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Abstract We present a comparison of the zonal mean
meridional circulations derived from monthly in situ
data (i.e. radiosondes and ship reports) and from the
NCEP/NCAR reanalysis product. To facilitate the in-
terpretation of the results, a third estimate of the mean
meridional circulation is produced by subsampling the
reanalysis at the locations where radiosonde and sur-
face ship data are available for the in situ calculation.
This third estimate, known as the subsampled estimate,
is compared to the complete reanalysis estimate to
assess biases in conventional, in situ estimates of the
Hadley circulation associated with the sparseness of the
data sources (i.e.,, radiosonde network). The subsam-
pled estimate is also compared to the in situ estimate to
assess the biases introduced into the reanalysis product
by the numerical model, initialization process and/or
indirect data sources such as satellite retrievals. The
comparisons suggest that a number of qualitative dif-
ferences between the in situ and reanalysis estimates are
mainly associated with the sparse sampling and simpli-
fied interpolation schemes associated with in situ esti-
mates. These differences include: (1) a southern Hadley
cell that consistently extends up to 200 hPa in the
reanalysis, whereas the bulk of the circulation for the
in situ and subsampled estimates tends to be confined
to the lower half of the troposphere, (2) more well-
defined and consistent poleward limits of the Hadley
cells in the reanalysis compared to the in-situ and
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subsampled estimates, and (3) considerably less varia-
bility in magnitude and latitudinal extent of the Ferrel
cells and southern polar cell exhibited in the reanalysis
estimate compared to the in situ and subsampled esti-
mates. Quantitative comparison shows that the sub-
sampled estimate, relative to the reanalysis estimate,
produces a stronger northern Hadley cell (~20%),
a weaker southern Hadley cell (~20-60%), and weaker
Ferrel cells in both hemispheres. These differences stem
from poorly measured oceanic regions which necessi-
tate significant interpolation over broad regions. More-
over, they help to pinpoint specific shortcomings in the
present and previous in situ estimates of the Hadley
circulation. Comparisons between the subsampled and
in situ estimates suggest that the subsampled estimate
produces a slightly stronger Hadley circulation in both
hemispheres, with the relative differences in some sea-
sons as large as 20-30%. These differences suggest that
the mean meridional circulation associated with the
NCEP/NCAR reanalysis is more energetic than obser-
vations suggest. Examination of ENSO-related chan-
ges to the Hadley circulation suggest that the in situ
and subsampled estimates significantly overestimate
the effects of ENSO on the Hadley circulation due to
the reliance on sparsely distributed data. While all
three estimates capture the large-scale region of low-
level equatorial convergence near the dateline that
occurs during El Nino, the in situ and subsampled
estimates fail to effectively reproduce the large-scale
areas of equatorial mass divergence to the west and east
of this convergence area, leading to an overestimate of
the effects of ENSO on the zonal mean circulation.

1 Introduction

As observations of the atmospheric circulation began
to accumulate, scientists began to develop theories to
explain the observed features. As the observations
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became more plentiful, it was possible to hold these
theories to more rigorous constraints. This would often
lead to improved theories that could better account
for the observed wind patterns. This interplay between
observations and general circulation theory essentially
began with Hadley’s (1735) attempt to explain the east-
erly winds in the tropics. Using the principle of angular
momentum conservation along with a general under-
standing of the distribution of solar heating, Hadley’s
theory accounted for the easterly “trade winds”. In
addition, his theory suggested that the mean meridi-
onal circulation consisted of overall rising motion in
lower latitudes and a sinking motion in higher latitudes
with the completion of this circuit produced by equa-
torward motion at low levels and poleward motion
aloft. While some aspects of Hadley’s theory needed
modification, the fact that it aptly described the zonal-
mean meridional circulation in the tropics is the basis
for this circulation bearing his name today. (Lorenz
(1967) provides a thorough and illuminating history of
the early developments of the theory of the general
circulation.) The concept of the Hadley circulation has
been extremely useful for those studying tropical and
even mid-latitude climate, and in recent times it most
often serves as an important diagnostic for climate and
numerical weather prediction models.

Over the last 50y the atmospheric circulation has
been sampled with considerably more detail, especially
with respect to upper level winds. This has allowed
more complete observational descriptions of the clima-
tology and variability of the zonal-mean meridional
circulation. Such studies include Oort and Rasmusson
(1970), Newell et al. (1972), Oort (1983) and Oort and
Yienger (1996). Results from these observational stud-
ies indicate that the mean meridional circulation typi-
cally shows a three-cell pattern from the equator pole-
ward, with a strong Hadley cell in the tropics, a weak
Ferrel cell in the midlatitudes, and an even weaker
polar cell in the high latitudes. The increased level of
detail and confidence these observational studies have
provided have continued to foster theoretical argu-
ments (Schneider and Lindzen 1977; Schneider 1977,
Held and Hou 1980; Schneider 1987; Hack et al. 1989;
Emanuel 1995). For example, the observational de-
scriptions show that during solstice periods, the winter
hemisphere cells of the three-cell structure typically
dominate, particularly in the case of the wintertime
Hadley cell which extends well into the summer hemi-
sphere. Only in the last decade or two has this feature
begun to be directly addressed by theory (Lindzen and
Hou 1988; Hou and Lindzen 1992)

While the observational studies had considerably
more data to rely on than did those of a century earlier
(e.g., Maury 1855; Buchan 1889), they are still based on
data that are severely limited in space and often in time
as well. While many factors introduce errors into the
observations which can limit and/or obscure our de-
scription of the atmospheric circulation (Trenberth and
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Olson 1989; Elliot and Gaffen 1991; Schwartz and
Doswell 1991; Gaffen 1994; Parker and Cox 1995), for
studies of interannual variability it is likely that the
spatial gaps in the observation network represent the
most significant error, even for the data-dense North-
ern Hemisphere (e.g. Oort 1978; Soden and Lanzante
1996). At present, the most data-sparse areas are the tro-
pical oceans and the vast open-ocean areas of the
Southern Hemisphere. Moreover, the number of upper
air radiosondes has been declining since reaching a
peak during the Global Weather Experiment in 1979.
Overcoming these observational shortcomings will
continue to be a challenge in assessing the nature and
variability of the general circulation. The recently
emerging reanalysis projects (e.g. Kalney et. al. 1996;
Schubert et. al. 1993; European Centre for Medium-
Range Weather Forecasts, Reading, UK) may be a
good approach to help solve this problem due to the
numerous sources of observations that are utilized (e.g.
radiosondes, surface ship reports, drifting and moored
buoys, satellite observations, etc.). However, since the
production of these reanalysis data sets relies on data
assimilation systems with known shortcomings and
numerical models that heavily parametrize some phys-
ical processes, they are also subject to considerable
uncertainties and biases.

The objective of this study is to compare estimates of
the Hadley circulation produced from a long-record
reanalysis product, in this case the National Centers for
Environmental Prediction/National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis project
(Kalnay et al. 1996), to that produced from in situ ob-
servations using traditional techniques (i.e., radio-
sonde wind data with some form of objective analysis).
However, since both of these estimates suffer from
their own biases and uncertainties, the process of pro-
ducing a meaningful comparison with useful and mean-
ingful inferences is not straightforward. For example,
differences between these two estimates could be at-
tributable to either the sparseness of the data which is
the most severe shortcoming in the in situ estimate, or
they could be attributable to the biases introduced by
the initialization procedures and model physical par-
ametrizations which could be thought of as the most
severe shortcomings of the reanalysis data set. To over-
come this limitation, we have chosen to produce a third
estimate by subsampling the reanalysis data set at the
locations where observed data exist, and then estimate
the Hadley circulation from this subset of data in the
same way the in situ estimate is produced. This third
estimate suffers from both the sparse data limitation as
well as the biases from the numerical analysis proced-
ures. By comparing the subsampled and reanalysis esti-
mates, one can draw inferences regarding the biases in
the conventional in situ estimates due to sparseness of
the data sources (i.e., radiosonde network). By compar-
ing the subsampled and in situ estimates, inferences
may be drawn regarding the biases in the reanalysis
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estimates due to the numerical analyses. With regards
to the latter, it is important to remember that these
model biases are assessed where actual in situ observa-
tions exist and it is likely that they would be an under-
estimate, or possibly not altogether apply, to regions
void of in situ data.

In the next section, the data sets used in this study are
discussed. In Sect. 3, the methods used to obtain the in
situ, reanalysis and subsampled estimates of the Hadley
circulation are discussed. In Sect. 4, the results of the
computations and comparisons are presented. Finally,
a summary and discussion are presented in Sect. 5.

2 Data

The in situ estimate of the Hadley circulation is computed from
a combination of monthly averaged radiosonde data and monthly
averaged surface wind data from the Comprehensive Ocean-Atmo-
sphere Dataset (COADS; Woodruff et al. 1987). The radiosonde
data set was compiled at the Geophysical Fluid Dynamics Laborat-
ory (GFDL). This is an updated version of the GFDL Atmospheric
Circulation Tape Library described in Oort (1983) which extends to
1989. While this data set includes 06Z and 18Z reports, their total
number is significantly fewer than the number of 00Z and 12Z
reports, and thus in this study only the 00Z and 12Z data were used.
The first column in Table 1 lists the pressure levels available in this
data set. Due to a marked amount of missing data at a number of
levels prior to 1968, our analysis includes data only from the period
1968 to 1989. Furthermore, only levels/stations that reported for at
least 10 days for a given month were used in the analysis. The second
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column in Table 1 shows the total number of monthly observations
that meet this criterion for each level. Following Oort and Yienger
(1996), the monthly meridional wind data from COADS are used to
supplement the near-surface analysis over oceanic regions.

The reanalysis estimate of the Hadley circulation is computed
from monthly NCEP/NCAR reanalysis data. These data have
a horizontal resolution of 2.5° latitude by 2.5° longitude, are pro-
vided on 17 unevenly spaced pressure levels (see fourth column of
Table 1), and are generated with a time resolution of 6 h. Our
analysis utilizes only the 00Z and 12Z periods to be consistent with
the radiosonde sampling and to limit the influence from atmospheric
tides. Trenberth (1991), Trenberth and Solomon (1994) and van den
Dool et al. (1997) have shown that the semi-diurnal tide produces
a weak but coherent wave number two surface pressure signal which
is primarily confined to the tropics. The diurnal period of this
propagating signal results in an in-phase relationship for the surface
pressure and vertical velocity fields at 00Z and 12Z, likewise for the
06Z and 18Z, but an out-of-phase relationship for periods separated
by 6 h. In addition to the 17 standard levels shown in Table 1, the
10 m wind field is used as a representation of the near-surface wind
field and is meant to be analogous to the wind field information pro-
vided by COADS for use over the ocean by the in situ analyses.

Finally, the “Nino 3.4” sea surface temperature (SST) anomaly
time series is used as a measure of El Nino Southern Oscillation
(ENSO) variability. The Nino 3.4 region extends from 5 °S-5°N and
170°-120°W and the anomaly is computed with respect to the
annual cycle.

3 Methods

Three estimates of the Hadley circulation are computed and ana-
lyzed. One is computed directly from the in situ data sources (i.e.,

Table 1 Pressure (hPa) levels

in the original monthly Radiosonde Data

Number of 00Z + 12Z

In-Situ Analysis Renalysis and

radiosonde data (1st column) Reports Subsampled Analyses
and the levels used in the in
situ (3rd column), reanalysis 7 806
(4th column), and 10 50,272 10
subsampled (4th column) 15 50,942
estimates of the Hadley 20 173,064 20 20
circulation. The total 30 221,468 30 30
number of monthly 00Z and 50 250,805 50 50
12Z reports (having at least 70 265,266 70 70
10 observations during 100 327,445 100 100
a month) at each in situ level 150 343,476 150 150
(2nd column) 200 359,391 200 200
250 364,851 250 250
300 376,702 300 300
350 374,009 350
400 389,551 400 400
450 384,001 450
500 419,980 500 500
550 322,298 550
600 321,902 600 600
650 321,363 650
700 467,537 700 700
750 351,097 750
800 349,520 800
850 490,061 850 (0.25) 850 (0.25)
900 270,720 900 (0.50)
925 (0.625)
950 249,335 950 (0.75)
1000 190,663 1000 (1.00) 1000 (1.00)
Surface-COADS 10-meters
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Fig. 1 a—d Spatial distribution of the NCEP/NCAR reanalysis grid
points where radiosonde stations existed in the GFDL/Oort
monthly data set (see Sect. 2) for the a 200 hPa, b 700 hPa and
¢ 1000 hPa levels and the temporal frequency these grid points were

monthly radiosonde and COADS surface wind data), one is com-
puted directly from the reanalysis data, and the third is computed
from the reanalysis data subsampled at the same locations for which
in situ data are available. The subsampling is performed as follows.
For each month, all the reanalysis grid points that have at least one
corresponding monthly radiosonde observation (made up of 10 or
more daily observations) within their spatial domain are retained
with the data at all other grid points flagged as missing. Note that
“spatial domain” implies height (i.e. level) as well, and thus the
subsampling varies with pressure level as well as with time and
horizontal location. In the case of the 925 hPa level (see Table 1), if
an observation exists at either the 900 hPa or 950 hPa level, then the
corresponding 925 hPa reanalysis point is retained. This sampling
procedure is performed using the 00Z and 12Z data separately for
each month and then the results are averaged together. In a similar
manner, the 10 m surface wind field from the reanalysis is also
sampled using locations where monthly COADS meridional wind
reports are available. Figure la—c shows the spatial distribution of
the reanalysis grid points where radiosonde stations existed for the
200 hPa, 700 hPa and 1000 hPa levels and the temporal frequency
these grid points were sampled over the 264 month period analyzed.
Figure 1d shows similar information but for the monthly averaged
COADS reports of meridional wind.

An updated version of the objective analysis scheme described in
Oort (1983), referred to as ANAL9S, is used to convert both the

sampled over the 264 month period analyzed (1968-89). d Shows
the same information but for the monthly averaged COADS surface
reports of meridional wind

irregularly-spaced in situ data and the subsampled reanalysis data to
the regular 2.5° reanalysis grid. This optimal interpolation scheme is
based on an iterative solution of Poisson’s equation and is the same
scheme used by Oort and Yienger (1996). For both the in situ and
subsampled cases, a 12-month climatology is first created from the
two data sets, keeping only mean-monthly values having at least 10
monthly observations. An interpolation is first performed on this
(sparse) 12-month annual cycle data using the zonal mean of each
month as the first-guess value for missing data points. Then an
interpolation for the monthly data is performed using these interpo-
lated monthly-mean data as the first-guess values for missing data
points. This interpolation procedure is performed for each level of
data separately, including the surface wind level, i.e., on the COADS
data for the in situ estimate and on the 10 m level winds for the
subsampled reanalysis estimate.

The final step in producing the analyzed wind fields from the in
situ and subsampled data sets is to merge the interpolated (ocean-
based) surface winds into the rest of the analyses. The purpose of this
merging is to maximize the usefulness of the ocean surface wind data
in the final analyzed wind product. Oort and Yienger (1996) used the
COADS-interpolated data directly for the 1000 hPa level over the
ocean, and the radiosonde-interpolated data for the 1000 hPa level
over land. In their case, horizontal interpolations were only done on
significant levels (e.g., 1000 hPa, 850 hPa, etc.) and the intervening
levels, such as the 950 hPa and 900 hPa levels, were produced by
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vertical interpolation. In this study, the same procedure was used to
produce the 1000 hPa level, with the ocean surface winds coming
from COADS for the in situ case and the 10 m winds for the
subsampled case. However, in the present study, horizontal interpo-
lations were performed for all the levels shown in the third column of
Table 1 for the in situ data and the fourth column of Table 1 for the
subsampled estimate. To increase the utility of the available in situ
data, the effects of the surface wind over the ocean were propagated
into the near-surface levels using a weighted average of the horizon-
tally interpolated 1000 hPa level wind (i.e., COADS or 10 m winds)
and the horizontally interpolated “station” data at the given pres-
sure level. The weights given to the surface data are shown between
the parenthesis in the lowest four (three) rows of the third (fourth)
column of Table 1. For example, for both data sets, the 850 hPa level
data over the ocean is computed using a weighting of 0.25 for the
surface data and 0.75 for the 850 hPa interpolation of the radiosonde
data.

Performing these procedures provides three estimates of the
monthly averaged meridional wind field, one from the reanalysis,
one from the in situ data, and one from the subsampled version of
the reanalysis. From these estimates of the meridional wind, the
Hadley mass transport is computed by using the zonally averaged
mass continuity equation in the form:

0[v] cos o[ @

arYcosy 0] "
Rcos ¢ d¢p ap

where v is the meridional velocity, @ is the vertical velocity in
pressure coordinates, R is the mean radius of the earth, and p is the
pressure. The operators “~” and “[ ]” represent temporal (i.e.
monthly) and zonal averaging, respectively. The form of the zonally
averaged continuity Eq. (1) allows the definition of a two-dimen-
sional streamfunction y, defined by the following equations:

gV 5
1= g2chos ¢ap @
e g
[&]=—y 2nR? cos o 3

which can then be used to compute the  field by specifying appro-
priate boundary conditions. In this study, we specify yy = 0 at the
top of the atmosphere (P, , = 10 hPa for the reanalyses and 20 hPa
for the in situ estimates; see Table 1) and integrate downward to the
surface (1000 hPa), giving:

i 27R cos ¢ (] dp @
9

Further, we assume there is no net mass flow across a meridian on
monthly time scales. To impose this constraint, we removed the
mass-weighted vertical mean values of [¢], defined as:

v 1 PTOA —
(71 = 500 5, (14 .

from every latitudinal grid point. The statistics and structure of these
residual values as a function of latitude will be described in Sect. 4b.

4 Results
4.1 Climatology

Figure 2 shows the in situ derived Hadley circulation
climatology in terms of the January, April, July and
October mean-monthly values as well as the long-term
mean. As expected from the results of previous in situ
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estimates, the meridional circulation during the solstice
periods is dominated by the winter hemisphere Hadley
cells, with weak or non-existent summer hemisphere
cells (see Lindzen and Hou 1988). The maximum values
of these solstice winter hemisphere Hadley cells is
about 20x10'° kg s™!' for January and about
—14x10'° kg s~* for July. During the equinox peri-
ods, the meridional circulation is significantly more
symmetric, with the summer and winter Hadley cells
both having maximum values on the order of +6 to
9x10'% kg s™'. The long-term mean Hadley circula-
tion has maximum values of —6.5x 10'° kg s~ * and
7% 10'° kg s~ for the Southern and Northern Hemi-
sphere Hadley cells, respectively. The structure and
variability of the Ferrel cells for this in situ estimate are
considerably different between the Northern and
Southern hemispheres. The Ferrel cell in the Northern
Hemisphere is nearly always present but very weak,
with maximum values of about —2 x 10'° kg s ™. The
Ferrel cell in the Southern Hemisphere also tends to be
present throughout the year, however it is considerably
stronger, with maximum values ranging between
3x10'° kg s~ ' in January and 9 x 10'° kg s~ ! in July.
It is also worth noting that the southern Ferrel cell has
a large meridional extent, ranging between 25°-60°S,
while the northern Ferrel cell is generally limited to
45°-60°N. Finally, the in situ estimate shows that only
the Southern Hemisphere exhibits a polar cell, and this
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is a very weak cell limited to the Southern Hemisphere
summer and fall seasons. Based on the data in Fig. 1, it
is apparent that very little observational data are avail-
able in the midlatitude and polar portions of the South-
ern Hemisphere, thus the level of confidence in the
meridional circulation estimates in these regions is
quite low. Further discussion of the uncertainties will
be given later.

The in situ estimate of the Hadley circulation, com-
puted from 22 y of data, is similar to those produced
from previous estimates. As expected, the results are
very similar to those presented by Oort and Yienger
(1996) since the source of data is the same, the period
analyzed is similar (their analysis began in 1964), and
the methods are nearly identical. A comparison of their
long-term mean Hadley circulation using just the peri-
od between 1968 to 1989 to the in situ estimate ana-
lyzed here shows that the northern Hadley cell in the
present calculation is slightly broader in its meridional
extent but its maximum value is about 15% weaker,
and the southern Hadley cell is nearly identical in
magnitude and meridional extent but is slightly more
confined to the lower atmosphere. These differences are
on the order of those expected based on the interannual
variability in this type of estimate, which will be dis-
cussed in the next subsection.

There are some considerable differences between the
in situ Hadley estimates shown here and those from
earlier studies. For example, the study by Oort and
Rasmusson (1970) used data from a 5-y period (May
1958 to April 1962) to compute the zonal-mean meridi-
onal wind field and the associated Hadley circulation.
Their Hadley estimates differ from those presented in
Fig. 2 primarily due to the greater strength of their
southern Hadley cell which had maximum values of
about —12, —23, —15and —10x 10'°kgs™! for the
April, July, October and long-term means, respectively.
These values are about double the values shown here.
Note however that their study domain extended only
to 15°S due to the extremely limited amount of data
available south of this latitude, which is likely to contri-
bute considerable uncertainty to their southern Hadley
cell. The maximum values of their Northern Hemi-
sphere Hadley cells were about 22, 16,7 and 7 x 10'° kg
s~ for the January, April, October and long-term
means, respectively. These values are in considerably
better agreement with the estimates shown in Fig. 2.
The study by Newell et al. (1972) extended from pole
to pole and used a disparate set of data sources for
the mid-latitudes and a 7.5 y radiosonde data set for the
tropics (July 1957 and December 1964). Like Oort and
Rasmusson’s (1970) result, their southern Hadley cell is
also considerably stronger than that shown in Fig. 2,
having maximum values of about —7, —20, and
—9x10'"° kg s™! for the MAM, JJA and SON means,
respectively. These values are on the order of 25-35%
larger than the associated mean monthly values shown
here. The maximum values of their Northern Hemi-
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sphere Hadley cells were about 18, 8, 5x10'° kg
s~ ! for the DJF, MAM, and SON means, respectively.
These values are a bit smaller but still comparable to
those shown in Fig. 2. Newell et al.’s (1972) northern
Ferrel cell was relatively stable in latitudinal extent and
magnitude, having maximum values ranging between
about 2 and 4 x 10'° kg s ™!, reasonably similar to the
magnitudes shown here. Their southern Ferrel cell
showed even less variability having a value of about
3x10'° kg s~ ! throughout the year, which is consider-
ably weaker than the values shown here, especially in
the northern summer and fall seasons.

Figure 3 shows the reanalysis derived Hadley circu-
lation climatology. Overall, the structure of the meridi-
onal circulation is quite similar to the in situ derived
estimate although there are a number of notable differ-
ences. First, the southern Hadley cell tends to be stron-
ger in nearly all seasons, especially during January and
July. In addition, the southern Hadley cells in the
reanalysis shows that this cell consistently extends up
to 200 hPa, whereas the bulk of the circulation for the
in situ estimate tends to be confined to the lower half of
the troposphere for all cases shown except July. The
greater depth of the southern Hadley cell occurs in
association with a more confined northern cell in the
upper troposphere, especially in the January, April and
long-term means. The reanalysis also shows more well-
defined and consistent poleward limits of the Hadley
cells, with the main regions of subsidence almost al-
ways occurring at 30°N and 30°S. In contrast, the
in situ estimate shows regions of subtropical subsidence
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that are significantly more variable with pressure level,
latitude and season.

The Ferrel cells of the reanalysis estimate exhibit
considerably less variability in magnitude and latitudi-
nal extent, with the contrast being most striking in the
Southern Hemisphere where the in situ estimate shows
large annual variability. This greater variability in the
in situ estimate might be expected due to seasonal
effects projecting onto a fewer number of stations (Fig.
1). This contrast in latitudinal extent and amount of
seasonal variability also shows up in the Southern Hemi-
sphere polar cell. The reanalysis shows a narrow polar
cell between 65 °-80 °S throughout the year with a max-
imum mass flux of between 1.5 and 5.5 x 10'° kg s~ 1,
while the in situ estimate shows a very weak and
poorly defined cell. Consistent between these two esti-
mates however is the lack of any appreciable polar cell
in the Northern Hemisphere for all seasons. Table 2
presents a measure of correlation between the three
different estimates. The values in the second column
were determined by calculating the spatial pattern cor-
relations for each month in the annual cycle and then
calculating the average of these twelve values. For the
reanalysis and in situ estimates, this correlation value is
0.85, indicating that overall these two estimates agree
well in the broadest of terms. Spatial maps (latitude by
level) of the temporal correlation at each point (not
shown) indicate that the poorest temporal correlations
are found in the high-latitude Northern Hemisphere
and mid- and high-latitude Southern Hemisphere
regions.

Figure 4 shows the Hadley circulation climatology
derived from the subsampled version of the reanalysis.
Comparing this estimate to the previous two shows
that many of its features more strongly resemble the
in situ estimate. These include: (1) the broader upper
tropospheric extent of the northern Hadley cell into the
Southern Hemisphere in the January, April and long-
term means, (2) the associated limited vertical extent of
the southern Hadley cell in these same periods, (3) the
greater variability in the latitude of the subsidence
regions of the Hadley cells, and (4) the greater annual
variability in the southern Ferrel cell. The region of the
subsampled estimate that least resembles either of the
previous estimates is the polar region of the Southern
Hemisphere. Consistent with the reanalysis estimate,
the subsampled case shows a relatively stable polar
cell. However in contrast to the reanalysis estimate,
yet consistent with the in-situ estimate, its latitudi-
nal extent fluctuates considerably. Finally, between
80°-90°S, the subsampled estimate shows a weak but
stable clockwise cell with maximum value of about
4 x10'% kg s~ 1. The subsampled results in this extreme
polar region are based on interpolation from data
that are extremely sparse and likely to be significantly
biased by the model initialization and physical par-
ametrizations due to the few in situ data sources in the
region.

il
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Fig. 4 Same as Fig. 2, except derived from the NCEP/NCAR
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in Fig. 1

The differences between the subsampled estimate
and the reanalysis estimate indicate the biases that
result from computing the Hadley circulation using
sparse data. In other words, the similarities between the
subsampled and in situ estimates highlighted, which are
not shared by the reanalysis estimate, are likely to be
artifacts of deriving the Hadley circulation using data
from the available set of sparse and irregularly spaced
radiosonde stations. Further, the differences between
the subsampled and in situ estimates provide some
indication of biases introduced by the model or initia-
lization process. Figure 5 shows the differences between
the subsampled and reanalysis estimates, and thus pro-
vides a measure of the biases introduced by the sparse
sampling and associated simplified interpolation
scheme. These differences show that the subsampled
estimate, relative to the reanalysis estimate, produces
a stronger northern Hadley cell, a weaker southern
Hadley cell in the upper troposphere, and weaker Fer-
rel cells in both hemispheres. During some seasons,
these differences can produce relative “errors” as large
as 100%. Figure 6 shows the differences between the
subsampled and the in situ estimates. This figure helps
to assess biases in the reanalysis that might result from
either the model, the initialization procedure or even
ancillary sources of data (e.g., satellite temperature
soundings). It shows that the subsampled estimate,
relative to the in situ estimate, produces a slightly
stronger Hadley circulation, with the relative difference
in some seasons as large as 20-30%. Other differences
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Table 2 Time-averaged spatial-pattern correlations between the
in situ, reanalysis and subsampled estimate of the zonal-mean mer-
idional circulation. The values in the second column were deter-
mined by calculating the spatial pattern correlations for each month
in the annual cycle and then calculating the average of these twelve
values. The values in the third column were determined in the same
manner, except using the 264 monthly anomaly values. For these
calculations, the in situ estimate was interpolated to the same verti-
cal grid used for the reanalysis and subsampled estimates, i.e., 17
levels by 73 latitude points

Estimates Annual Cycle Anomalies
Reanalysis and In Situ 0.85 0.16
Reanalysis and Subsampled 0.88 0.26
Subsampled and In-Situ 091 0.58

include a weaker southern Ferrel cell and stronger
southern polar cell, the magnitudes of which can exceed
100%. However, as mentioned little confidence should
be given to all three of the estimates in these regions
due to the paucity of data. Examination of the correla-
tions in Table 2 shows that the annual cycle correlation
between the reanalysis and subsampled estimates is
slightly higher than for the reanalysis and in situ esti-
mates, having a value of 0.88. This slight improvement
is due to fact that these two estimates have a common
data source (i.e., the reanalysis data). Table 2 also
shows that the annual cycle correlation for the in situ
and subsampled estimates is 0.91, which is the highest
correlation value between the three estimates. This
suggests that the sparse sampling, versus reanalysis-
induced biases (e.g., model parametrizations, etc.),
likely plays a larger role in determining the overall
differences between these three Hadley circulation
estimates.

4.2 Measures of uncertainty

The results of the comparisons highlight significant
differences between the three estimates, some of which
are likely attributed to sampling and other differences
possibly to the reanalysis procedures and model. To
help further assess the influence of the uncertainties
introduced by the sampling, we provide some statistical
measures of the uncertainty and variability in the mer-
idional circulation estimates. As discussed in Sect.3,
the vertically integrated net meridional mass flux

(i.e., [0]) is removed at each latitude prior to calculat-
ing the mass stream function. Typically, these residuals
are small when using monthly data. However, their
means and standard deviations can provide some
measure of uncertainty for the meridional circulation
estimates discussed (Oort and Yienger 1996). Figure 7
shows the means and standard deviations of the residual
meridional velocities that were removed from the 264
months of data for each of the three estimates produc-
ed. The mean values show that the residuals are indeed



Waliser et al.: The Hadley circulation

a Mean
2
7 1 ]
£ C n
> ! _— 1
E 0 =~ - — | — /‘ ‘f&hwf
3 [! ]
g F ;
¥ -1p
-2 C 7
-90 -60 -30 0 30 60 90
Latitude

b Standard deviation

Residual V (m/s)
o

1k — — — Subsampled ]
- -——-— Reanalysis -
C In-Situ 7]
2 |
-90 -60 -30 0 30 60 90
Latitude
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onal velocities (i.e., [7 ], see Sect. 3) that were removed from the 264
months of data for the in situ (thick-gray), reanalysis (thick black),
and subsampled reanalysis (dashed)

typically small, on the order of 0.1-0.2 m s~ ! over the
tropical and midlatitude regions. The means for the
reanalysis estimate are even smaller, very near Om s~ !,
which is to be expected since all data are used and these
data are constrained to conserve the mass of the atmo-
sphere. Near the poles however, the means can be quite
large indicating sampling problems in the case of the
in situ and subsampled estimate. Note that the mean
for Northern Hemisphere reanalysis estimate is near
zero which, as just discussed, would be expected, how-
ever the mean near the South Pole is quite substantial,
near 0.5 m s~ !. This is likely due to the fact that many
of the lower tropospheric data in this region are based
on vertical interpolation from higher altitudes due to
the high elevations in the Antarctic.

The standard deviations of the residual meridional
velocities suggest similar conclusions regarding regions
of uncertainty. The standard deviations for the in situ
and subsampled estimates show significant variability
in the polar regions, a substantial portion of the South-
ern Hemisphere (south of about 40 °S), and not surpris-
ingly a small peak in variability in the area of the
Northern Hemisphere storm tracks. The standard devi-
ation for the reanalysis is almost zero, except for the far
polar region in the Southern Hemisphere and the
Northern Hemisphere storm track region. Again, this
latter feature is likely related to vertical interpolation to
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the 1000 hPa level in mountainous regions of the mid-
latitudes with the magnitude of the “error” accentuated
by midlatitude eddy variability.

An additional measure of uncertainty is illustrated
in Fig. 8 which shows the standard deviations of the
anomalies (about the annual cycle) of the meridional
circulations computed from the in situ, reanalysis and
subsampled methods. The variance structures of the in
situ and subsampled data are very similar, and both
strongly resemble the variance structures presented in
Oort and Yienger (1996). Most of the variability is
concentrated in the Southern Hemisphere, primarily in
the mid-latitudes, with a tongue of high variability
extending through the tropics to the Northern Hemi-
sphere subtropics. One minor difference in structure
between these two estimates is that the in situ one
shows a secondary peak between 10 °S and 15 °N which
does not show up in the subsampled estimate. While
the spatial structure of these two estimates is similar,
the magnitude of the variability in the in situ estimate is
about 50% larger than in the subsampled estimate. The
reduced variability associated with the subsampled
estimate is probably due to: (1) the fact that every
monthly average from the subsampled data is based on
a full month of “data” whereas the in situ monthly
averages can come from as few as 10 observations
during the month, and (2) because the data in the
subsampled estimate underwent a filtering process via
the reanalysis’ initialization which would tend to limit
the variability.

In contrast to both the in situ and subsampled esti-
mates, the reanalysis estimate shows considerably
weaker variability, with a maximum value that is only
about 30% (50%) of the maximum value in the sub-
sampled (in situ) estimate. Moreover, the structure is
symmetric about the equator with peak values confined
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to the deep tropics rather than the southern mid-latit-
udes. These differences in the variances structure, along
with the mean and standard deviations of the residual
meridional wind values discussed, indicate the signifi-
cant changes in variability and in the level of uncertain-
ty introduced into the meridional circulation estimates
by the sparse sampling, especially poleward of about
30°S. While the qualitative aspect of this conclusion is
not unexpected, its quantitative consideration leads to
very significant differences in perceived interannual
variability for the different estimates. In addition, it
precludes making rigorous model-data comparisons in
this region since the resulting differences are only based
on a very small number of stations. More analysis and
discussion regarding the changes in variability intro-
duced by subsampling as well as due to model biases
will be discussed in the subsection 4.4 in terms of their
influence on ENSO-related variability. In the next sub-
section, analysis is undertaken to ascertain more speci-
fic reasons for the differences in the Hadley circulation
estimates described in Figs. 2-7.

4.3 Horizontal structure of meridional mass flux

Figure 9 shows the long-term mean meridional mass
flux integrated from the 1000 hPa level up to 600 hPa
derived from the three meridional wind data sets, i.e.
the in situ, reanalysis and subsampled estimates (see
Sect. 3). The data are plotted in terms of kg s~ ' per
degree longitude. Thus, summing the data across longi-
tude would result in the 600 hPa mass stream function
values shown in Figs. 2-4. These plots provide a means
for understanding some of the discrepancies in the de-
rived Hadley circulation estimates shown in Figs. 2-7.
A comparison of the large-scale features of these plots
shows many similarities. In the southern tropical and
subtropical regions, there are northward (i.e., equator-
ward) flows in the southern Indian Ocean, off the east
coast of Australia, and the west coasts of South Amer-
ica and South Africa, and southward (i.e., poleward)
flows in the central Pacific, over much of South Amer-
ica and the southwestern subtropical Atlantic. In the
northern tropical and subtropical regions, there
are southward (i.e., equatorward) flows over northeast
Africa, the Arabian Sea, and off the west coasts of
North America and northwest Africa, and weak north-
ward (i.e., poleward) flows over southeast Asia, the
western Pacific, southern North America and the east-
ern Atlantic Ocean. In the northern mid- and high
latitudes, there are southward flows over northeast
Asia and North America, and northward flows over
eastern Europe, the northwest Pacific Ocean, and the
north Atlantic. In the southern mid- and high latitudes
there are southward flows south of Australia and Africa
and a region of northward flow over, and to the west,
of the Ross Sea. While most of the large-scale fea-
tures show general agreement there are some notable
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Fig. 9 Long-term mean meridional mass flux integrated from the
1000 hPa level up to 600 hPa from the meridional wind data sets
based on the in situ, reanalysis and subsampled analyses (see
Sects. 2 and 3). Units are 10® kg s~! per degree longitude and the
contour level is 2 x 108 kg s ~*. These units imply that summing the
data across longitude would result in the 600 hPa mass stream
function values shown in Figs. 2-4. The two horizontal lines are at
15°N and 15°S

exceptions that end up being responsible for the differ-
ences exhibited in the Hadley circulations estimates
discussed in Sect. 4.1.

Examining the differences between the subsampled
and reanalysis estimates of meridional mass flux (below
600 hPa) highlights the biases introduced into the
Hadley circulation computation when using data from
sparse, irregularly-spaced locations (e.g., radiosonde
network). Overall, the agreement is quite good over
most of the Northern Hemisphere owing to the rela-
tively dense network over this hemisphere. In fact, the
only region that shows substantial disagreement is
a wide area over the Pacific Ocean. Here, the reanalysis
shows a tongue of strong northward mass flux extend-
ing from Canada to southeast Asia and a region of
strong southward mass flux just off the west coast of the
United States. In the subsampled estimate both of these
features are present with nearly the same spatial struc-
ture but with magnitudes that are reduced by about
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Non-zero slope values in the differences (thin curves) indicate longi-
tudes that contribute to discrepancies in the strength of the Hadley
cells shown in Figs. 2-6

30-50%. Just south of these two features, the two mass
flux estimates also differ considerably, with the subsam-
pled estimate showing weak southward mass flux over
the central tropical Pacific and the reanalysis showing
weak northward mass flux. It turns out that this region
of disagreement in particular is responsible for the
stronger northern Hadley cell in the subsampled esti-
mate compared to the reanalysis estimate.

To illustrate the regions (i.e., longitudes) of discrep-
ancy that contribute to the differences in the three
Hadley circulation estimates, Fig. 10 shows the running
sums of the meridional mass flux averaged between
10°-20°N (upper) and 10°-20°S (lower) for the re-
analysis, subsampled and in situ estimates, along with
the differences between the subsampled and reanalysis
estimates and the subsampled and in situ estimates.
Examination of the mass-flux sums at 10°-20 °N for the
reanalysis and subsampled estimates, along with their
difference, shows that their main area of disagreement
occurs between about 150 °E and 150 °W. This is most
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easily seen by examining the difference curve and locat-
ing longitudes that have the largest non-zero slopes.
Due to the wider expanse of southward flux values in
the subsampled estimate, the summed mass-flux for the
subsampled estimate receives a larger negative contri-
bution in this region. This increase in the low-level
southward mass flux ends up being responsible for the
stronger northern Hadley cell in the subsampled esti-
mate as compared to the reanalysis estimate (Figs. 3-5).
While this result is certainly dependent on the type of
interpolation performed on the sparse in situ data, it
provides an example of what the sign and magnitude
of a typical error might be in an in situ derived cal-
culation of the Hadley circulation. It is worth noting
that the regions of largest discrepancy between reanaly-
sis and sub-sampled in the tropics, namely the central
North Pacific, the central and eastern South Pacific,
and the southern Indian Ocean correspond well to
the areas of largest discrepancies found by Soden and
Lanzante (1996). The latter authors examined the
effects of the sparse radiosonde network on upper
tropospheric humidity through the use of subsampling
and spatial analysis of satellite data using techniques
very similar to those used herein. The pattern of
discrepancy shown in their Fig. 12c highlights these
problem areas.

As might be expected, comparing the meridional
mass-flux values between the reanalysis and subsam-
pled estimates in the Southern Hemisphere of Fig. 9
shows even more discrepancy, with only the grossest of
features being similar. Most notable in the tropics, is
the slightly weaker northward flow over the southern
Indian Ocean and the significantly weaker northward
flow over the southeastern Pacific Ocean in the sub-
sampled estimate. The lower plot in Fig. 10 shows that
the latter discrepancy ends up being the main contribu-
tor to the weaker southern Hadley cell in the subsam-
pled estimate (Figs. 3-5). Given the lack of data in the
mid- and high-latitude regions of the Southern Hemi-
sphere (Fig. 1), it is not surprising that the two show
significant disagreement in this region. For example,
the region to the south and southeast of Australia
shows very poor agreement. This pronounced disagree-
ment in the meridional mass flux is consistent with
the very different meridional circulation patterns in the
southern polar region of Figs. 3 and 4.

Examining the differences between the subsampled
and in situ estimates of meridional mass flux below
600 hPa highlights the biases introduced into the
Hadley circulation computation by the reanalysis (i.e.,
from the model, initialization procedures and in-direct
data sources). Overall, the agreement in the spatial struc-
ture is quite good, even in much of the Southern
Hemisphere. The principle difference is that, in many
areas, the mass flux values from the subsampled analy-
sis are stronger than those in the in situ analysis. For
example, the southward flows over the Arabian Sea,
eastern North Pacific, northern North America, central
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South America, and south of Australia are all about
20-40% larger in the subsampled estimate. Likewise
for the northward flows over the western and central
North Pacific, north Atlantic, subtropical Indian
Ocean and southeastern Pacific. These enhanced lower
tropospheric flows are responsible for the larger Had-
ley circulation in the subsampled estimate as compared
to the in situ estimate (Figs. 2, 4, and 6).

Comparing the in situ and subsampled estimates in
Fig. 10 for the region between 10°-20 °N shows that as
we proceed from east to west, the differences in south-
ward flow over the Arabian Sea and northward flow
over the western Pacific almost cancel, leaving the total
southward mass flux about the same upon reaching the
dateline. However, the magnitude of the difference
occurring in the eastern Pacific ends up accounting
for the larger total southward mass flux, and thus the
stronger northern Hadley cell, in the subsampled ver-
sus in situ analyses (Figs. 2, 4, and 6). For the region
between 10°-20°N, the slightly stronger northward
mass flux in the subsampled estimate compared to the
in situ estimate results from the enhanced northward
flows over the subtropical Indian Ocean and south-
eastern Pacific Ocean, with the enhanced southward
flows over the central tropical Pacific and South Amer-
ica not quite being able to compensate.

This comparison between the subsampled and in situ
estimates shows that the lower tropospheric flows tend
to be enhanced in the subsampled analysis relative to
the in situ estimates by about 20-40%. As shown
earlier, this results in about a 10-20% enhancement in
the subsampled Hadley circulation. It is of interest to
know if this mass-flux bias in the lower troposphere
occurs in some systematic manner. For example, is it
primarily due to a difference in the COADS ship and 10
m reanalysis winds, each used to represent near-surface
ocean winds, or is it due to a difference in the meridi-
onal winds at higher levels. Based on a detailed exam-
ination of the locations with in situ data, that are near
areas of large disagreement (highlighted earlier), it was
found that the meridional wind biases have very
little overall systematic structure with height. For
example, the larger northward mass flux in the north
Atlantic results from slightly enhanced surface winds
(~0.3ms™ '), with the difference growing with height
above the surface, being about 1 ms ™! near 600 hPa. In
contrast, the enhanced northward mass flux in the
north Pacific results from a meridional wind difference
of about 1 m s~ ! at the surface that diminishes with
height.

The enhanced northward flow in the southeast sub-
tropical Indian Ocean and the enhanced southward
flow in the eastern north Pacific come about primarily
from meridional wind biases occurring above 900 hPa
with the surface winds showing good agreement in the
mean. Over the southeastern Pacific Ocean and the
Arabian Sea, the meridional wind changes sign between
the surface and 600 hPa. In both cases, both the surface
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wind and lower tropospheric winds contribute to the
differences. In the southeastern Pacific Ocean, the
northward surface wind in the subsampled analysis
(which determines the sign of the mass flux) is biased
high by about 0.5 m s~ !, while the southward winds at
all higher levels (up to 600 hPa) are also too weak by
about the same amount. Over the Arabian Sea, the
southward lower tropospheric wind in the subsampled
analysis (which determines the sign of the mass flux) is
biased high by about 1 m s~ !, while the northward
surface winds are smaller by about 0.5 m s~ !. While
these comparisons are not detailed enough to suggest
the physical (or algorithmic) reasons behind the biases
in the subsampled reanalysis relative to the in situ data,
they do suggest that overall the strength of the circula-
tion in the lower atmosphere is enhanced in the re-
analysis winds relative to the in situ observations, at
least in places where input data to the analysis is
available.

4.4 Interannual variability

In the study by Oort and Yienger (1996), the influence
of ENSO in the Hadley circulation was examined by
computing the anomalous Hadley circulation averaged
over the five warmest El Nino events minus the same
quantity averaged over the five coldest La Nina events.
Their calculation was based on the period 1964-89
and a time series of eastern Pacific large-scale SST
anomalies. Their results showed a 3 x 10'° kg s~ ! in-
tensification of the northern Hadley cell, and a 4 x 10'°
kg s~ ! intensification of the southern Hadley cell for
warm versus cold conditions. Studies by Trenberth
(1997) and Sun and Trenberth (1998) indicate that
associated with El Nino are significant increases in
atmospheric meridional heat transport. This enhanced
heat transport could be attributed to a stronger meridi-
onal circulation and/or the stronger equator-to-pole
temperature gradient present during El Nino. The
result by Oort and Yienger (1996) suggests that the
former plays at least some role. In fact, their result
suggests about a 25-75% increase in the strength of the
meridional circulation when considering the magnitude
of their ENSO enhancement to the Hadley circulation
in conjunction with its climatological variation (ie.,
Fig. 2). However, the results in the previous section
concerning biases in the Hadley circulation climatol-
ogy induced by the use of sparse sampling raise a ques-
tion regarding their influence on the assessment of
ENSO-related Hadley circulation variability.

Figure 11 shows a normalized index of SST variabil-
ity from the eastern tropical Pacific. This time series
represents a surrogate measure of ENSO variability.
Figure 12 shows the difference in the anomalous
zonal-mean meridional circulation between El Nino
and La Nina periods, where El Nino (La Nina) periods
are defined as the months when the normalized SST
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sea surface temperature was greater (less) than 1.0; see Fig. 11

index in Fig. 11 is greater (less) than 1.0. The difference
plot for the in situ estimate shows a Hadley intensifica-
tion of about 2x 10'° kg s ! and 3 x10'° kg s~ ! for
the northern and summer Hadley cells, respectively.
The structures and relative magnitudes of the intensifi-
cation is very similar to Oort and Yienger’s result. The
magnitude is slightly weaker due to the fact that they
examined summer and winter seasons separately. This
resulted in about a 10° northward shift in the position
of their intensified northern-summer Hadley cells rela-
tive to their result for northern winter; averaging their
two seasonal values would produce a result very similar
to that shown in Fig. 12. The difference plot for the
reanalysis estimate shows a Hadley intensification
of only about 1x10'° kg s™! for each hemisphere,
a reduction of about 50% and 70% for the Northern
and Southern Hemispheres, respectively. The difference
plot for the subsampled result strongly resembles that
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from the in situ estimate that suggests that the dis-
crepancy between the in situ and reanalysis estimates
is strongly associated with the reliance on sparsely
sampled data. This conclusion is also reflected in the
time-averaged, spatial-pattern correlations of the in-
terannual anomalies shown in the third column of
Table 2. These values were calculated by determining
the spatial pattern correlations of the anomalies for
each month and then averaging these 264 values to-
gether. Note that the correlation is relatively low between
the reanalysis and in situ estimate (0.16), it increases
slightly for the reanalysis and subsampled estimates
(0.26) due to the fact these two estimates share the same
data source, and then it increases significantly for the
subsampled and in situ estimates (0.58), indicating the
large influence associated with the sparse sampling.

Figure 13 shows the in situ, reanalysis and subsam-
pled derived differences in meridional mass flux integ-
rated from 1000 hPa up to 600 hPa between anomalies
averaged during the El Nino periods and those aver-
aged during La Nina periods. The data are plotted in
terms of kg s~ ! per degree longitude. Thus, summing
the data across longitude would result in the 600 hPa
mass streamfunction anomalies shown in Fig. 12. The
most obvious influence of ENSO in the in situ map is
the area of strong equatorial mass convergence extend-
ing from about 140 °E to about 140 °W. The next lar-
gest perturbation in mass-flux is a region of northward
flow located in the northeast Pacific Ocean. This region
of northward intensification, along with the region of
southward intensification to the southwest, result from
the amplification of the Aleutian Low that is typically
associated with El Nino.

While the subsampled El Nino minus La Nina mass
flux map in Fig. 13 shows a high degree of similarity to
the in situ map, the map based on the reanalysis data
show several areas of significant discrepancy. The most
prominent are the equatorial areas that exhibit strong
mass divergence to the west and east of the large-scale
area of mass convergence described. These divergent
areas are located over the Indian Ocean in one case and
extend from the eastern Pacific Ocean across to the
Atlantic Ocean in the other. In the case of the divergent
area over the Indian Ocean, the structure and intensity
of the northward flow north of the equator in the in situ
and subsampled estimates are fairly similar to the re-
analysis estimate due to the relatively high number of
observations available in this region (Fig. 1). However,
the structure and intensity of the region of southward
flow south of the equator is poorly represented in the in
situ and subsampled estimates presumably due to the
paucity of data in southern Indian Ocean. Similar dis-
crepancies hold for the divergent area in the western
hemisphere, with the region of southward (northward)
mass flow over the southeastern Pacific (northern
tropical Atlantic) having a magnitude significantly
(moderately) less in the in situ and subsampled esti-
mates compared to the reanalysis estimate.
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Fig. 13 Same as Fig. 9, except for the differences between anomalies
averaged during El Nino and La Nina conditions. El Nino (La Nina)
periods are defined as the months when the normalized “Nino 3.4”
sea surface temperature was greater (less) than 1.0; see Fig. 11

The influence of these differences on the implied
changes to the Hadley circulation are demonstrated in
Fig. 14 which is similar to Fig. 10 except applied to
the El Nino minus La Nina meridional mass flux maps
shown in Fig. 13. Comparing the running sums of
mass flux at 10°-20°N shows that the main differ-
ence between the subsampled and reanalysis estimates
largely results from the weaker contribution in the
subsampled estimated of northward flow over the At-
lantic region. This results in a stronger interannual
change in the northern Hadley cell mass flux implied
for the subsampled case as compared to the reanalysis
case (in this latitude range about 1x10'° kg s~ ! as
compared to 2 x 10'° kg s~ !). Comparing the running
sums for the in situ and reanalysis estimates shows this
weaker northward contribution in the Atlantic also
occurs in the in-situ case but is offset by a stronger
northward contribution coming from the region
around the Arabian Sea. In the case of the running
sums at 10°-20°S, the reanalysis curve shows an area
of strong southward mass flux around 120 °E, a very
strong area of northward mass flux around 180°, and
then an area of southward flow centered around 90 °W.
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Combined, the regions of northward and southward
mass flux nearly cancel leaving very little net effect on
the strength of the southern Hadley cell. On the other
hand, the weaker southward flows in the in situ and
subsampled estimates over the Indian and eastern
Pacific Oceans prevents this cancellation leaving a very
large net effect on the strength of the southern Hadley
cell.

A comparison of the subsampled and in situ esti-
mates in Fig. 13 highlights aspects related to the biases
in the reanalysis product. Similar to the comparison in
the previous section of the long-term mean meridional
mass flux, the subsampled El Nino minus La Nina
meridional mass flux shows a slightly enhanced lower
tropospheric circulation relative to the in situ estimate.
The region of southward flow north of the equator and
the region of northward flow south of the equator are
each about 20% larger in the subsampled estimate.
A similar size increase occurs for many of the other
regions of relatively high meridional mass fluxes. Thus,
in addition to the enhancement in the long-term mean
meridional mass flux values (Sect. 4.3), the interannual
variations in the meridional circulation appear to be
enhanced as well. Together these results suggest that
the meridional circulation in the tropics, and in some
cases in the mid-latitudes as well, is stronger in the
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reanalysis as compared to in situ data, at least in places
where in-situ data are available.

5 Summary and conclusions

The objective of this study was to compare estimates of
the zonal-mean meridional circulation produced from
a long-record reanalysis product to that produced dir-
ectly from in situ observations using traditional tech-
niques. It is understood that both of these estimates
suffer from their own biases and uncertainties. Thus,
part of the challenge of this study was to try and
construct a framework for producing a worthwhile
comparison from which useful and meaningful inferen-
ces could be drawn. Our approach was to produce
a third estimate by subsampling the reanalysis data set
at the locations where observed data exists (Fig. 1;
compare witt Oort 1983), and then estimate the circula-
tion from this subset of data in the same way the in situ
estimate is produced (i.e., with some form of objective
analysis). This subsampled estimate suffers from both
the sparse data limitation as well as the biases asso-
ciated with the reanalysis (e.g., from model parametri-
zations, initialization procedures, and indirect sources
of data such as satellite retrievals). By comparing the
subsampled and reanalysis estimates, inferences could
be drawn regarding the biases in the conventional
in situ estimates due to sparseness of the data sources
(i.e., radiosonde network). By comparing the subsam-
pled and in situ estimates, inferences could be drawn
regarding the biases in the reanalysis estimates. Under-
standably, within this framework, these latter in-
ferences could only be associated with locations where
actual in situ observations exist, and thus it is likely
that they would underestimate, or possibly not alto-
gether apply, to regions void of in situ data. Implicit
within this objective and associated analysis, is an un-
derlying goal of trying to narrow the gap between truth
and previous estimates of the zonal-mean meridional
circulation.

The in situ estimate was constructed from monthly
radiosonde and COADS surface ship observations of
meridional wind for the period from 1968 to 1989. The
reanalysis and subsampled estimates were construc-
ted from monthly NCEP/NCAR reanalysis data from
the same period. While the climatologies from the three
estimates (Figs. 2-4) all showed the expected large-scale
features, the detailed aspects of their representations,
including the strengths of the circulations, differed
significantly. For example, the principle qualitative dif-
ferences between the in situ and reanalysis estimates
include: (1) the southern Hadley cells in the reanalysis
consistently extend up to 200 hPa, whereas the bulk of
the circulation for the in situ estimate tends to be
confined to the lower half of the troposphere allowing
the northern cell to extend further into the Southern
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Hemisphere at upper levels, (2) the reanalysis exhibits
more well-defined and consistent poleward limits of the
Hadley cells, with the main regions of subsidence al-
most always occurring at 30 °N and 30 °S, (3) the Ferrel
cells and southern polar cell in the reanalysis estimate
exhibit considerably less variability in magnitude and
latitudinal extent, and (4) the reanalysis exhibits a
narrow polar cell between 65°-80°S throughout the
year while the in situ estimate exhibits a very weak
and poorly defined cell. Comparing the subsampled
estimate to the in situ and reanalysis estimates shows
that many of its features more strongly resemble the in
situ estimate. Specifically, the qualitative differences
described between the in situ and reanalysis estimate
are not as evident when comparing the in situ and
subsampled estimates. This indicates that these quali-
tative differences are, to a large degree, associated with
the sparse sampling and simplified interpolation
schemes associated with the in situ and subsampled
estimates.

Quantitative comparison shows that the subsampled
estimate, relative to the reanalysis estimate, produces
a stronger northern Hadley cell (~20%), a weaker
southern Hadley cell (mainly in the upper troposphere;
~20-60%), and weaker Ferrel cells in both hemi-
spheres (Figs. 3-5). Long-term mean maps of meridi-
onal mass flux below 600 hPa were examined to under-
stand the reason for these differences (Figs. 9 and 10).
It was found that the stronger northern Hadley cell in
the subsampled estimate primarily stems from the poor
sampling of the central and western subtropical North
Pacific. This poor sampling is responsible for produ-
cing a weakened northward flow in this region, leading
to an overall enhancement in the equatorward mass
flux (i.e., northern Hadley cell) in the subsampled esti-
mate relative to the reanalysis. The weaker southern
Hadley cell in the subsampled estimate relative to the
reanalysis estimate primarily stems from the poor
sampling in the southeast Pacific, and to a lesser extent
the southern subtropical Indian Ocean. Both these
regions make significant contributions to the low-level
northward mass flux in the southern Hadley cell, and
their weakened representation in the subsampled, and
presumably the in situ, estimate produce weakened
southern Hadley cells. The radiosonde sparseness in
these regions was similarly found by Soden and Lan-
zante (1996) to be areas of maximal bias in monitoring
upper tropospheric humidity. Likewise, the weaker
Ferrel cells in the subsampled estimate relative to the
reanalysis estimate also results from poorly resolved
regions of significant low-level poleward flow over the
oceans (e.g., north Pacific and central south Pacific and
Atlantic).

Comparisons between the subsampled and in situ
estimates suggest that the subsampled estimate pro-
duces a slightly stronger Hadley circulation in both
hemispheres, with the relative difference in some
seasons as large as 20-30% (Figs. 2, 4 and 6). This
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enhanced overall Hadley circulation is associated with
an overall enhancement in the strength of the circula-
tion, indicated here by a strengthening of the meridi-
onal mass flux below 600 hPa (Figs. 9 and 10). Since the
data for each of these estimates comes from generally
the same locations, this enhancement in the circulation
is likely attributable to biases in the reanalysis. How-
ever, in this study, the analysis of these biases is limited
to areas where in situ data exist and therefore little can
be inferred regarding the biases in regions void of
in situ data, although it is likely they would have the
same sign and have a similar or greater magnitude. The
possibility exists that part of the differences between
the in situ and subsampled analyses are due to biases
in the in situ data that do not impact the reanalysis due
to the use of additional data sources. However, it is
expected that such biases would still represent a smaller
fraction of error than the reanalysis procedure itself
(i.e., model dependencies), particularly for the case of
wind measurements.

Additional analysis was undertaken to try and ascer-
tain if the biases in the low-level flow between the
in situ and subsampled analyses showed a systematic
behavior with height (e.g., always associated with
near-surface flow). However, no such systematic be-
havior could be identified other than the general sug-
gestion that the strength of the low-level flow in the
reanalysis, in regions with in situ data, is more energetic
than that suggested by the monthly in situ observa-
tions. By considering these conclusions regarding
sparse sampling and model biases, it might be reason-
able to assume that the true Hadley circulation has a
spatial structure highly similar to the reanalysis esti-
mate provided here but with an overall strength that is
a bit weaker.

ENSO-related changes to the Hadley circulation in
the three estimates were also performed. Specifically,
composite El Nino minus La Nina anomalies of the
zonal-mean meridional circulation were computed and
compared (Figs. 11 and 12). The difference plot for the
in situ estimate shows a Hadley intensification of about
2x10'% kg s~ ! and 3 x10'° kg s~ ! for the northern
and summer Hadley cells, respectively (similar to Oort
and Yienger 1996). However, the difference plot for the
reanalysis estimate indicates a Hadley intensification of
only about 1x 10'° kg s~ ! for each hemisphere, a re-
duction of about 50% and 70% for the Northern and
Southern Hemispheres, respectively. Interestingly, the
difference plot for the subsampled result strongly re-
sembles, in structure and magnitude, that from the
in situ estimate which suggests that the discrepancy
between the in situ and reanalysis estimates is strongly
associated with the reliance on sparsely sampled data.
Examination of the El Nino minus La Nina anomalous
values of meridional mass flux below 600 hPa (Figs. 13
and 14) shows that all three estimates capture the
large-scale region of low-level equatorial convergence
near the dateline. However, the in situ and subsampled
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estimates fail to effectively reproduce the large-scale
areas of equatorial mass divergence to the west and east
this convergence area. These low-level divergent areas
are located over the Indian Ocean in one case and
extend from the eastern Pacific Ocean across to the
Atlantic Ocean in the other. In the reanalysis, the
poleward mass fluxes associated with these divergent
areas nearly cancel the equatorward flow in the central
Pacific. However, due to the weakened representation
of the low-level poleward flows in the subsampled and
in situ analyses, this cancellation is not as complete,
leaving a fairly substantial net ENSO effect on the
derived Hadley circulation.

In addition to ENSO-related interannual variability,
total month-to-month interannual variability was also
computed for the three estimates in terms of their
standard deviations about the annual cycle (Fig. 8). The
variance structure of the in situ and subsampled mer-
idional circulations show a high degree of spatial sim-
ilarity, although the magnitude of the in-situ estimate
is about 50% larger than in the subsampled estimate.
Most of the variability is concentrated in the Southern
Hemisphere, primarily in the mid-latitudes, with
a tongue of high variability (2-4 x 10'° kg s ') extend-
ing through the tropics to the Northern Hemisphere
subtropics. In contrast to both the in situ and subsam-
pled estimates, the reanalysis estimate shows consider-
ably weaker variability, with a maximum value that is
only about 30% (50%) of the maximum value in the
subsampled (in situ) estimate. Moreover, the structure
is symmetric about the equator with peak values con-
fined in the deep tropics rather than the southern
mid-latitudes. While some aspects of these differences
might be expected due to the sparse in situ sampling,
their quantitative consideration leads to very signifi-
cant differences in perceived interannual variability
for the different estimates. Finally, these differences in
the structure and magnitude of the variances, along
with additional measures of uncertainty discussed in
Sect. 4.2 (Fig. 7), indicate considerable differences in the
level of uncertainty introduced into the meridional cir-
culation estimates by the sparse sampling, especially
poleward of about 30 °S. This greater level of uncertainty
in the in situ and subsampled estimates warrants some
caution regarding the inferences made between these
two estimates and what they imply for biases associated
with the reanalysis. Thus, the conclusions regarding the
reanalysis biases have to be considered in light of other
reanalysis validation efforts.
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