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Abstract
The exact role of moist deep convection and associated latent heating in the trop-
ical Hadley circulation has been debated for many years. This study investigates
the connection between moist convection and the strength of the upper-level
meridional circulation over the tropical Atlantic, focusing mainly on one par-
ticular boreal winter season. There is a close relationship between events of
strong organised deep convection and enhanced meridional upper-level wind
on many occasions. A process-based analysis of specific events suggests that
moist convection impacts Hadley circulation variability on time-scales of days to
months through equatorial wave dynamics. Equatorial waves play an important
role, both directly by contributing to the Hadley circulation via their meridional
wind component and also indirectly by triggering moist convection through
low-level convergence. Specific Hadley circulation surge events, short-term,
regionally confined intensifications of the upper-level meridional circulation,
can be attributed to enhanced organised moist convection and equatorial wave
activity in many cases, with implications for trade wind cloudiness. The findings
thus elucidate how the mean Hadley circulation is shaped by and composed of
temporally and spatially varying convection–circulation interactions.

K E Y W O R D S
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1 INTRODUCTION

From a time-mean and zonal-mean perspective, the
Hadley circulation is driven by meridional temperature
gradients, and ultimately by latitudinal variations in
solar insolation. In this view, tropical moist convection
can be considered to be in near-equilibrium with its
environment and to act to reduce the potential energy,

created by large-scale processes, available to generate
kinetic energy of large-scale motion (Emanuel et al., 1994).
As a consequence of this convective adjustment process,
the large-scale ascent of the Hadley circulation is respond-
ing to an effective, positive static stability. In this equi-
librium picture, moist convection therefore dampens the
Hadley circulation overall, and its main role is to estab-
lish a one-to-one relationship between the subcloud layer
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entropy and the virtual temperature of the atmosphere
(Brown and Bretherton, 1997; Emanuel, 1998; Neelin and
Zeng, 2000; Yano and Plant, 2012).

Locally and on shorter time-scales, however, nonequi-
librium convection can be a source of energy for
large-scale motions such as the Hadley circulation, as
pointed out by Stevens et al. (1997). The correlation
between latent heating from convection and tempera-
ture anomalies in the atmosphere created by large-scale
processes is not always negative. Convection does not
just consume available potential energy, it can coop-
erate positively with large-scale motion. An important
argument in this context is that convection in the trop-
ical atmosphere is not just a small-scale phenomenon
(Mapes, 1997), and the separation between large-scale
and convective processes is ambiguous (Pan and Ran-
dall, 1998). Individual convective clouds are small and
short-lived compared with the horizontal dimensions
and time-scales of circulations like the Hadley Cell.
However, organised convective systems in the Tropics
can have impacts on circulations over large distances,
because latent heating from convection in the upper trop-
ical troposphere may create large-scale waves such as,
for instance, those described by the highly successful
theory of equatorial waves (Matsuno, 1966; Gill, 1980;
Mapes, 2000).

Hoskins et al. (2020) and Hoskins and Yang (2021)
recently presented a comprehensive and detailed investi-
gation of the Hadley circulation, arguably the most fun-
damental feature of tropical weather and climate. They
suggested complementing and refining the traditional
zonal-mean and time-mean theory in two ways: the two
studies acknowledge the central role of moist convection
as a driving factor of Hadley circulation variability, and
suggest that the asymmetries in longitude and fluctuations
on time-scales of days to months are of order one impor-
tance in the upper branch of the Hadley Cell. The two
aspects are connected: the temporal and zonal variations
of the Hadley circulation are a necessary, although in itself
not sufficient, precondition for localised organised convec-
tion to play an active role in governing Hadley circulation
variability, and not just act as a passive counterweight
(Tomassini, 2020).

The key observation is that, where and when there is
active deep convection, the Coriolis parameter is approxi-
mately balanced by relative vorticity due to strong, region-
ally confined outflow of air into the winter hemisphere
(Hoskins et al., 2020). In other words, organised moist
convection is the main influencing factor of upper-level
vorticity modulating the strength of the local Hadley cir-
culation on time-scales of days to months. This is an
extension of the more traditional view, which emphasizes
the zonal-mean balance between relative vorticity flux and

the Coriolis force, and the zonal-mean solar heating and
subsequent meridional temperature gradient as principal
control.

In the present study it is shown, based on the detailed
analysis of a boreal winter season over the tropical
Atlantic, that it is the regions and times of active convec-
tion that predominantly lead to upper-tropospheric out-
flow and structures that average to result in the mean flow
toward the opposite pole, and the steady and transient
fluxes of momentum and vorticity that balance the Cori-
olis terms. Thus, longitudinal and temporal fluctuations
of tropical moist convection are key factors in governing
regional Hadley Cell strength and variability.

It is well established that equatorial waves are not only
a product of latent heat release by moist convection, but
also modulate tropical convection (Kiladis et al., 2009;
Ferrett et al., 2020; Ayesiga et al., 2021). Therefore the
two-way interaction between equatorial atmospheric
waves and moist convection impacts the strength of the
meridional flow in the Tropics in two ways. The circu-
lation characteristics of the wave can have a meridional
component and thus contribute directly to variability in
the meridional wind (Yang et al., 2003; Yang et al., 2007a;
Yang et al., 2007b; Yang et al., 2007c). Alternatively, the
wave can affect the meridional circulation indirectly
by triggering or enhancing moist convection, which,
in turn, produces upper-level outflow and meridional
motion.

Similar conclusions were reached by Schwendike
et al. (2021), who investigated the effect of enhanced and
suppressed MJO-related convection on the strength and
poleward extent of the local Hadley circulations. In many
ways, the idea that moist convection is an important factor
in the driving processes of the Hadley circulation is at the
heart of the “hot towers hypothesis” formulated by Riehl
and Malkus (1958) (see also Fierro et al. (2009)). Moreover,
previous work highlighted the importance of zonal asym-
metries and physical processes related to the presence of
continents for Hadley Cells, aspects that are not captured
by axisymmetric models (Cook, 2003; Cook, 2004). In the
present study, we focus on one particular boreal winter
season over the tropical Atlantic in order to be able to
understand better the detailed structure and variability of
the regional Hadley circulation and the governing pro-
cesses behind it. A related motivation for investigating
the period in more detail was the Elucidating the Role
of Clouds–Circulation Coupling in Climate (EUREC4A)
observational field campaign (Stevens et al., 2021), which
took place in January and February 2020. Large-scale
conditions had a strong influence on cloudiness and
cloud patterns over subtropical subsidence regions during
the observation period, a topic that is touched upon in
Section 4.
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TOMASSINI and YANG 3289

2 RELATIONSHIP BETWEEN
HADLEY CIRCULATION AND
TROPICAL CONVECTION
VARIABILITY

In the present work we mainly restrict our attention to the
tropical Atlantic and the season December 2019–February
2020. The rationale is that a detailed analysis of one single
season allows for unearthing of some basic principles and
characteristics of Hadley circulation variability and, at the
same time, better understanding of the processes behind
it. Nevertheless, it is instructive first to consider a few basic
climatological aspects, as revealed by the ERA5 reanalysis
(Hersbach et al., 2020) data (Figure 1).

The wind climatology at 200 hPa shows a distinct anti-
cyclonic circulation over the western part of the South
American continent and a cyclonic circulation over the
western tropical Atlantic ocean. In between, over the east-
ern part of the South American continent, the strongest
meridional wind is observed. The main upper-level north-
ward flow deflects to the right to form the subtropical jet
north of the Equator.

Over the tropical Atlantic, the midtropospheric verti-
cal motion that can be attributed to the Walker circulation
is small, and the meridional Hadley circulation dominates
(Schwendike et al., 2015). Thus, the vertical pressure veloc-
ity at 500 hPa is a good measure for the position and
strength of the local Hadley circulation over the region.

F I G U R E 1 Climatology of (a) 200-hPa meridional wind, (b) pressure velocity at 500 hPa, and (c) specific humidity at 850 hPa for the
month of January based on ERA5 data for the years 1991–2020. Streamlines indicate the climatology of horizontal winds at the respective
pressure level. (d) Climatology of precipitation based on the GPM observational data set for the years 2001–2021. The boxes in panels (a) and
(d) indicate averaging areas for meridional wind and rainfall, respectively, in subsequent Hovmöller plots
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The zonal asymmetry is striking, and the important role of
the South American continent becomes evident. Over the
ocean, the region of ascending motion is narrow and just
north of the Equator in January, while over South Amer-
ica the region of deep convection is broad and stretches
deep into the Southern Hemisphere, an expression of the
South American monsoon system and the South Atlantic
Convergence Zone (Liebmann and Mechoso, 2011).

The climatological distribution of specific humid-
ity at 850 hPa indicates that moisture is transported
west–southwestward in the Northern Hemisphere and
west–northwestward in the Southern Hemisphere to con-
verge over the rainfall-abundant regions (Figure 1c). This
is confirmed by the Global Precipitation Measurement
(GPM: (Huffman et al., 2019)) precipitation climatology
(Figure 1d), which agrees well with the ERA5 midtropo-
spheric vertical velocity field.

Focusing on the aforementioned winter season, Hov-
möller diagrams of outgoing longwave radiation (Lieb-
mann and Smith, 1996) and smoothed GPM precipitation
agree well on the structure and characteristics of deep con-
vection over the tropical Atlantic (Figure 2, upper row).
The month of December stands out to some extent, in that
deep convection happens mainly west of 50◦W, although
there are sporadic strong events also over the ocean. Start-
ing from early January, there are quite distinct periods
of prolonged deep convective incidences over the eastern
South American continent and the Atlantic.

Organised deep convection occurs at almost all times
at some longitudes throughout the season. However, when
compositing on periods with strong deep convection in the
middle part of the longitude band considered, as indicated
by the red vertical lines in Figure 2b, then one can see a
strong 200-hPa cross-equatorial meridional flow, mainly
over the Atlantic ocean (Figure2c). In contrast, when com-
positing on periods during which convection is weak over
the central part of the tropical Atlantic (black vertical
lines in Figure 2b), the meridional upper-level flow is
confined mainly to two centers over land, one in the North-
ern Hemisphere and one in the Southern Hemisphere,
and the cross-equatorial flow is small (Figure 2d). In fact,
the upper-level meridional circulation over the Atlantic is
even reversed in this case.

The composite analysis suggests that substantial zonal
variations occur over time in the locations of deep moist
convection, as well as the position and structure of the
upper-level meridional circulation, and that both are
strongly related. To put this into further context, Figure 3
depicts how the 200-hPa meridional wind and rainfall,
averaged over the respective areas as indicated by the boxes
in Figure 1a,d, respectively, develop over the 2019/2020
boreal winter season. Although averaging over such spa-
tially extensive regions is a rather crude procedure, it is

evident that there is a close relationship between the two
quantities even in an integrated sense, and Figure 3b con-
firms that winter 2019/2020 is not exceptional in any way.
Only a period in mid-December 2019 stands out, when
the two variables appear to be anticorrelated rather than
correlated. An inspection and comparison of the Hov-
möller plots of rainfall (Figure 2b) and meridional wind
at 200 hPa (Figure 4a) indicate that a region of enhanced
rainfall over the ocean might be responsible for this situ-
ation. Since the rainfall area is located north of the Equa-
tor (see Figure 1d), it can induce a northerly upper-level
flow in some parts of the box over which the merid-
ional wind is averaged. This interpretation is confirmed
by computing the correlation between regionally averaged
rainfall and 200-hPa meridional wind for each grid box
(Figure 4b,c).

When the correlations are computed using the rainfall
average only over the oceanic area north of the Equator,
then there is a large part of the region that exhibits a
negative correlation, implying upper-level northerly flow
induced by anomalously enhanced rainfall. As the rain-
fall is located north of the Equator, this is to be expected
and consistent with the previous conclusion that Southern
Hemisphere rainfall is driving positive upper-level merid-
ional wind anomalies. A more detailed discussion of the
mechanism of how convection can influence circulation
over potentially large distances will form the content of the
next section.

3 THE TWOFOLD ROLE OF
EQUATORIAL WAVES

Investigating the relationship between moist convection
and the meridional wind at 200 hPa over the Atlantic
region in more detail, the upper left panel in Figure 5
shows GPM precipitation in a Hovmöller diagram overlaid
with the 5 m⋅s−1 contour of 200-hPa meridional wind from
ERA5. The meridional wind is averaged over the latitudes
5◦S–10◦N, as indicated by the box in the upper left panel
of Figure 1.

In many cases there is a strikingly close correspon-
dence between positive 200-hPa meridional wind and
precipitation anomalies. A particularly evident connec-
tion between stronger than usual meridional wind and
above-average rainfall events can be observed during the
periods of December 23–January 10. January 24–29, Jan-
uary 30–February 9, and February 19–February 29. In fact,
most of the time there are indications of an intimate link,
in terms of both enhancement and abatement, between
the intensity of localised moist convective events and
longitudinally confined variations in 200-hPa meridional
wind.
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TOMASSINI and YANG 3291

F I G U R E 2 (a) Hovmöller plot of top-of-the-atmosphere outgoing longwave radiation based on daily NOAA data, averaged over
latitudes 15◦S–5◦N. (b) Hovmöller plot of smoothed GPM precipitation rates based on half-hourly data using a Gaussian filter. The
region over which the data are averaged in latitude is shown by a box in Figure 1d. The red contour lines indicate the upper tercile of the
smoothed data. (c) Composite of 200-hPa meridional wind over periods of strong convection indicated by the vertical red lines in the upper
right panel. (d) Composite of 200-hPa meridional wind over periods of weak convection indicated by the vertical black lines in the upper
right panel

The precipitation Hovmöller diagram suggests the
presence of equatorial waves: both westward- and
eastward-moving structures occur. It is therefore nat-
ural to examine the ERA5 dynamical fields in more
detail and to identify tropical waves independently of

the rainfall data. This is done using the methodology
developed in Yang et al. (2003). The wave analysis is
based on six-hourly ERA5 data of meridional wind, zonal
wind, and geopotential height for the tropical belt of
24◦S–24◦N. A broadband spectral domain with k = 2–40
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3292 TOMASSINI and YANG

F I G U R E 3 (a) Time series of mean meridional wind at 200 hPa averaged over the box indicated in Figure 1a (red dashed line) and
rainfall averaged over the area indicated in Figure 1d (blue dashed line) for the boreal winter 2019/2020. The corresponding solid lines show
the same data, but smoothed based on local polynomial regression fitting with span = 0.05. (b) Histogram of correlations between smoothed
200-hPa meridional wind time series and rainfall time series based on the values for the 20 boreal winter seasons 2001–2020. The value for
the 2019/2020 season is indicated by a vertical blue line; it is 0.476 and below both the mean and the median of the distribution

is used, and for time-filtered waves a time filter of 1–30
days is applied; this includes all equatorial waves except
high-frequency gravity waves (see Yang et al. (2021) for
more details).

First zonal wind, meridional wind, and geopoten-
tial height at 200 hPa are investigated and projected
on to different wave patterns, namely westward-moving
mixed Rossby–gravity waves (WMRG), eastward-moving
mixed Rossby–gravity waves (EMRG), Kelvin waves, n = 1
Rossby waves, and n = 2 Rossby waves. Here the index
n refers to the meridional wave number. The analysis is
based on six-hourly data, see Yang et al. (2003) for more
details.

The most distinct relationship between moist con-
vection and meridional wind components of waves at
200 hPa can be identified in mixed Rossby–gravity waves
with no time filtering (Figure 5b, the red lines indi-
cate the 5 m⋅s−1 contours), in agreement with Hoskins
and Yang (2021). Because no time filter is applied, the
waves include westward-moving, eastward-moving, and
quasistationary structures. The presence of quasistation-
ary mixed Rossby–gravity waves is to be expected due
to the eastward mean wind at 200 hPa over the equa-
torial westerly ducts of the Atlantic and eastern Pacific
and the resulting Doppler shift. In some instances,
like in the case of the periods January 23–29 and
February 5–10, the mixed Rossby–gravity (MRG) wave
response to the latent heating from convection occurs

to the east of the main region of latent heat release,
as expected based on theoretical grounds (Silva Dias
et al., 1984).

The signal in time-filtered eastward-moving
mixed Rossby–gravity waves (Figure 5c) and from
westward-moving n = 1 Rossby waves (Figure 5d) is gen-
erally weaker in magnitude, but there are instances in
which latent heating from tropical convection over the
region considered seems to play a part in exciting the
waves. Kelvin waves do not have a meridional wind com-
ponent and therefore do not contribute directly to the
variability of the meridional flow.

To make the connection between 200-hPa meridional
wind variability and the meridional wind component of
mixed Rossby–gravity waves more quantitative, Figure 6
shows times series of the two variables for the six boreal
winter seasons from 2014/2015 to 2019/2020. The dashed
lines display the raw data, and the corresponding solid
lines exhibit the smoothed time series. The quantities
are averaged over latitudes 5◦S–10◦N and longitudes
60–50◦W, an area chosen in such a way that it is part of
the latitude range indicated by the box in Figure 1a, but
at the same time reduced in longitudinal extent in order
not to average out variability excessively. For each sea-
son, the Pearson correlation coefficients were computed;
they are indicated in the panels. The results demonstrate
that mixed Rossby–gravity waves are the primary mode of
variability contributing to large-scale upper-tropospheric
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TOMASSINI and YANG 3293

F I G U R E 4 (a) Hovmöller plot of meridional wind at 200 hPa, latitudinally averaged as indicated by the black box in Figure 1a.
The 5 m⋅s−1 contour is included. (b) Correlations between mean rainfall averaged over the box indicated in Figure 1d and meridional wind at
200 hPa for each grid box, calculated based on the boreal winter season 2019/2020. (c) Same as in panel (b), but with the rainfall averaged
only over the oceanic rainband area north of the Equator (see Figure 1d), namely 0–8◦N and −40 to −20 ◦E

meridional wind variations over the subtropical Atlantic
during boreal winter.

Latent heat release from moist convection can plausi-
bly drive large-scale circulations (for instance, via equa-
torial waves as argued in the present study) if the latent
heating leads to positive temperature anomalies in the
upper troposphere and does not simply adjust the atmo-
sphere back to a neutral state as a response to instabilities
created by large-scale processes. That this can indeed be
the case is shown in Figure 7. There is notable covariabil-
ity between rainfall and 300-hPa temperature anomalies
over the example region 60–50◦W and 15–5◦S. The rain-
fall here is considered to be a proxy for upper-level latent
heat release by moist convection. A rough estimate for
the latent heating rate based on the rainfall rate can be
obtained by:

LH ≈ P Lc

𝜌 ⋅ cp
≈ 2.5 P,

where LH is the latent heating rate, P the precipitation
rate, 𝜌 the density of air, cp the specific heat capacity of
air at constant pressure, and Lc the specific latent heat
for condensation. Accordingly, the green line in Figure 7a
depicts the smoothed rainfall time series scaled by the fac-
tor 2.5. The short-term variability of upper-tropospheric
temperature anomalies shows similar characteristics over
the whole of the season to the latent heating variabil-
ity estimated based on the rainfall data. The correlation
is likely underestimated, because ERA5 latent heating
is not expected to be fully consistent with the observed
GPM rainfall, and the spatial averaging procedure is
inevitably crude. In addition, the bottom two panels show
a snapshot of the situation during the Hadley circula-
tion surge event discussed in more detail in Section 4.
The spatial pattern of the positive 300-hPa temperature
anomaly shows a large-scale extent and correspondence
with the regions where organised convection occurs is
evident.
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3294 TOMASSINI and YANG

F I G U R E 5 Hovmöller diagrams of (unfiltered) precipitation rates from half-hourly GPM data (blue color shading, the same in all
panels) averaged over the latitudes shown by a box in Figure 1d. Overlaid are (a) the 5 m⋅s−1 contours of 200-hPa meridional wind and
(b) 200-hPa meridional wind components for different equatorial waves. The meridional wind is averaged over the latitude band 5◦S–10◦N,
except for n = 1 Rossby waves where 5–15◦N is used, because that is where the strongest meridional wind anomaly is located in this case
(Yang et al., 2003). (b) Mixed Rossby–gravity waves without time filtering. (c) Eastward-moving mixed Rossby–gravity waves. (d) n = 1 Rossby
waves. Contours with a longitudinal extent of less than 8◦ have been removed for clarity of presentation. Red contours represent meridional
wind periods for which a clear association with enhanced rainfall can be identified; dotted orange contours indicate internal contours inside
red contours; gray contours are reserved for meridional wind events during which no clear relationship to positive precipitation anomalies
can be detected
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TOMASSINI and YANG 3295

F I G U R E 6 Time series of meridional wind at 200 hPa (dashed red lines) and 200-hPa meridional wind attributed to mixed
Rossby–gravity (MRG) waves (dashed blue lines) averaged over latitudes 5◦S–10◦N and longitudes 60–50◦W for the six winters from
2014/2015 to 2019/2020. The corresponding solid lines show the same data but smoothed based on local polynomial regression fitting with
span = 0.05. The averaging area was chosen in such a way that it is part of the latitude range indicated by the box in Figure 1a, but at the same
time reduced in longitudinal extent in order not to average out variability excessively. The Pearson correlations between the two raw time
series are also indicated in the panels

Equatorial waves can also impact the Hadley circu-
lation indirectly by spurring moist convection and thus
providing the trigger for latent heating and subsequent
meridional wind bursts. In this regard, it is appropriate
to examine the divergence and convergence signatures
of the waves at 850 hPa in the region where moist con-
vection occurs. Eastward-moving features in the rainfall

data are in many cases associated with low-level con-
vergence attributed to Kelvin waves (Figure 8a), but
eastward-moving mixed Rossby–gravity waves also play
an important role in triggering convection (Figure 8b).
Westward-moving precipitating structures are impacted by
both westward-propagating mixed Rossby–gravity waves
and n = 1 Rossby waves (bottom panels of Figure 8).

 1477870x, 2022, 748, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4359 by U
niversity of R

eading, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3296 TOMASSINI and YANG

F I G U R E 7 (a) Time series of ERA5 temperature anomalies at 300 hPa (red dashed line) averaged over the area 60–50◦W and 15–5◦S
during winter 2019/2020. The anomalies are calculated with respect to the corresponding monthly climatology over the years 1991–2020.
The blue dashed line shows precipitation from GPM averaged over the same area. The corresponding solid lines present the same data but
smoothed based on local polynomial regression fitting with span = 0.05. The averaging area was chosen in such a way that it is part of the
rainfall box indicated in Figure 1d, but reduced in extent in order not to average out variability excessively. The rainfall is considered a proxy
for latent heat release by moist convection. The green line, a rough estimate of the latent heating rate by rainfall formation, is the same as the
blue line but scaled by the factor 2.5 ≈ Lc∕(𝜌 ⋅ cp), where Lc is the specific latent heat of condensation, cp the specific heat capacity of air at
constant pressure, and 𝜌 air density. The Pearson correlation between the smoothed time series is indicated. The true correlation is likely
underestimated, because ERA5 latent heating is not expected to be fully consistent with GPM rainfall. Also, the spatial averaging is inevitably
crude and not well-adjusted to the smaller-scale rainfall structures. (b) ERA5 temperature anomaly at 300 hPa on January 26, 2020, 18:00
UTC. Black streamlines indicate horizontal wind anomalies at 300 hPa. (c) GPM precipitation on the same date and at the same time; the
date is part of the Hadley circulation surge period described in more detail in Section 4

In summary, equatorial waves play an important part
in mediating the impact of moist convective latent heating
on upper-level meridional circulation variability. With-
out the theory of equatorial wave dynamics, it would
be difficult to understand how deep convective clouds,
which individually have spatial extents of the order of
tens of kilometers, can influence large-scale tropical cir-
culations over distances of thousands of kilometers. The
classical Matsuno–Gill model (Matsuno, 1966; Gill, 1980)

provides an explanation that links organised tropical con-
vection with variability in the thermally direct Hadley
Cell. Nonequilibrium convection can thus be a source of
energy for large-scale motion such as the Hadley Cell via
equatorial waves, but also via Madden–Julian-type circu-
lations (Schwendike et al., 2021). By means of modern,
high-quality satellite rainfall observation and reanalysis
data over the Tropics, the large-scale impact of moist con-
vection in the tropical atmosphere can now be uncovered.
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F I G U R E 8 Hovmöller diagrams of precipitation rates from GPM data (blue color shading). Precipitation is averaged over the latitudes
shown by a box in the lower right panel of Figure 1, except for WMRG and EMRG waves, for which only the latitudes south of the Equator
are used. Overlaid are the 2.5 × 10−6 s−1 contours of 850-hPa convergence averaged over the same latitudes as the rainfall. Only Southern
Hemisphere latitudes are included in the averaging for WMRG and EMRG, because their convergence patterns are antisymmetric relative to
the Equator Yang et al. (2003). (a) Kelvin waves. (b) Eastward-moving mixed Rossby–gravity waves. (c) Westward-moving mixed
Rossby–gravity waves. (d) n = 1 Rossby waves. Contours with a longitudinal extent of less than 8◦ have been removed for clarity of
presentation. Red contours represent convergence periods for which a clear association with enhanced rainfall can be identified; gray
contours are reserved for convergence events during which no clear relationship to positive precipitation anomalies can be detected
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4 A HADLEY CIRCULATION
SURGE EVENT AND THE IMPACT
ON TRADE WIND CLOUDINESS

A motivation for the present study, among others, was to
understand better the development of larger-scale condi-
tions during the EUREC4A observational field campaign
and their impact on cloudiness and cloud patterns over
the trades. The EUREC4A field study took place from Jan-
uary 20, 2020–February 20, 2020, with operations based
out of the Caribbean island of Barbados. The observa-
tional campaign and the wider project aim to study the life
cycle of shallow trade cumulus clouds, associated patterns
of convective organization, and the two-way interactions
between cloud processes and the larger-scale dynamics
(Stevens et al., 2021).

After the weather in the region was influenced by a
low-level cold front drifting slowly southward in the north-
ern part of the Atlantic trades during January 17–24 (not
shown), cloudiness cleared markedly and the Atlantic sub-
tropical high strengthened significantly over the period
from January 25–31, 2020. Some features and how they
developed are presented in Figure 9. There was a strong
meridional wind anomaly at 200 hPa across the whole
of the Tropics, reminiscent of a slow-moving WMRG
wave (Figure 9 top panels, see also Figure 5). In the
region of enhanced convection, distinct centers of rel-
ative vorticity anomalies can be observed (second row
in Figure 9) which drive the meridional wind burst.
Over the Northern Hemisphere subtropics, upper-level
convergence establishes and there is enhanced down-
ward vertical motion (third row in Figure 9, the loca-
tion of the cross-section is indicated by the black line
in the top right panel). The images from the Moder-
ate Resolution Imaging Spectrometer (MODIS) instru-
ment on board the Terra satellite demonstrate the effect
on cloudiness: over the course of several days, the
clouds clear distinctively over the Northern Hemisphere
trades.

From the vorticity perspective as put forward by
Hoskins et al. (2020) and Hoskins and Yang (2021), since
the meridional wind anomaly is strong in the Northern
Hemisphere during the period, the absolute vorticity is
expected to be close to zero. In other words, the posi-
tive planetary vorticity in the Northern Hemisphere has
to be balanced approximately by upper-level negative rel-
ative vorticity. Most of the deep convection occurs in the
Southern Hemisphere, where absolute vorticity is nega-
tive. Although the relative vorticity anomaly is positive in
the location of deep convection over South America, due
to this deep convective activity, bursts of negative absolute
vorticity air cross the Equator from the Southern Hemi-
sphere into the Northern Hemisphere and approximately

balance the planetary vorticity in the Atlantic Hadley Cell
area of the Northern Hemisphere.

This not only demonstrates how tropical convection
affects the Hadley circulation on time-scales of days and
across thousands of kilometers, but the joint evolution of
marked changes in upper-level circulation and low cloud
cover over subsidence regions also shows that moist con-
vection and associated Hadley circulation variability can
impact cloudiness and cloud patterns over large distances
(Myers and Norris, 2013). Similar “divergent surge” events
with impacts over 20 degrees of latitude on subtropical
high cells were described already in earlier studies such
as, for example, Davidson et al. (1984). The more detailed
understanding of the processes underlying the spatial and
temporal variability of the Hadley circulation over the
Atlantic region as exemplified in the present case, in par-
ticular the roles of organised deep convective systems and
associated equatorial waves, complements the time-mean,
zonal-mean theory of the Hadley Cell.

5 SUMMARY AND CONCLUSIONS

The present study supports the conceptual perspective
on the Hadley circulation introduced and discussed in
Hoskins et al. (2020) and Hoskins and Yang (2021), and
sheds more light on the structure and variability of the
Hadley circulation and its close connection to tropical
moist convection. The analysis reveals how tropical moist
convection drives Atlantic Hadley circulation variability,
both temporally and spatially, over large geographic dis-
tances on time-scales of days to months mediated by equa-
torial waves. The evidence suggests that the equatorial
waves are, at least partly, instigated by upper-level convec-
tive latent heat release in the region.

During the boreal winter season investigated,
enhanced deep convective events take place most of the
time in some regionally confined areas of the tropical belt
considered. During these episodes, upper-level outflow
and relative vorticity are distinctly intensified in the loca-
tions where convection occurs. This leads to strengthened
upper-level flow and thus a reinforced Hadley circulation.
The upper-level cross-equatorial flow is strong mainly dur-
ing periods when there is anomalously intense rainfall in
the central part of the tropical Atlantic longitude band. The
zonal-mean, time-mean Hadley circulation is composed
of such surge events and periods of suppressed convec-
tion with weak or even zero cross-equatorial upper-level
flow. The enhanced upper-level meridional wind bursts
are confined in longitude due to the localized nature of
deep convection, and air from the summer hemisphere
can reach deep into the opposite winter hemisphere on
such occasions.
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TOMASSINI and YANG 3299

F I G U R E 9 Different diagnostics for three days over the course of the end of January 2020, namely January 25, 27, and 29, 2020. Upper
row (a–c): anomaly of 200-hPa meridional wind (and streamlines of horizontal wind anomalies). Second row (d–f): anomaly of relative
vorticity at 200 hPa. Third row (g–i): cross-section of pressure velocity along the black line indicated in the top row panels (a–c), averaged
over latitudes 18–20◦N. Bottom row (k–m): images from the MODIS instrument on board the Terra satellite

In many cases, upper-level Hadley circulation vari-
ability shows characteristics and structures typically
associated with equatorial waves. This is not surprising,
given that equatorial waves, beside monsoon circula-
tions, are a main feature of atmospheric dynamics in

the deep Tropics. Equatorial waves can influence Hadley
circulation variability in two ways, directly via their
meridional wind component and indirectly by exciting
moist convection through low-level convergence. The
mediation of the influence of tropical moist convection
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on the large-scale tropical circulation through equatorial
wave dynamics (Matsuno, 1966; Gill, 1980) elucidates the
underlying mechanism and explains how moist convec-
tion can impact large-scale circulations over distances of
thousands of kilometers.

The exact role of moist convection in large-scale trop-
ical, thermally direct overturning circulations like the
Hadley and Walker Cells has been debated for many years
(Tomassini, 2020). Our results suggest that tropical moist
convection and the associated latent heat release, local-
ized in time and space, is an important driver of regional
Hadley circulation strength and variability. Although there
was anecdotal evidence of this circumstance in the past,
the much improved quality of both satellite rainfall obser-
vations and reanalysis data in the Tropics available today
now allows for a deeper understanding of the intimate
coupling between moist convection and circulation in the
Tropics over large scales. A more detailed insight into
the nature of the interaction between moist convection
and winds in low latitudes will help to interpret possible
future changes in the tropical circulation better (Held and
Soden, 2006; Zaplotnik et al., 2022).
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