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Abstract
Groundbased radio observations indicate that Jupiter’s ammonia is globally depleted from 0.6 bars to at least 4–6 bars relative to the deep
abundance of ∼ 3 times solar, a fact that has so far defied explanation. The observations also indicate that (i) the depletion is greater in belts
than zones, and (ii) the greatest depletion occurs within Jupiter’s local 5-µm hot spots, which have recently been detected at radio wavelengths.
Here, we first show that both the global depletion and its belt-zone variation can be explained by a simple model for the interaction of moist
convection with Jupiter’s cloud-layer circulation. If the global depletion is dynamical in origin, then important endmember models for the beltzone circulation can be ruled out. Next, we show that the radio observations of Jupiter’s 5-µm hot spots imply that the equatorial wave inferred
to cause hot spots induces vertical parcel oscillation of a factor of ∼ 2 in pressure near the 2-bar level, which places important constraints on
hot-spot dynamics. Finally, using spatially resolved radio maps, we demonstrate that low-latitude features exceeding ∼ 4000 km diameter,
such as the equatorial plumes and large vortices, are also depleted in ammonia from 0.6 bars to at least 2 bars relative to the deep abundance
of 3 times solar. If any low-latitude features exist that contain 3-times-solar ammonia up to the 0.6-bar ammonia condensation level, they
must have diameters less than ∼ 4000 km.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction
Despite the progress that has been made in the past two
decades in understanding Jupiter’s tropospheric circulation
(Ingersoll et al., 2004), the basic nature of the dark, cyclonic
belts and bright, anticyclonic zones remains elusive. A key
problem is the difficulty of characterizing the conditions below the 0.5-bar cloud deck; at visible and infrared wavelengths, only 5-µm photons can reach space from as deep
as 5 bars, and these primarily derive from unusual, nearly
cloud-free “5-µm hot spots” that cover only a small fraction
of Jupiter’s area. Radio observations provide a complementary, and under-utilized, resource in constraining the dynamics, because they are minimally affected by clouds and hence
can sample globally—not just in hot spots—to pressures
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of 5 bars or deeper. Because the primary radio-wavelength
opacity source is ammonia gas, radio observations can be
used to infer Jupiter’s tropospheric ammonia abundance
far below its 0.6-bar condensation level (de Pater, 1986;
Atreya et al., 1999).
The Galileo Probe’s detection of 3–4 times solar ammonia at pressures exceeding 8 bars (Folkner et al., 1998;
Wong et al., 2004) provides a conundrum for interpretation of radio brightness measurements of Jupiter. Radiowavelength maps produced using Very Large Array telescope data at 2, 3.5, and 6 cm show brightness temperatures far exceeding that of an atmosphere with constant
3–4-times-solar abundance up to the 0.6-bar condensation
level. Instead, the data require that, relative to the deep
abundance, ammonia is globally depleted from the 0.6-bar
condensation level down to 4–6 bars and is subsolar at pressures p < 2 bars (Fig. 1), with belts more strongly depleted
than zones (de Pater et al., 2001). The global depletion
is puzzling, because the simplest models for convection in
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Fig. 1. The ammonia abundance on Jupiter consistent with radio observations at 2, 3.5, and 6 cm. The hatched area gives the allowed global
abundance. The thick solid and dot-dashed lines show characteristic profiles
in the Equatorial Zone (EZ) and North Equatorial Belt (NEB), respectively,
that allow the brightness-temperature differences between the EZ and NEB
at 2, 3.5, and 6 cm to be explained. The increase in ammonia abundance
with depth and the ∼ 50–70% difference between the EZ and NEB are robust, although the exact location of the various steps in the two profiles
are not (see de Pater et al., 2001). The thick dashed curve gives the mean
abundance from 1–4 bars in 5-µm hot spots from Sault et al. (2004). Sault’s
retrieval provided only a mean mole fraction, represented in the plot as a
vertical line, but more likely the abundance increases with depth as in the EZ
and NEB. To schematically illustrate the expected decrease caused by condensation in the cloud layer, the curves follow the saturation profile above
the condensation level. The vertical dotted line is the solar abundance and
the filled circles are Galileo probe data from Folkner et al. (1998). The 2,
3.5, and 6-cm weighting functions are illustrated at the left with thin dashed,
dotted, and dot-dashed curves, respectively. After de Pater et al. (2001).

Jupiter’s interior suggest that condensable vapors should be
well-mixed up to the condensation level. Although the probe
measured depleted conditions at pressures less than 8 bars,
the probe entered an anomalously dry 5-µm hot spot that
is not representative of Jupiter as a whole, and the mechanisms that cause local hot-spot drying are probably not
applicable to the global belt-zone circulation (Atreya et al.,
1996; Owen et al., 1996; Orton et al., 1998; Young, 1998,
2003; Showman and Ingersoll, 1998; Showman and Dowling, 2000). A distinct mechanism is therefore needed. To
explain the global depletion from 0.6–2 bars, de Pater (1986)
invoked ammonia sequestration into the solid NH4 SH cloud,
which forms from reaction of gaseous ammonia and H2 S at
pressures less than 2 bars (Weidenshilling and Lewis, 1973;
Atreya and Romani, 1985; Carlson et al., 1987). Because
the solar sulfur-to-nitrogen (S/N) ratio is ∼ 0.14, this mechanism can only deplete most of the ammonia if the H2 S/NH3
ratio is ∼ 6 times solar. However, the Galileo probe showed
that the H2 S/NH3 ratio is nearly solar (Niemann et al., 1998;
Folkner et al., 1998), so only one-sixth of the ammonia can
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be removed using this mechanism. de Pater et al. (2001) suggested that perhaps each H2 S molecule removes multiple
NH3 molecules, either through adsorption of the ammonia
onto the NH4 SH aerosols or its incorporation into the crystal lattice, but detailed calculations suggest that such depletion is minimal (Romani et al., 2000). Furthermore, because
NH4 SH condensation occurs only above the 2-bar level,
such loss, if any, cannot explain the global depletion down
to 4–6 bars. Loss of ammonia into an aqueous water cloud is
another possibility, but cloud-chemistry calculations suggest
that only a few percent of the ammonia can be removed in
this way (Carlson et al., 1987). An explanation for the global
depletion, therefore, has yet to be found. We here propose a
dynamical solution to this conundrum, and we show that, if
the ammonia depletion is dynamical in origin, it can rule out
some hypotheses for the sub-cloud belt-zone structure while
supporting others. This is the first published mechanism capable of explaining a global ammonia depletion down to the
4–6-bar level.
A further development is that Sault et al. (2004) have
obtained the first longitudinally resolved maps of Jupiter’s
brightness temperatures at radio wavelengths; all previous
radio maps were longitudinally averaged because of the
multi-hour integration times required to achieve adequate
signal-to-noise. Sault et al. (2004) developed a data-analysis
technique that allows the longitudinal structure to be retained despite the long integration times. The Sault et al.
(2004) maps show substantial low-latitude structure, including radio-bright hot spots that coincide with the 5-µm hot
spots. Because these data are not affected by clouds, they can
provide a firm comparison of the ammonia abundance between hot spots and their surroundings. In Section 3, we use
these new data to help constrain the dynamics of Jupiter’s
5-µm hot spots and equatorial plumes.

2. Belt-zone circulation and the global ammonia
depletion
2.1. Observed belt-zone structure
Voyager, Galileo, and Cassini measurements define the
belt-zone circulation above the ammonia clouds. Hazes,
which extend from ∼ 200 to 600 mbar or deeper (depending on location), overlie a higher-opacity, spatially variable
cloud deck whose mean optical depth is generally greater
in zones than belts (West et al., 1986; Carlson et al., 1994),
helping to explain the visual brightness of zones relative to
belts. Galileo visible and near-infrared imaging data suggest that this cloud lies at ∼ 0.7 bars (Banfield et al., 1998;
Simon-Miller et al., 2001), whereas Galileo NIMS infrared
spectra suggest instead a cloud pressure of ∼ 1.4 bars (Irwin
et al., 2001; Irwin and Dyudina, 2002). At 0.7 bars, the ammonia abundance correlates with cloud opacity (Gierasch
et al., 1986), confirming the radio inference that belts have
greater ammonia depletion than zones. At pressures less than
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0.5 bars, Voyager measured low temperatures over zones
and high temperatures over belts, implying through thermalwind balance that the zonal jets decay with height above
the clouds (Pirraglia et al., 1981; Conrath et al., 1981). At
and above the clouds, these measurements are all well explained by a zonally symmetric, thermally indirect Hadleycell circulation pattern, with ascent in zones and descent
in belts (Gierasch et al., 1986; West et al., 1992; Moreno
and Sedano, 1997). In zones, the rising air advects ammonia upward, leading to cloudy and ammonia-rich conditions;
the low temperatures result from adiabatic cooling of the
ascending air. In belts, the descending air advects ammoniapoor air downward and causes adiabatic compression, producing drier, warmer, and more cloud-free conditions.
Galileo images of lightning provide information on the
belt-zone structure below the clouds. Galileo showed that the
lightning occurs within rapidly expanding, opaque clouds
that grow to diameters up to 2000–5000 km in a few days
(Little et al., 1999; Gierasch et al., 2000); dozens of such
storms were also imaged by Cassini (Porco et al., 2003). As
evidenced by their visibility in the 889 nm methane band,
the storm tops stand up to 50 km above the surrounding
cloud deck. These thunderstorms are probably driven by
condensation of water, as ammonia and H2 S are too scarce to
drive thunderstorm-strength updrafts or cause cloud electrification (Gierasch and Conrath, 1985; Gibbard et al., 1995;
Yair et al., 1995). The lightning occurs at altitudes ∼ 80–
120 km below the ammonia clouds, at pressures of 5–10 bars
(Borucki and Williams, 1986; Little et al., 1999; Dyudina
et al., 2002), consistent with the water-condensation pressure of ∼ 6 bars. Furthermore, portions of the thunderstorm
cloud tops have pressures exceeding 4 bars, where the only
condensate is water (Banfield et al., 1998; Gierasch et al.,
2000). Intriguingly, Voyager, Galileo, and Cassini showed
that thunderstorms primarily occur in belts (Cook et al.,
1979; Magalhaes and Borucki, 1991; Little et al., 1999;
Porco et al., 2003).
2.2. Scenarios for sub-cloud belt-zone structure
The occurrence of thunderstorms in belts implies the existence of a large reservoir of convective available potential
energy, or CAPE (Emanuel, 1994, pp. 169–171), that can
be released by moist-convective motions. The requirement
is a “conditionally stable” temperature profile, where the
mean lapse rate from ∼ 1–6 bars lies between the moist
and dry adiabats (Salby, 1996, p. 176), which inhibits dry
convection below the water-condensation level but allows violent, episodic convection driven by latent-heat release when
plumes occasionally rise to the lifting condensation level. Finite CAPE occurs commonly on Earth and may result from a
variety of processes (Emanuel, 1994). In Jupiter’s belts, the
simplest configuration consists of descending air whose virtual potential temperature slightly exceeds that of Jupiter’s
deep adiabat, with an interface below the water condensation
altitude (Fig. 2). This jump in virtual potential temperature

Fig. 2. Schematic temperature profile in Jupiter’s belts (solid line) that allows finite CAPE, hence thunderstorms, to occur. Descending air cools
radiatively at p < 1 bar, producing a statically stable region, but follows
a dry adiabat below. Thunderstorms follow a moist adiabat (dash-dot line),
which leads to large buoyancy. CAPE is the vertical integral of the difference between the dash-dot and solid lines. The interface between the
descending air and the deep interior (dotted line) forms a stable layer that
inhibits vertical mixing, so only rarely are plumes from the deep interior
able to reach the water condensation level and trigger a thunderstorm. This
allows CAPE to be maintained: the thunderstorms decrease CAPE, but in a
statistical steady state they are rare enough for CAPE to be regenerated by
the radiative cooling of the upper-tropospheric air. Although the interface
between the subsiding air and the deep interior is shown as a sharp discontinuity (dotted line), it could also be vertically extended; the requirement
for maintaining finite CAPE is simply that the air above the interface has
greater virtual potential temperature than air below the interface and that
the interface be deeper than the condensation level. The horizontal axis is
virtual temperature, defined as Tv = T md /m, where T is temperature, md
is the mass per molecule of dry air, and m is the mass per molecule of actual
air including moisture. The difference between updrafts and downdrafts has
been exaggerated for clarity.

forms a stable layer that inhibits convection across the interface, which is necessary to maintain CAPE. In contrast to
the situation in belts, the lack of thunderstorms in Jupiter’s
zones implies either that the inhibiting stable layer is too
deep, preventing any plumes from reaching the condensation
level despite the existence of finite CAPE, or that CAPE is
nearly zero in zones.
On Jupiter, two endpoint scenarios can reconcile the regions of thunderstorm activity with the upper tropospheric
cloud and temperature pattern inferred from spacecraft data.
In the first scenario, the zonally symmetric Hadley-cell circulation inferred to exist above the clouds extends to pressures of 6 bars or greater, driven by latent-heat release associated with the circulation (e.g., Barcilon and Gierasch,
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1970). Large-scale upwelling occurs in zones and downwelling in belts, explaining the upper tropospheric (p <
0.7 bar) belt-zone cloud and temperature patterns. As illustrated in Fig. 2, the subsidence in belts would produce a
temperature structure that yields finite CAPE in belts, hence
allowing thunderstorms there. Furthermore, we expect that
the large-scale upwelling in zones would produce a moistadiabatic profile there, implying that in this model CAPE
in zones is nearly zero. Because convective plumes would
not have the buoyancy needed to trigger violent updrafts, the
lack of thunderstorms in zones is naturally explained by this
scenario.
In a second scenario, Ingersoll et al. (2000) suggest that
although net upwelling and downwelling occurs over zones
and belts, respectively, at pressures less than 0.5 bars, the
reverse occurs at the 6-bar water-condensation level. According to this picture, the ascending mass flux in belt thunderstorms dominates over the gradual subsidence between
storms, leading to net ascent in belts at pressures of 1–
6 bars. In belts, the vertical convergence of the net mass
flow near ∼ 1 bar requires a horizontal divergence, with
a net belt-to-zone mass flow in the cloud layer. In zones,
the resulting horizontal convergence causes vertical divergence that, in the extreme variant of the model, leads to
descent at the 6-bar water condensation level. Ingersoll et
al. (2000) proposed that the belt-to-zone mass flux is supplied by eddies—resulting from geostrophic adjustment of
the thunderstorms—that are ejected from belts into zones by
the so-called “beta gyre” effect (e.g., see LeBeau and Dowling, 1998; Li and Wang, 1994, for discussion of this effect).
Jupiter’s large vortices tend not to migrate in latitude (e.g.,
Rogers, 1995), but whether small-scale turbulence leads to
a mean flow from belts to zones at cloud level has yet to
be determined. In this scenario, the net ascent in belts from
1–6 bars cannot occur as a large-scale, belt-wide ascent, because that would produce thick zone-like stratus clouds and
high water abundances, inconsistent with observations (e.g.,
Carlson et al., 1994; Bjoraker et al., 1986). Furthermore, it
would lead to a moist-adiabatic environmental temperature
profile and hence small CAPE, which would prevent thunderstorms from occurring in belts, inconsistent with lightning observations. Instead, the dry air subsiding from the
upper troposphere in belts must penetrate to altitudes below
the clouds, which would produce the relatively low cloud
and water abundances observed in belts and lead to finite
CAPE (Fig. 2), as necessary to explain the lightning. The net
ascent in belts from 1–6 bars postulated in this scenario must
therefore occur in thunderstorms and other local features.
Although zones would have nonzero CAPE in this scenario,
the net descent of air at 6 bars would push the stable layer
too deep for thunderstorms to occur there.
2.3. Implications for tropospheric ammonia
Consider the implications of these scenarios for the tropospheric ammonia abundance. Both scenarios can explain
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an ammonia depletion down to 6 bars in belts: when the
dry air descending from above the 0.5-bar level mixes with
thunderstorm air containing the deep ammonia abundance of
∼ 3 times solar, air containing 1–2 times solar ammonia (a
∼ 2-fold depletion) is readily produced. If the thunderstorm
anvils form at pressures less than 0.5 bars (as suggested by
the observations; Gierasch et al., 2000), condensation and
rainout of ammonia will occur within the thunderstorms,
and subsidence of this ammonia-poor air can contribute to
the depletion. Rapid mixing with the underlying reservoir of
air containing the deep 3-times-solar ammonia abundance is
prevented by the same stable layer that maintains the finite
CAPE necessary for explaining the thunderstorms. Because
this stable layer must be deeper than 6 bars, the ammonia
depletion naturally extends to the 6-bar level, as required by
the observations (de Pater et al., 2001). This picture is an extension of that proposed by Lunine and Hunten (1987) for
the depletion of water.
The two scenarios have divergent predictions regarding
the ammonia abundance within zones, however. In the first
scenario, large-scale ascent within zones transports the deep
abundance of ∼ 3 times solar ammonia up to the cloud base.
Formation of solid NH4 SH at 2 bars will decrease the abundance at higher altitudes by up to 20% (Carlson et al., 1987),
although this may be offset by sublimation of ammonia particles settling from the overlying ammonia cloud. This endpoint scenario therefore cannot produce the observed ammonia depletion and so, assuming the ammonia depletion is
dynamical in origin, this scenario is ruled out. In the second
scenario, air transported laterally from belts into zones provides the sole source of moisture in zones from 1–6 bars.
Because these eddies result from mixing of thunderstorm air
with dry air in belts, the zones will have an ammonia abundance from 1–6 bars intermediate between that of the belts
and the deep interior—that is, depleted relative to the deep
ammonia abundance, but less so than in belts.
The two scenarios also make distinct predictions regarding the water cloud in zones. The large-scale upwelling at
6 bars in the first scenario would produce a widespread water
stratus cloud within zones, whereas the large-scale descent
in the second scenario would produce zones predominantly
free of water clouds. Although radiative-transfer inferences
on water clouds from infrared spectra are troubled by obscuration from the overlying clouds and instrumental effects,
current analyses suggest that only isolated water clouds exist, with no widespread layer (e.g., Fouchet et al., 2000;
Roos-Serote et al., 1999; Banfield et al., 1998), favoring the
second scenario.
2.4. Semiquantitative model
A simple model illustrates the belt and zone ammonia
abundances that can occur for specified mass fluxes between
the belts, zones, and deep interior. We focus on the second scenario described above, because of the two endpoint
scenarios, only the second can potentially explain the ob-
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served ammonia depletion. Consider an isolated belt-zone
pair within the layer between the 6-bar water-condensation
level and a surface just above the 0.5-bar ammonia clouds.
deep
top
Let ṀB and ṀB be the rates of mass transport (kg sec−1 )
into the belt through the bottom and top boundaries; simideep
top
larly, ṀZ and ṀZ are the rates of mass transport out of
the zone through the bottom and top boundaries. Ṁ side is the
net horizontal transport from belt to zone (Fig. 3). All mass
transports are defined positive. Mass conservation within the
belt requires
deep

ṀB

top

+ ṀB − Ṁ side = 0

(1)

with a similar relation holding for zone transports. Mass condeep
servation though the 6- and 0.5-bar surfaces require ṀB =
deep
top
top
ṀZ and ṀB = ṀZ , respectively, so we henceforth drop
subscripts on the mass transports. If we assume that air transported into belts from below contains the deep ammonia
abundance and that the eddies transported laterally out of
belts contain the mean belt ammonia abundance, then ammonia conservation in the belt requires
rfdeep Ṁ deep − fB Ṁ side = 0,

(2)

where fB and fdeep are the ammonia mole fractions in the
belt and the deep interior, respectively. The descending air
above the 0.5-bar level is essentially ammonia free, so no
ammonia is transported into belts from above. r is an empirical factor (0  r  1) to allow for rainout of ammonia
in the belt thunderstorms; if 30% of the ammonia condenses
and falls through the 6-bar surface, then r ≈ 0.7. (1 − r is
essentially the precipitation efficiency.) Ammonia conservation in the zone requires
fB Ṁ side − fZ Ṁ deep = 0.

(3)

The large-scale ascent at 0.5 bars leads to ammonia condensation, and because the particle settling time is short
compared to the ∼ 108 -sec overturn time for the circulation
(Carlson et al., 1988), no ammonia is lost through the top
boundary. These relationships imply


Ṁ top −1
fB = rfdeep 1 + deep
(4)
Ṁ
and
fZ = rfdeep .

(5)

These relationships imply that, if no rainout of ammonia
occurs in the thunderstorms, then zones are not depleted—
although air entering zones from the sides has an ammonia
abundance less than the deep abundance, the condensation
that occurs at 0.5 bars acts as a concentrator that leads
to a mean abundance equal to the deep abundance. Belts,
however, are depleted by a factor of 1 + Ṁ top /Ṁ deep relative to the deep abundance. We can estimate Ṁ top /Ṁ deep
as follows. Dynamical and radiative-transfer analyses of
Hubble Space Telescope and Voyager data imply that the

Fig. 3. Schematic illustration of the model (Eqs. (1)–(5)) used to estimate
the belt and zone ammonia depletion. See the text.

mean vertical velocity at 270 mbar is ∼ 10−4 m sec−1 , upward in zones and downward in belts (Moreno and Sedano,
1997; West et al., 1992). With a density at 270 mbar of
0.06 kg m−3 , the vertical mass flux across that surface is
∼ 6 × 10−6 kg m−2 sec−1 , upward in zones and downward
in belts. The mass flux at 6 bars is less certain, but we can
derive an estimate from the requirement that the motions
transport Jupiter’s internal heat flux. Let the updraft mass
flux in belts (e.g., associated with thunderstorms and other
local regions of ascent) averaged over the belt area be ṁ
and the mean temperature difference between updrafts and
downdrafts be T . The mean updraft mass flux is then ṁ ∼
F /cp T , where F is the heat flux. The existence of thunderstorms suggests that T is large. If the background static
stability is small, as in Fig. 2, then condensation of 3 times
solar water implies T ∼ 10 K. If the water abundance is
10 times solar, as has been suggested to explain the propagation speed of waves observed after the Shoemaker–Levy 9
impact (Ingersoll and Kanamori, 1995), then T could be as
large as 30 K. Adopting F ∼ 5 W m−2 (relevant to Jupiter’s
low latitudes) and cp = 1.3 × 104 J kg−1 K−1 , we obtain net
mass fluxes of 4 × 10−5 and 1.3 × 10−5 kg m−2 sec−1 for
3 and 10 times solar water, respectively. As a consistency
check, we can calculate the bottom mass flux directly from
the Voyager and Galileo observations of thunderstorm size
and frequency, following Banfield et al. (1998) and Gierasch
et al. (2000). For example, the Galileo data imply the average frequency of storms in belts is 7 × 10−10 km−2 (Little et
al., 1999), and the measured divergence rate within a typical
storm (i.e., the rate of growth of the storm cloud’s area) was
20 km2 sec−1 (Gierasch et al., 2000). If this divergence rate
is typical, and if the expanding cloud extends across a range
of pressures of ∼ 0.5 bar, then the mean upward mass flux
is 3 × 10−5 kg m−2 sec−1 , similar to the theoretical estimate.
(In effect this agreement amounts to a statement that much of
the internal heat can be carried by localized thunderstorms,
as occurs on Earth; see Banfield et al., 1998; Gierasch et al.,
2000.) These estimates suggest that Ṁ top /Ṁ deep ∼ 0.1–0.5,
implying that 10–50% ammonia depletion occurs in belts if
no ammonia rainout occurs from the thunderstorms.
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If ammonia rainout occurs in the belt thunderstorms,
then belts and zones are depleted by an additional factor r.
A variety of observational and modeling studies have been
conducted to determine the precipitation efficiency of thunderstorms and frontal systems on Earth. The precipitation
efficiency (defined as the ratio of water vapor mass that
enters a storm to the condensed water mass that exits the
bottom of the storm averaged over the storm’s lifetime) can
range from ∼ 20–90%, with values of 40–60% being typical for thunderstorm complexes and squall lines (e.g., Hobbs
et al., 1980; Gamache and Houze, 1983; Fankhauser, 1988;
Cotton et al., 1989; Chong and Hauser, 1989; Ferrier et al.,
1996). On Jupiter, condensates coagulate rapidly into large
droplets (Rossow, 1978; Carlson et al., 1988; Yair et al.,
1995), and the large diameter of jovian storms would help to
inhibit detrainment of condensate out the sides of the storm,
which would lead to larger precipitation efficiencies than
typically occur on Earth. Lunine and Hunten (1987) proposed that the low tropospheric water abundance observed
by Bjoraker et al. (1986) occurs because the precipitation
efficiency for water in jovian storms is ∼ 99%. In contrast
to water, the high volatility of ammonia implies that ammonia particles are unlikely to survive the descent to the 5-bar
level unless the particle sizes exceed 1 cm (i.e., hail-sized).
Such large particle sizes are probably unlikely. If, however,
unidentified chemical mechanisms exist that can incorporate
ammonia into the water or NH4 SH aerosols, then the rainout of the water through the 5-bar level would remove the
ammonia as well. Alternatively, a substantial fraction of the
storm’s ammonia budget may be transported out the bottom of the storm as vapor in moist downdrafts. On Earth,
moist downdrafts are a ubiquitous feature of thunderstorms;
as rain falls into underlying air, it evaporates, and the evaporative cooling and precipitation mass loading increases the
air density enough to initiate convective-scale moist downdrafts (Knupp and Cotton, 1985; Cotton and Anthes, 1989,
Chapter 9). In long-lived, self-sustaining terrestrial thunderstorms, the updrafts and downdrafts become tilted so that
the updraft overlies the downdraft. Precipitation formed in
the updraft falls into the downdraft, which strengthens and
maintains both drafts and allows them to coexist throughout
the storm lifetime, which is often much longer than the time
required for individual air parcels to traverse the storm. The
extreme size and expansion rates, extensive lightning, and
long lifespan of observed jovian storms suggest that these
storms produce substantial precipitation, opening the possibility that the storms generate long-lived downdrafts too. If
ammonia evaporation into such downdrafts leads to a downdraft ammonia mole fraction exceeding the deep mole fraction, then these storm will remove their own ammonia from
the 0.6–6-bar layer even if no ammonia particles reach the
6-bar level before evaporating. To quantify this idea, we reworked Eqs. (1)–(5) to include the mass and ammonia fluxes
of thunderstorm moist downdrafts. The new equations for
conservation of mass, belt ammonia, and zone ammonia, re-
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spectively, read
deep

ṀB

top

+ ṀB − Ṁ side − Ṁ down = 0,
deep

rfdeep ṀB

− fB Ṁ side − fdown Ṁ down = 0,
deep

fB Ṁ side − fZ (ṀB

− Ṁ down ) = 0,

(6)
(7)
(8)

where Ṁ down is the downward mass transport (kg sec−1 )
across the 5-bar surface in thunderstorm moist downdrafts
and fdown is the ammonia mole fraction in these downdrafts.
This term appears only in the equation for the belt ammonia
budget because thunderstorms are observed predominantly
in belts (e.g., Porco et al., 2003; Little et al., 1999). If we
deep
further define a parameter δ ≡ Ṁ down /ṀB , then the solutions can be written
rfdeep − δfdown
fZ =
(9)
1−δ
and
rfdeep − δfdown
.
fB =
(10)
deep
1 − δ + Ṁ top /ṀB
These equations imply that, even if all ammonia particles evaporate (r = 1), factor-of-two ammonia depletion in
zones can still occur as long as the downdraft ammonia mole
fraction exceeds a critical value of 0.5fdeep (1 + δ −1 ). If the
downdraft mass transport rate is 30–50% of the updraft mass
transport rate, which is plausible, then factor-of-two ammonia depletion in zones will occur if downdrafts contain
1.5–2 times the deep ammonia mole fraction. Such ammonia
abundances can plausibly be supplied to jovian-storm downdrafts as long as (1) the storm reaches sufficient altitudes for
most of the ammonia to condense and (2) ∼ 50% of the ammonia particles rain down into the storm interior and enter
moist downdrafts rather than being detrained out the storm
sides. If gaseous ammonia primarily condenses into ammonia ice, then the first condition requires the thunderstorm
anvils to form at pressures less than ∼ 0.5 bars (which seems
to be the case for many jovian thunderstorms; Gierasch et
al., 2000). However, if solid NH4 SH formation removes
most of the gaseous ammonia, then anvil formation at pressures less than 2 bars is sufficient. The second condition
results from the fact that the maximum downdraft ammonia
abundance, fdeep /δ (corresponding to complete transfer of
storm updraft ammonia into downdrafts), is approximately
twice that needed to obtain factor-of-two ammonia depletion; factor-of-two depletion of ammonia can therefore occur
if downdrafts remove only half of the ammonia. An open
issue is whether evaporation of falling ammonia ice can initiate moist downdrafts, or whether evaporation of water is
required, and if the latter, whether the downdrafts initiate
at a high-enough altitude for sufficient ammonia ice to enter the downdrafts. Existing jovian thunderstorm models are
not yet sophisticated enough to answer these questions. Yair
et al.’s (1992, 1995) models are axisymmetric, which precludes the inherently three-dimensional structure of tilted
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updrafts and downdrafts needed for strong supercell-type
storms. Hueso and Sánchez-Lavega’s (2001, 2004) simulations, while three-dimensional, do not account for precipitation settling and evaporation, which again precludes moistdowndraft formation. More work is needed to resolve these
issues.
As with Eqs. (1)–(5), Eqs. (9)–(10) imply that belts
have lower ammonia abundance than zones. For δ = 0.5,
deep
fdown = 1.5fdeep , Ṁ top /ṀB = 0.2, and r = 1 (no rainout), for example, the equations imply that belts and zones
have 36 and 50% of the deep ammonia mole fraction, respectively. The fractional depletion in belts relative to zones
when downdrafts are included exceeds that when they are
not included: the ratio of belt-to-zone ammonia mole fracdeep
tion is now less than (1 + Ṁ top /ṀB )−1 . This effect can
help contribute to the observed belt-zone ammonia contrast. In the model without downdrafts (Eqs. (4)–(5)), the
deep
ratio of Ṁ top /ṀB needed to attain a belt-to-zone ammonia ratio fB /fZ is (fZ /fB ) − 1, so if we want fB /fZ =
0.66 (i.e., belts have two-thirds the ammonia abundance of
deep
zones), then we must have Ṁ top /ṀB = 0.5. This ratio of
deep
Ṁ top /ṀB , while possible, is at the upper limit of plausible values. When downdrafts are included, however, the
deep
required mass-transport ratio is decreased to Ṁ top /ṀB =
[(fZ /fB ) − 1](1 − δ). If δ = 0.5, then attaining fB /fZ =
deep
0.66 requires only Ṁ top /ṀB = 0.25. Therefore, including
downdrafts allows belt-zone ammonia contrasts to be prodeep
duced more easily for a given value of Ṁ top /ṀB . Notice
also that the belt-to-zone ammonia ratio depends only on the
downdraft mass-transport rate and not on the ammonia mole
fraction in the downdrafts.
The box model we have adopted, while informative, is
simple, and one could wonder whether alternate assumptions
about the ammonia exchange between belts, zones, and the
deep interior would produce the same results. In Eqs. (2),
(3), (7), and (8), we parameterized the ammonia transport
using the reasonable idea that mass transported from one
region to another carries with it the ammonia mole fraction from the source region. An alternate view might postulate that mass transported from one region to another takes
with it an ammonia mole fraction equal to the mean ammonia mole fractions of the two regions (e.g., the ammonia
transported from the deep interior to belts would then be
deep
deep
ṀB (fB + fdeep )/2 rather than ṀB fdeep ). In our opinion, this scheme lacks consistency with the physics of advection, which is the mechanism that causes the ammonia
transport. Advection implies that air carries with it the traceconstituent concentrations of the source region; air moving
from one region A to another region B cannot take with it the
mole fraction from region B, or even the average of the mole
fractions from regions A and B, because there is no way
for the advected air to have foreknowledge of the destination before it arrives there. Nevertheless, in Eqs. (2), (3), (7),
and (8), we allowed ammonia transport only from the deep
interior to belts to zones to the deep interior, and neglected

the reverse transport from the deep interior to zones to belts
(Fig. 3). In reality, such reverse flows could occur in addition
to the primary flows we assumed, and in that case it would
not be possible to write the net ammonia transport from A to
B as the net mass transport times the ammonia mole fraction
of A (where here A and B each represent either belt, zone,
or deep interior). To address this shortcoming, we derive in
Appendix A the belt and zone ammonia mole fractions allowing for the possibility of these additional mass fluxes,
whose magnitudes we represent as free parameters. Over a
wide range of parameter values, we find that, as with our
simpler model, fB is less than fZ , and both are depleted relative to the deep abundance if thunderstorm moist downdrafts
exist. This result gives us confidence that, at least within the
box-model context, our results are robust.
In summary, loss of thunderstorm ammonia through the
6-bar level—from direct rainout, incorporation of ammonia into water and NH4 SH particles that rain out, or evaporation of ammonia into supermoist downdrafts that reach
> 6 bars—would lead to a global depletion of ammonia in
the 0.6–6-bar layer, with enhanced depletion in belts relative to zones. If 50% loss of thunderstorm ammonia occurs
through the above mechanisms, which is plausible, then the
ammonia would be depleted by a mean factor of ∼ 2 in
zones, and 2.2–3 in belts, from 1–6 bars. Therefore, under
plausible conditions, a global ammonia depletion from 1–
6 bars that is consistent with the radio observations, with a
greater depletion in belts than zones, can be generated by
atmospheric dynamics.
The observations suggest that the ammonia mole fraction
increases with depth from 1–6 bars (Fig. 1). The abundances
are probably supersolar at pressures exceeding ∼ 4 bars,
but values as low as half-solar in the equatorial zone and
∼ 0.2–0.3 times solar in the north-equatorial belt are inferred from 0.6–2 bars. Relative to the deep abundance of
3-times solar, these numbers imply 2–3-fold ammonia depletion from ∼ 3–6 bars and 5–10-fold depletion from 0.6–
2 bars. Our box model can only explain five-fold or greater
ammonia depletions if > 90% of the ammonia rains out
of thunderstorms, which we view as unlikely. However, the
ammonia mole fractions in our model are essentially massweighted vertical averages from 0.6–6 bars. The observed
mass-weighted ammonia depletion from 0.6–6 bars is twoto-three-fold and, as discussed earlier, our model can explain
such depletion under plausible conditions. Nevertheless, the
observed downward-increasing ammonia abundance needs
explaining. In belts, such a downward-increasing abundance
would naturally result from the fact that the background environmental air gradually subsides; deeper air would have
spent longer in the 0.6–6-bar layer than shallower air, giving it more time to gain ammonia through detrainment from
thunderstorms. Belt eddies transported laterally into zones
would preserve this structure, giving zones a downwardincreasing gradient too. It is also possible that evaporation of
falling ammonia rain or detrainment of ammonia from small
cumulus clouds in the 3–6-bar region causes higher ammo-
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nia abundance from 3–6 bars than exists in the 0.5–2-bar
layer.

3. Equatorial hot spots and plumes
The Galileo probe entered a 5-µm hot spot, one of approximately 10 regularly spaced cloud-free regions at 7◦ N
latitude, and measured extremely dry conditions extending
∼ 80 km below the condensation levels (Young, 1998, 2003;
Orton et al., 1998). Ammonia and H2 S reached constant values at 8 and 16 bars, respectively, while water was only
30% solar—and still increasing—at 20 bars (Niemann et
al., 1998; Wong et al., 2004). Recent work (Showman and
Dowling, 2000; Friedson and Orton, 1999; Ortiz et al., 1998)
suggests that the hot spots result from a large-amplitude
equatorially trapped wave that propagates westward relative
to the flow. Air columns that enter the hot spot from the side
undergo vertical stretching that pushes initially high-altitude
air downward, causing clouds to sublimate and explaining
the dry conditions measured by the probe. This column
stretching provides the best explanation for the layered profiles of ammonia, H2 S, and water observed along the probe
trajectory (Showman and Ingersoll, 1998), but the amount of
column stretching that has occurred—hence the amplitude of
the wave—remains unknown. If the initial (unstretched) air
columns follow a simple condensation profile, with the deep
condensable-gas abundances nearly constant up to the condensation levels and following saturation profiles at lower
pressures, then explaining the extent of dryness measured by
the probe requires that the air columns stretched downward
by a factor of 5–10 in pressure (Showman and Ingersoll,
1998). The required stretching would be less, however, if the
initial unstretched column were depleted relative to the condensation model. This issue is critical for understanding hot
spot dynamics, because hot-spot behavior depends strongly
on the wave amplitude (Showman and Dowling, 2000).
Here we use the spatially resolved radio maps (Sault et
al., 2004) to constrain the stretching amplitude. Sault et al.
(2004) showed that the 2-cm brightness temperature of the
hot spots exceeds that of the surroundings by 20 K, and
from these data they estimated that, from 1–4 bars, the hotspot ammonia abundance is half that of the surroundings at
the same pressure. The hot spots produce this decrease over
time by downward advection of dry air. Let f be the ammonia mole fraction. If the rate of increase of f with pressure
∂ ln f/∂ ln p in the environment is approximately constant,
then the difference in ammonia between pressure p0 and a
greater pressure p1 can be expressed as
 ln f ∼

∂ ln f
 ln p,
∂ ln p

(11)

where  ln f ≡ ln f1 − ln f0 ,  ln p ≡ ln p1 − ln p0 , and f0
and f1 are the ammonia abundances at pressures p0 and
p1 , respectively. In the hot spots, a drying is produced by
downward advection of dry, high-altitude air. If the hot spot
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advects air from p0 to p1 while conserving ammonia, then
the difference in ammonia between the environment and the
hot spot at pressure p1 is just  ln f as given above.
Figure 1 shows the globally averaged ammonia abundances vs pressure from the radio observations (de Pater et
al., 2001). The allowed abundance can be fit with a powerlaw increase of ammonia with pressure:
 α
p
f = f0
(12)
p0
with α ≡ ∂ ln f/∂ ln p. From Eq. (11), this yields a value of
 ln p ∼  ln f/α. The radio data imply that, globally, the
transition to the deep 3-times-solar abundance must occur
at a pressure exceeding 4 bars, but globally the transition is
probably not reached deeper than 8 bars, since that would
imply global conditions drier than the hot spot, inconsistent
with a variety of measurements. Under the assumption that
the ammonia abundance outside hot spots connects to the
Galileo measurement of 3.5 times solar between 4–10 bars,
and that α is constant from 1–10 bars, then α ∼ 1.3; values substantially higher or lower force the profile outside
the allowable range of ammonia abundance. Sault et al.’s
(2004) estimate that hot spots have half the ammonia abundance at the same pressure implies that  ln f = 0.7. This
yields  ln p ∼ 0.5 and implies that the pressure increases
by a factor of ∼ 1.6 during the subsidence. Because the 2-cm
radio maps have a weighting function that extends from 1–
4 bars, the stretching applies to these pressures. It is possible
that the equatorial-zone ammonia abundance increases more
slowly with depth from 1–4 bars, perhaps with α as low as
0.5, and then undergoes a rapid increase to three times solar
at p > 5 bars; if so, the factor-of-two lower ammonia abundance in hot spots would yield  ln p up to 1.4, implying a
four-fold increase in pressure as air columns enter hot spots.
Unless water is globally depleted below its condensation
level, however, four-fold or greater stretching amplitudes are
still required at pressures exceeding 6 bars in order to explain the water depletion measured by the probe (Showman
and Ingersoll, 1998). Interestingly, Showman and Dowling
(2000) showed that two-fold stretching produces behavior
similar to actual hot spots; the effect of four-fold or greater
stretching on hot-spot behavior has yet to be investigated.
The hot-spot ammonia depletion from Sault et al. (2004) was
derived for a large hot spot 7000 × 14,000 km in size, which
appears to be fully resolved by the radio maps (see Fig. 4 of
Sault et al., 2004), so the inferred stretching amplitude best
applies to large hot spots. Small hot spots are not fully resolved in the radio maps, so we cannot determine whether
they would have similar stretching amplitudes.
We next consider the implications of the radio maps for
equatorial plumes. The plumes are wedge-shaped clouds,
104 km long, that lie between and somewhat equatorward of
the hot spots. Early models for the plumes viewed them as
gigantic thunderstorm anvils (Stoker, 1986) and emphasized
the active plume heads that appeared to represent moist convection (Hunt et al., 1981, 1982). These plume heads, which
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are typically 1000–2000 km across—much smaller than the
plumes themselves—occurred on only a few plumes during the Voyager era and have been even less active during
other epochs. More recent models (Allison, 1990) suggest
that the plumes result from a planet-encircling, equatorially
trapped wave, which is probably the same wave that induces
hot spots (Showman and Dowling, 2000). The downward
phase of the wave causes hot spots, while the upward phase
of the wave leads to condensation and forms the equatorial plumes. The wave and convection ideas are not mutually
exclusive; for example, the wave-induced ascent could occasionally trigger buoyant convection that leads to active
plume heads from time to time. Nevertheless, the recent picture differs sharply from Stoker’s (1986) view of plumes as
thunderstorm anvils. Stoker’s view implies that air in the
plume cloud funneled upward from the deep atmosphere
through plume-head thunderstorms before expanding laterally into the plume. In contrast, Allison’s (1990) and Showman and Dowling’s (2000) models imply that the air underneath the entire plume undergoes large-scale wave-induced
ascent, and that the plumes constitute huge stratus clouds
produced by this forced lifting. Plume heads may occur
but are not necessary. These models would be aided by information about the atmospheric structure within plumes,
but because of the large plume-cloud optical depth (Stoker
and Hord, 1985), little is known about the structure of
the plumes below the clouds. In particular, it is unknown
whether ammonia is depleted in the air underlying the plume
cloud.
The radio maps can provide important constraints on the
ammonia abundance in the plumes and other local regions of
uplift. de Pater et al. (2001) clearly showed that the global
mean abundance is depleted from ∼ 0.5–5 bars, but it has
been unclear whether local regions containing 3-times solar
ammonia can still exist. At 2 cm wavelength, Jupiter’s diskaveraged brightness temperature is 165 K (Gibson et al.,
2005), and because limb darkening affects the disk average
temperature, the brightness temperature at the center of the
disk may reach ∼ 170 K. In contrast, we calculate that a region containing 3-times-solar ammonia up to 0.7 bars would
produce a 2-cm brightness temperature of 152 K at the center
of the disk, which is much colder than any region within the
radio maps in Sault et al. (2004). The map resolution is about
1–2 arcsec, corresponding to a resolution of 2000–4000 km
near the center of Jupiter’s disk. Thunderstorms or other features less than ∼ 1000 km in diameter are not resolved by
the maps, and if these features contained 3-times-solar ammonia up to the ammonia cloud, small (< 10 K) brightness
temperature signatures, which are consistent with the data,
would result. However, any low-latitude features with diameters exceeding 4000 km are fully resolved. If they contained
3-times-solar ammonia up to the ammonia cloud, a 15–20 K
depression in the 2-cm brightness temperature would result,
and this is not observed. The equatorial plumes have dimensions of ∼ 5000 by 10,000 km, large enough to be resolved
in the radio maps. The implication is that the equatorial

plumes cannot have 3-times-solar ammonia up to the 0.7bar ammonia cloud base. However, this analysis does not
rule out the possibility that the 1000–2000 km-diameter active plume heads observed during the Voyager era (Hunt et
al., 1981, 1982) have 3-times solar ammonia up to the ammonia condensation level.
Intriguingly, Cassini CIRS analyses indicate that at
400 mbar the equatorial zone relative humidity is nearly
100% (Achterberg et al., manuscript in preparation). In contrast, the depletion discussed here refers to pressures exceeding the 0.7-bar cloud base. The two estimates are consistent
if, in zones, ascent occurs at pressures < 0.7 bar and descent
occurs at pressures > 1 bar, as proposed by Ingersoll et al.
(2000). See Section 2 for discussion.

4. Conclusions
A simple model for the interaction of moist convection
with Jupiter’s large-scale circulation appears capable of explaining Jupiter’s global, vertically averaged ammonia depletion at pressures of 0.6–5 bars as seen in groundbased
radio data. To succeed, the model requires (1) that the majority of air that ascends across the 5-bar surface resides
in isolated thunderstorms, and (2) that ∼ 50% of the am-

Fig. 4. Ammonia mole fractions from 1–5 bars in the belts and zones for
the box-model solutions of Eqs. (A.5)–(A.8). Abscissa is relative strength
of the deep-interior → zone → belt circulation that opposes the assumed
primary deep-interior → belt → zone circulation (represented by α, β, and
γ , where are assumed equal here; see the text). Ordinate gives ratio of ammonia mole fraction to the deep mole fraction. The solid curves assume
δ = 0.1 and the dashed curves assume δ = 0.3. In each case, the upper
curve gives fZ /fdeep and the lower curve gives fB /fdeep . All the curves
deep

assume Ṁ top /ṀB

= 0.2, fdown = 2fdeep , and r = 1 (no rainout).
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monia within these storms is lost through the 4–6-bar level
by either direct ammonia rainout through the base of the
storms or downward transport of ammonia vapor in convective downdrafts moistened by evaporation of rainfall. These
conditions are plausible, although additional studies are necessary to determine whether they are actually satisfied. If the
ammonia depletion indeed results from atmospheric dynamics, then these conditions rule out large-scale, gradual ascent through the 5-bar level in either belts or zones, because
such motions would transport the deep, 3-times-solar ammonia abundance into the 1–5-bar region. The air undergoing
large-scale ascent above the 0.5-bar cloud tops in zones is
therefore probably supplied horizontally from belts (where
thunderstorms predominantly occur) rather than from below,
consistent with the scenario of Ingersoll et al. (2000). The
zone-belt Hadley circulation above the 0.5-bar cloud tops
can modulate the ammonia depletion, producing an additional depletion in belts of 10–50% depending on the mass
flux of the circulation. This can help to explain the observation that belts are more depleted than zones by ∼ 50%. It is
possible that an unidentified chemical mechanism exists that
could deplete the ammonia, and if so, the dynamical mechanisms discussed here could interact with the chemical sink
to strengthen and spatially modulate the depletion. For example, if the majority of ammonia is lost into the NH4 SH
or H2 O clouds, then dynamics could force the depletion to
greater depths than would otherwise occur and induce a beltzone difference in ammonia that would otherwise not exist.
The longitudinally resolved 2-cm radio maps of Sault
et al. (2004) place constraints on the ammonia abundance,
hence dynamics, of equatorial hot spots, plumes, and large,
low-latitude vortices. The two-fold ammonia depletion in
hot spots relative to the surroundings suggests that the equatorial Rossby wave inferred to cause hot spots induces parcel
oscillations of a factor of 1.5 to 4 in pressure, with a value of
∼ 2 being most likely. Equatorial plumes and large vortices
are, like Jupiter itself, depleted in ammonia near the 2-bar
level; no low-latitude features larger than 4000-km diameter have the deep, 3-times-solar ammonia abundance all the
way to the 0.5-bar ammonia clouds.
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Appendix A
Here we consider a generalized box model for an isolated belt-zone pair that allows not only the mass transports
considered in Fig. 3 but, in addition, belt-to-deep-interior,
zone-to-belt, and deep-interior-to-zone mass transports. Let
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the magnitudes of these transports be α ṀB , β Ṁ side , and
deep
deep
deep
γ ṀZ , respectively, where ṀB , Ṁ side , and ṀZ are the
deep-interior-to-belt, belt-to-zone, and zone-to-deep-interior
transports. All transports are defined positive. We also include thunderstorm moist downdrafts, which transport mass
from belts to the deep interior. Except for the thunderstorm
downdrafts, each mass transport carries with it the ammonia mole fraction of the source region (fB , fZ , or fdeep ).
We continue to allow the possibility of rainout in belt thunderstorms, but we do not allow rainout or moist downdrafts
in the deep-interior-to-zone transport under the assumption
that the deep-interior-to-zone transports are not thunderstorms. The belt-mass, zone-mass, belt-ammonia, and zoneammonia conservation equations are then
deep

(1 − α − δ)ṀB

deep

−(1 − γ )ṀZ

− (1 − β)Ṁ side + Ṁ top = 0,

+ (1 − β)Ṁ side − Ṁ top = 0,
deep

(rfdeep − αfB − δfdown )ṀB
deep

(γfdeep − fZ )ṀZ

(A.1)
(A.2)

− (fB − βfZ )Ṁ side = 0,
(A.3)

+ (fB − βfZ )Ṁ side = 0.

(A.4)

This equation set implies that
fZ =

fdeep (γ α + γ ξ + rχξ ) − fdown χξ δ
α + ξ(1 + αχβ)

(A.5)

rfdeep − δfdown + βξfZ
,
α+ξ

(A.6)

and
fB =

where fZ in Eq. (A.6) is given by Eq. (A.5). For simplicity
we have defined
χ≡

1−γ
1−α−δ

(A.7)

1 Ṁ top
1−α−δ
+
.
1−β
1 − β Ṁ deep
B

(A.8)

and
ξ≡

These solutions are valid as long as α + ξ = 0, α + δ = 1,
and α + ξ(1 + αχβ) = 0. For α = β = γ = δ = 0, the model
collapses to that described in Fig. 3 and Eqs. (A.5)–(A.6)
simplify to Eqs. (4)–(5). Similarly, if α = β = γ = 0 but δ is
nonzero, the equations become identical to Eqs. (9)–(10).
Figure 4 shows the zone and belt ammonia mole fractions
for the simplified case of α = β = γ . The figure demonstrates that fZ exceeds fB over a wide parameter range,
consistent with the radio observations that belts have less
ammonia than zones. The total ammonia depletion declines
as the deep-interior → zone → belt circulation becomes
stronger (counteracting the primary deep-interior → belt →
zone circulation that is assumed), but substantial ammonia
depletion still occurs in both belts and zones (allowed by the
inclusion of thunderstorm moist downdrafts).
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Fig. 5. Ammonia mole fractions versus α and β for different assumptions about γ and δ. The panels in the left column show contours of fZ /fdeep and those
in the right column shows fB /fdeep . Within each panel, γ and δ are held constant. In each column, from top to bottom, the panels assume (γ , δ) values of
deep
(0, 0.2), (0, 0.4), (0.3, 0.2), and (0.3, 0.4), respectively. All panels assume Ṁ top /ṀB = 0.2, fdown = 2fdeep , and r = 1 (no rainout). The contour interval is
0.01525 throughout all panels. Comparison of the left and right panels within a given row shows that, for given values of α, β, γ , and δ, both zones and belts
are depleted relative to the deep abundance, and that the depletion is stronger in belts than zones.

Figure 5 shows contour plots of the zone and belt ammonia abundances (left and right columns, respectively) for
the more general case where α, β, and γ are unequal. Each
panel depicts contours as a function of α and β for a given γ
and δ; different panels adopt different values of γ and δ. Inspection of the figure shows that, as before, fZ exceeds fB
and that both are depleted relative to the deep abundance.
These figures show that the qualitative results obtained using the simpler models (Eqs. (1)–(5) and (6)–(10)) are robust
to the inclusion of the additional mass and ammonia transports. As in Fig. 4, the depletion in zones results from the

inclusion of moist downdrafts, and belts are additionally depleted because of the dry air that subsides from above.
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