind components in all the sea-
sons. The diurnal cycle accounts for 50—70% of the
daily variance over land and 30—40% of the daily vari-
ance over ocean, while the semidiurnal cycle explains
about 15—25% of the daily variance over most of the
globe.

The diurnal harmonic of surface wind speed peaks
around early afternoon (1400 LST) over most land ar-
eas and around 1200—1400 LST over the oceans, which
is approximately in phase with the diurnal cycle of sur-
face air temperatures. It is suggested that the increased
downward turbulent mixing of momentum in the af-
ternoon, which results from increased instability of the
planetary boundary layer due to solar heating at the
surface, could be a major mechanism for the diurnal
cycle of wind speed; tidal variations in surface pressure
and temperature could also contribute to the diurnal
cycle of surface winds (largely over land).
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Figure 16. Observed mean surface air temperature
(°C) during DJF (top) and JJA (bottom) averaged at
each local time over the land (solid curve) and oceanic
(short-dashed curve) areas from 25°N to 60°N. The
long-dashed curve is the land minus ocean difference
of surface air temperature (on the right ordinate). The
temperature data are from the same data sets as for
surface winds and have a coverage similar to Figure 1.

Surface wind divergence also has a stronger diurnal
cycle over land, especially over high terrain and during
summer, than over ocean, with an amplitude ranging
from 2.0 x 10~7 s~! over ocean to about 3.0—5.5 x 107
s~! over land. The semidiurnal cycle has an amplitude
of 1.0-2.0 x 10~7 s~! over both land and ocean in
all the seasons. The percentages of the daily variance
explained by the two harmonics are comparable to those
for surface winds.

The diurnal cycle of surface divergence tends to be
out of phase for many adjacent regions. In general,
land areas (except for the innermost parts of the con-
tinents) such as Australia, eastern Asia, western and
eastern North America, the Indian subcontinent, and
the Mediterranean region tend to have maximum diver-
gence (minimum convergence) around dawn (0600—0800
LST), while the oceans adjacent to the continents have
maximum divergence in the evening (1700—1900 LST).
This suggests that there exists a continental-scale di-
urnal circulation superposed on top of the daily mean
circulation in which surface air rises and converges over
the continents and sinks and diverges over the adja-
cent oceans in the afternoon and early evening, and the
opposite occurs in the early morning. The land-ocean
phase difference of surface divergence is also consistent
with the notion that precipitation tends to peak at night
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over the oceans and in the afternoon over most land ar-
eas.

Surface wind divergence peaks around 0600 LST in
the western and eastern United States and around 2000
LST in the central United States. This alternating fea-
ture is evident in all the seasons and resembles the pat-
tern in the mean divergence field. It is also consistent
with the phase changes across the United States in sum-
mer precipitation [Dai et al., 1999).

Over the central Pacific, the diurnal anomaly of sur-
face wind divergence peaks around 0600—0800 LST
from 10°N to 25°N and about 12 hours later from 25°N
to 45°N. This phase pattern is correlated with cloud
cover in a manner that is consistent with the radiative
cooling hypothesis [Gray and Jacobsen, 1977; Foltz and
Gray, 1979 for the diurnal cycle in oceanic rainfall and
convection.

Over the tropical Atlantic and eastern and central
portions of the tropical Pacific, there exists a zonally co-
herent pattern with maximum convergence (divergence)
north (south) of the equator around 0900-1200 LST.
With the exception of the Pacific in JJA, the latitudi-
nal structure of the divergence anomaly at 1030 LST is
generally similar to the profile of the mean daily diver-
gence, indicative of an enhancement (~10%) of the local
Atlantic and Pacific Hadley cells at 1030 LST relative
to the daily mean.

Diurnal anomalies tend to be convergent (divergent)
in the early morning (late afternoon to evening) over
subtropical oceanic regions off the western boundaries
of Americas and Africa. This is in phase with the di-
urnal cycle of stratus cloud cover over these regions. It
is suggested that the diurnal cycle of large-scale diver-
gence may contribute to the diurnal variations of marine
stratus cloud cover.

The daily anomaly of surface wind speed is domi-
nated by westward propagating wave number 1 mode,
which is the main zonal wave of the diurnal harmonic.
For the zonal and meridional wind components and sur-
face wind divergence, both the wave number 1 mode of
the diurnal harmonic and the wave number 2 mode of

Latitude (deg.)
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180E 150
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Longitude (deg.)

170W 150W 130w 110w

Figure 17. Satellite-observed mean (1983-1991) an-
nual total cloud amount (%) over the northern Pacific
derived from the International Satellite Cloud Clima-
tolog]y Project (ISCCP) data sets [Rossow and Schiffer,
1991].
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the semidiurnal harmonic are important, although zonal
wave components (except for wave number 2) of the di-
urnal harmonic are generally stronger than those of the
semidiurnal harmonic.

The results of this study, especially those concerning
the phase of surface wind divergence over the tropical
Pacific and Southern Oceans, may contain large uncer-
tainties due to the poor sampling of data. The exact
range of the uncertainties is difficult to obtain because
of the variable sampling resolution and number of re-
ports. A value of +£1.5 hours (i.e., half of the sampling
interval) may be used as a rough estimate for the error
in the phase discussed above. Future enhancements to
the data sets (e.g., COADS is updating the data set for
the 1990s to include more hourly data from TAO buoys)
should improve the results presented here. Analyses of
the vertical structure of the diurnal variations of winds
[Pedder, 1978; Whiteman and Bian, 1996; Williams and
Avery, 1996] and divergence in the troposphere should
provide a more complete picture of the surface diurnal
circulations documented here.
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