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Abstract Tropical high clouds are closely coupled to deep convection, but local cloud amount
and convective mass flux are nonlinearly related. We use the Geophysical Fluid Dynamics Laboratory
atmosphere-only model AM2 forced with idealized sea surface temperature (SST) perturbations to study
the sensitivity of high clouds to the large-scale distribution of convection. Increasing/decreasing the SST
contrast between convective and nonconvective regions decreases/increases the tropical deep convective
area, and warming of convective areas decreases the tropical average convective mass flux (⟨mc⟩). In all
experiments, fractional high cloud amount changes are less than fractional changes in ⟨mc⟩. High cloud
amount is half as sensitive as expected from the climatological average cloud amount, as a function of
convective mass flux, due to strong compensation from nonconvective high clouds. The latter results
from changes in relative humidity related to the change in ⟨mc⟩. This effect renders high cloud amount
remarkably robust to perturbations, though radiative effects of convective and nonconvective clouds
will differ.

1. Introduction

Observations of tropical high clouds show that their longwave and shortwave radiative effect roughly can-
cel [Kiehl, 1994]. These clouds are therefore often considered to be a secondary source of uncertainty in
climate models, compared to low clouds [Bony and Dufresne, 2005], but changes in altitude, diurnal distri-
bution, and fractional coverage may induce changes in radiative forcing from tropical high clouds. Here we
study the factors that control tropical (30◦S–30◦N) high cloud amount and its relation to deep convection,
a topic that has received somewhat less attention than the altitude of deep convective clouds [Hartmann
and Larson, 2002] or the relation between convective area and sea surface temperature (SST) distribution
[Ramanathan and Collins, 1991; Bretherton and Sobel, 2002; Larson and Hartmann, 2003]. High cloud amount
is defined as the two-dimensional cloud fraction above 440 hPa, consistent with the International Satellite
Cloud Climatology Project (ISCCP) product definition [Rossow and Schiffer, 1991]. Observations of this tropi-
cal high cloud amount as represented in the ISCCP product indicate a tropical average high cloud amount of
about 23% for all detected clouds, and about 2.5% for optically thick (optical depth > 23) clouds. There is a
weak seasonality as well as interannual variability of order 1% or less, with larger variations probably a result
of data problems [Evan et al., 2007]. Due to the observational uncertainties, we study the behavior of trop-
ical high cloud amount with the Geophysical Fluid Dynamics Laboratory (GFDL) atmosphere-only general
circulation model AM2 [GFDL GAMDT, 2004], forced with prescribed perturbations to observed sea surface
temperatures (SSTs). Quantitatively, results may depend on model formulation, and we therefore emphasize
here the framework of the analysis that provides a physically plausible interpretation of the model results
and involved mechanisms.

2. Experimental Setup
2.1. General Circulation Model
The Geophysical Fluid Dynamics Laboratory’s (GFDL’s) atmosphere-only model AM2 [GFDL GAMDT, 2004]
has a horizontal resolution of 2◦ latitude × 2.5◦longitude, with 24 vertical levels and uses the relaxed
Arakawa-Schubert convection scheme. The control run uses the Hadley Centre Sea Ice and Sea Surface Tem-
perature (HadISST) dataset [Rayner et al., 2003] and atmospheric forcings for the period 1979–2008. The
eight perturbation experiments all modify the time-evolving SSTs and have the same forcings as the control
run. For each perturbation, the results reported are the differences between the perturbed and control run
averaged over the period 1979–2008.
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Table 1. Summary of the Setup (Left) and Results (Right) of the Eight Perturbation Experimentsa

EXP P < 4 4 < P < 6 6 < P < 8 P > 8 < Ts >
′ Ac

′ < mc > ′ < f ′uni ⋅ C > < f ′ ⋅ C > < f ⋅ C′ > < f ′ ⋅ C′ >

A SST ⋅ gA SST ⋅ gA +1.00% +2.00% +0.03 −2.18 −4.60 −0.68 −1.21 +0.67 +0.02
B — — +1.00% +2.00% +0.16 −1.74 −3.84 −0.57 −0.95 +0.59 0.00
C +1.00% +0.40% — — +0.16 +0.79 +0.68 +0.10 +0.25 +0.01 0.00
D −1.00% −0.40% — — −0.17 −0.91 −0.73 −0.11 −0.29 +0.09 0.00
E +1.00%−gE +0.04%−gE −gE −gE −0.04 +1.17 +1.83 +0.26 +0.47 −0.21 +0.01
F — — +1.50% +3.50% +0.29 −2.95 −7.03 −1.04 −1.74 +1.03 +0.02
G — −1.50% −3.50% −3.50% −0.44 +4.35 +8.26 +1.16 +1.87 −1.43 −0.04
U +0.50K +0.50K +0.50K +0.50K +0.56 −0.44 −2.53 −0.37 −0.43 +0.65 0.00

aTropical SST perturbations are shown for the four regions: precipitation, P > 8 mm/d, 8 ≥ P > 6 mm/d, 6 ≥ P > 4 mm/d, and 4 mm/d ≥ P. Also shown are
the tropical mean anomalies in surface temperature Ts (K), convective area Ac(%), convective mass flux mc (%), and the four decomposition terms of the high
cloud amount anomalies: f ′uni ⋅ C (%), f ′ ⋅ C (%), f ⋅ C′ (%), and f ′ ⋅ C′ (%). See text for further details.

2.2. SST Perturbations
The tropical SST and convection distributions are emerging properties of the coupled ocean-atmosphere
system, with radiative, latent and sensible heat fluxes, as well as advective heat and moisture fluxes, con-
straining the distributions. By perturbing the SST distribution, we probe the system for the sensitivity of,
in this case, high cloud amount, but we do not imply that in the coupled ocean-atmosphere system tem-
peratures in any one part of the tropics could change independently of the rest of the tropics. Specifically,
one might expect that the energetic constraints enforce some stability in the large-scale distributions of
SSTs and deep convection [Sobel et al., 2002] and hence also in high cloud amount. The model calcula-
tions shown below indicate that even when this feedback is artificially eliminated, high cloud amount is
substantially less sensitive than expected from assumptions based on the control run.

For each month, we separate the tropical oceans into four classes according to monthly mean precipita-
tion P, namely, P > 8 mm/d, 8≥ P > 6 mm/d, 6≥ P > 4 mm/d, and 4 mm/d ≥ P. The threshold of 6 mm/d
corresponds to what is frequently taken as “convective rainfall” [Sobel et al., 2002], though rare convective
events may also have a monthly mean precipitation value less than 6 mm/d. The tropical SSTs are then mod-
ified according to Table 1, with the eight experiments spanning a range of perturbations that modify the
temperature contrast between convective and nonconvective regions and tropical average SST. The param-
eters gA and gE are chosen such that the tropical average SST is not changed, whereby gA is a multiplicative
factor (modulating the amplitude of patterns), and gE is a constant offset. Note that the perturbations are
sufficiently small so as not to invert spatial patterns. Also, the perturbations are not designed to test linear-
ity or symmetric perturbation pairs but to address the question of whether cloud amount changes follow a
coherent pattern irrespective of the details of the perturbation.

2.3. Convective Mass Flux and High Cloud Amount
We establish the empirical relation between local (i.e., grid cell) convective mass flux mc and high cloud
amount for the monthly mean values. Figure 1a shows the joint distribution density, and the mean cloud
amount, C(mc), as a function of convective mass flux at 500 hPa, mc, for the control calculation. Note that
the relation is not compact, and cloud amount is skewed particularly for large convective mass fluxes as
expected for bounded distributions. The lack of compactness is due to geographical differences in the spec-
tra of events that lead to high cloud amount, namely, (i) local convection, (ii) nonconvective clouds, and (iii)
convective clouds without local convection due to advection from surrounding convective events.

We interpret changes in high cloud amount in terms of changes in convective mass flux distribution (f (mc),
shown in Figure 1b for the control calculation, and changes in high cloud amount as a function of convective
mass flux, C(mc). The total cloud amount is recovered by

⟨C⟩ = ∫ f (mc) ⋅ C(mc) ⋅ dmc (1)

but reconstruction of the geographical distribution of cloud amount based on C(mc) would give
only an approximation. Changes in cloud amount between the control and perturbation calculation
are decomposed

⟨C⟩′ = ⟨f ′ ⋅ C⟩ + ⟨f ⋅ C′⟩ + ⟨f ′ ⋅ C′⟩ (2)
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Figure 1. (a) Joint distribution density and mean, C(mc) (solid red
line), of the high cloud amount for the control calculation, as a
function of 500 hPa convective mass flux mc , (b) convective mass
flux distribution f (mc) for the control calculation, and (c) total high
cloud amount anomaly (black) for experiment A, integrated as mc
decreases such that the y intercept gives the tropical mean high
cloud anomaly. Also shown is f ′uni ⋅ C (green), which indicates the
predicted high cloud anomaly that would result from a spatially
uniform change in mc , and the decomposition of the three contrib-
utors to high cloud amount anomaly in experiment A : f ′ ⋅ C (blue
dashed line), f ⋅ C′ (red dashed line), and f ′ ⋅ C′ (pink dashed line).
See text for further details.

where the first term on the right-hand side is
the change due to the change in convective
mass flux distribution that includes the non-
linear relation between convective mass flux
and cloud amount (Figure 1a), the second
term is the change in cloud amount due to
a change in the relation between convective
mass flux and cloud amount, and the last
term is the correlated changes in convective
mass flux distribution and cloud amount as
a function of convective mass flux.

The term ⟨f ′ ⋅ C⟩ is straightforward to inter-
pret from the perspective of changes in the
distribution of convection following the
imposed changes in SSTs. However, there
remains ambiguity because both a change
in mean convective mass flux and in the
distribution function with constant mean
convective mass flux can induce a change
in ⟨f ′ ⋅ C⟩. To resolve this ambiguity, we also
calculate the change in cloud amount that
results if the change in convective mass flux
(determined from the model outputs) were
due to a spatially uniform fractional change
in convective mass flux k = ⟨mc,exp⟩∕⟨mc,ctl⟩.
The corresponding change in the distri-
bution function of convective mass flux is
given by f ′uni = funi − f , with funi calculated
using mc,uni(lon, lat, time) = mc,ctl(𝜆, 𝜃, t) ⋅ k,
and the expected cloud amount is changed
by ⟨f ′uni ⋅ C(mc,ctl)⟩. We show below that, for
the experiments presented here, the cloud
amount changes because the changes in
the mean and distribution of convective

mass flux have the same sign. This need not always be the case and is due to the fact that in our experiments
there is a correlation between mean convective mass flux and fractional area coverage of convection.

Terms involving changes in the relation between convective mass flux and cloud amount, C′, are more
difficult to interpret and are discussed in section 4.

Finally, we note that C(mc) and f (mc) show substantial seasonality and that a similar analysis can be done for
the seasonal variability in high cloud amount (not shown for compactness). Hence, results depend on the
base state, and we therefore choose to study the problem with realistic SSTs rather than with an idealized
SST distribution.

Figure 1c shows the terms of the decomposition and the term for the scenario of a spatially uniform frac-
tional change in convective mass flux, for experiment A. The curves are the integrals over convective mass
flux, with integration starting at the maximum convective mass flux. Hence, the values at mc = 0 are the
total changes between experiment A and the control calculation. A summary of these four decomposition
terms is given in Table 1 for all eight experiments.

3. Results

We characterize the convective mass flux distribution and changes therein in terms of the tropical mean
convective mass flux mc and the fraction of the tropics that contains 80% of the convective mass flux (Ac).
Grid cells are sorted according to convective mass flux in each individual experiment, and the results are not
sensitive to the exact threshold value.
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Figure 2. High cloud amount changes for each perturbation experiment as function of change in (a) tropical average
surface temperature, (b) convective area fraction, and (c) tropical average convective mass flux. (d) f ′⋅C against the model
average high cloud change. (e) f ′ ⋅ C against the expectation for a uniform fractional change in convective mass flux. (f )
The change in the relation between convective mass flux and cloud amount, f ⋅ C′, against f ′ ⋅ C. Colors in Figures 2d–2f
as for terms in Figure 1. Correlation coefficients, r, and linear regression slopes, b, are given for quantitative arguments.

Figure 2 shows the results of all perturbation experiments in terms of the changes in tropical mean
high cloud amount as function of change in tropical SST (Figure 2a), change in convective area fraction
(Figure 2b), and convective mass flux (Figure 2c).

3.1. Convective Mass Fluxes
While not directly displayed in Figure 2, the relation between tropical average convective mass flux and SST
is dominated by the change in the regions of highest SSTs. All experiments that increase the temperature in
convective regions show a decrease in convective mass flux, consistent with expectations [Held and Soden,
2006]. Further, an increase/decrease in the temperature contrast between convective and nonconvective
regions leads to decrease/increase in the convective area fraction Ac. In our experiments the temperature
change in the convective regions and the contrast between convective and nonconvective regions are
correlated except for the uniform warming experiment U.

3.2. High Cloud Amount
Figures 2a–c shows the high cloud amount has some relation with the average SST, which is determined
by the p test statistic to be statistically insignificant, but that the associations with convective area fraction
Ac and convective mass flux (mc) are much stronger. The strong correlation with Ac (Figure 2b) may be the
consequence of the nonlinear relation between average cloud amount and convective mass flux, C(mc).
A focusing of convective mass flux (i.e., a decrease in Ac) leads to an increase in the distribution function
f at high convective mass fluxes and a decrease at low mass fluxes. The shape of C(mc) (recall Figure 1a)
then implies a decrease of the tropical average cloud amount even if the tropical average convective mass
flux (∫ f ⋅ mcdmc) remains constant. Similarly, the strong correlation with tropical mean mass flux changes
(Figure 2c) may be expected on the basis that deep convection is a sufficient (but not necessary) condition
for high clouds. However, since Ac

′ and ⟨mc⟩
′ are correlated in our experiments, attribution of high cloud

amount changes cannot be established based on Figures 2a–2c, and we must discuss the decomposition
described in section 2.3.
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4. Discussion

Figure 2d shows that ⟨f ′ ⋅ C⟩ overestimates the changes in high cloud amount by approximately a factor
2 (exceptions, e.g., uniform warming U, noted). Similarly, ⟨f ′ ⋅ C⟩ is larger than expected from the spatially
uniform fractional change in convective mass flux again by about a factor 2. This implies that the change
in mean convective mass flux, and the change in spatial distribution, each contribute similarly to the high
cloud amount change. Finally, Figure 2f shows that ⟨f ′ ⋅ C⟩ and ⟨f ⋅ C′⟩ are strongly anticorrelated with a ratio
of about −1/2. The cross term, ⟨f ′ ⋅C′⟩ is much smaller in all experiments. Hence, changes in C (i.e., C′) render
total high cloud amount less sensitive than expected from holding of C constant, i.e., from ⟨f ′ ⋅ C⟩.

A detailed inspection of ⟨f ⋅ C′⟩ of all experiments, and of the maps of high cloud amount changes, shows
that the average change ⟨f ⋅C′⟩ is strongly influenced by the contribution at low convective mass fluxes. This
result in turn is linked to the change in tropical average convective mass flux: increasing/decreasing tropical
average convective mass flux leads to a decrease/increase in high cloud amount in nonconvective regions.

We find (not shown) that in nonconvective regions relative humidity increases/decreases in response to
a decrease/increase in tropical average convective mass flux and that the change in relative humidity is
primarily due to a change in specific humidity rather than temperature. The change in relative humidity
explains the change in cloud amount, but the mechanistic link to the tropical average convective mass
flux change is nontrivial. While beyond the scope of this paper, we note that the change in turnover time
scale associated with the change in average convective mass flux alone cannot explain the change in spe-
cific humidity. Rather, we hypothesize that the moistening is a consequence of the change in subsidence
tendency relative to horizontal mixing time scale.

5. Conclusions

Our model calculations show that tropical high cloud amount may change less than expected, due to com-
pensation from clouds in nonconvective regions that respond to changes in tropical average mass flux.
While changes in high cloud amount (combining convective and nonconvective clouds) cannot be directly
converted to changes in the column cloud radiative forcing, these results show how different processes that
are mechanistically coupled act to reduce the sensitivity of tropical high cloud amount to perturbations.
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