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Abstract The global mean precipitation is largely constrained by atmospheric radiative cooling rates
(Qr), which are sensitive to changes in high cloud fraction. We investigate variations of high cloud fraction
with surface temperature (Ts) from July 2002 to June 2015 and compute their radiative effects on Qr using the
Fu-Liou-Gu plane-parallel radiation model. We find that the tropical mean (30°S–30°N) high cloud fraction
decreases with increasing Ts at a rate of about �1.0 ± 0.34% K�1 from 2002 to 2015, which leads to an
enhanced atmospheric cooling around 0.86 W m�2 K�1. On the other hand, the northern midlatitudes
(30°N–60°N) high cloud fraction increases with surface warming at a rate of 1.85 ± 0.65% K�1 and the
near-global mean (60°S–60°N) high cloud fraction shows a statistically insignificant decreasing trend with
increasing Ts over the analysis period. Dividing high clouds into cirrus, cirrostratus, and deep convective
clouds, we find that cirrus cloud fraction increases with surface warming at a rate of 0.32 ± 0.11% K�1

(0.01 ± 0.17% K�1) for the near-global mean (tropical mean), while cirrostratus and deep convective clouds
decrease with surface warming at a rate of �0.02 ± 0.18% K�1 and �0.33 ± 0.18% K�1 for the near-global
mean and �0.64 ± 0.23% K�1 and �0.37 ± 0.13% K�1 for the tropical mean, respectively. High cloud
fraction response to feedback to Ts accounts for approximately 1.9 ± 0.7% and 16.0 ± 6.1% of the increase
in precipitation per unit surface warming over the period of 2002–2015 for the near-global mean and the
tropical mean, respectively.

1. Introduction

Precipitation is of great importance to the welfare of human beings as well as the entire ecosystem [Trenberth,
2011]. The increase in global mean precipitation per unit surface warming is a measure of hydrological
cycle intensification, serving as a first-order constraint on regional precipitation change [Pendergrass and
Hartmann, 2014a]. In a warmer climate, the saturation water vapor increases with atmospheric temperature
approximately following the Clausius-Clapeyron relation at a rate of about 7% K�1, while the global mean
precipitation is governed by atmospheric energy budget [Mitchell et al., 1987; Allen and Ingram, 2002] and
increases at a rate of 1–3% K�1 [Allen and Ingram, 2002]. Since the atmospheric heat storage is small on
annual and longer timescales [Lambert et al., 2015], the global mean net atmospheric radiative cooling
(Qr, positive sign for atmospheric cooling) is balanced by the sensible heating (SH) from the surface and latent
heat release associated with precipitation rate multiplied by the latent heat of vaporization (LvP). The atmo-
spheric energy balance may be written as follows:

Qr ¼ LvP þ SH (1)

Thus, the energy constraint on precipitation suggests that changes in global mean precipitation would
depend on the changes in Qr and SH. The magnitude of Qr dominates over that of SH. Also, the change in
SH contributes to this balance but is much smaller in magnitude [e.g., Lambert and Webb, 2008; Wild et al.,
2013; Pendergrass and Hartmann, 2014b]; therefore, this study focuses on the changes in Qr and their
contribution to precipitation changes from 2002 to 2015, during which abundant satellite observations
are available.

LIU ET AL. HIGH CLOUD EFFECT ON PRECIPITATION 5457

PUBLICATIONS
Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1002/2016JD026303

Key Points:
• Tropical mean high cloud fractions
decrease with increasing surface
temperature (Ts) at a rate of about
�1% K

�1
from 2002 to 2015

• Cirrostratus and deep convective
clouds contribute primarily to the
decrease of tropical mean high cloud
fraction with surface warming

• High cloud fraction response accounts
for ~16% of the interannual tropical
mean precipitation increase per unit
surface warming

Correspondence to:
R. Liu,
liuruncn@163.com

Citation:
Liu, R., K.-N. Liou, H. Su, Y. Gu, B. Zhao,
J. H. Jiang, and S. C. Liu (2017),
High cloud variations with surface
temperature from 2002 to 2015:
Contributions to atmospheric radiative
cooling rate and precipitation changes,
J. Geophys. Res. Atmos., 122, 5457–5471,
doi:10.1002/2016JD026303.

Received 28 NOV 2016
Accepted 9 MAY 2017
Accepted article online 11 MAY 2017
Published online 27 MAY 2017

©2017. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0002-8724-6948
http://orcid.org/0000-0003-1265-9702
http://orcid.org/0000-0001-8438-9188
http://orcid.org/0000-0002-5929-8951
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD026303
http://dx.doi.org/10.1002/2016JD026303
mailto:liuruncn@163.com


Globally, clouds cover roughly two thirds of Earth’s surface and are important to modulate Earth’s energy
budget [e.g., Arking, 1991; Mace et al., 2009]. Cloud radiative effects (CREs) can alter Qr and thus affect preci-
pitation. The CREs on Qr depend on cloud vertical height and optical depth. In general, low clouds tend to
have a net cooling effect by increasing the downward emission of longwave (LW) radiation and reflecting
solar radiation, while high clouds tend to warm the atmosphere by decreasing the upward emission of LW
radiation [e.g., Slingo and Slingo, 1988; Hartmann and Larson, 2002; Kuang and Hartmann, 2007]. In general,
high clouds play a relatively stronger role than low clouds in altering Qr. For instance, Pendergrass and
Hartmann [2014b] showed that a single-layered low cloud in the boundary layer with a liquid water path
of 40 g m�2 would increase Qr by about 29 W m�2, while high clouds of the same optical depth but situated
between 5.5 and 12 kmwould reduce netQr by about 103Wm�2, about 3.6 times of the effect exerted by the
low clouds of the same liquid water path.

It has been hypothesized that the tropical high cloud fraction would decrease in response to surface
warming [Lindzen et al., 2001]. The so-called “iris hypothesis” stated that an increased sea surface tempera-
ture would enhance convective precipitation but reduce cirrus detrainment, resulting in a shrinkage of
high cloud cover, i.e., an expansion of dry and clear regions of the tropical atmosphere. This would allow
more infrared radiation leakage from the Earth’s atmosphere, which constitutes a negative feedback on
surface warming. There have been intense debates about the validity of the iris hypothesis and its impli-
cations [e.g., Hartmann and Michelsen, 2002; Lin et al., 2002, 2004; Spencer et al., 2007; Su et al., 2008, 2010a,
2010b; Lindzen and Choi, 2011; Mauritsen and Stevens, 2015]. Mauritsen and Stevens [2015] showed that
amplifying the “iris effect” in ECHAM6 (European Centre/Hamburg) model would reduce the discrepancies
between the simulated and observed rates of outgoing longwave radiation increases with surface tem-
perature (Ts). The ECHAM6 model sensitivity experiments suggested that a greater decrease in high cloud
fraction with surface warming would produce a higher hydrological sensitivity because the increased LW
radiative cooling of the atmosphere associated with reduced high clouds must be balanced by enhanced
latent heat release. It is not clear whether observations show a detectable decrease in high cloud fraction
with surface warming and how much it would contribute to the observed precipitation sensitivity through
its effect on atmospheric cooling rate.

In view of the above, this study focuses on variations of high clouds and associated radiative effects on Qr

during the A-Train period when high-quality satellite observations of clouds have become available
[L’Ecuyer and Jiang, 2010]. Concurrent observations of global mean precipitation variations are analyzed,
and the contribution of high cloud radiative effects to precipitation changes is quantified. We note that
our analysis focuses on the interannual variabilities and whether the interannual relations are applicable to
long-term climate change requires further studies.

In addition, it is known that high clouds of different optical depths would produce distinct sensitivities to
surface warming. For example, it was found that the cirrus cloud fraction increases in response to surface
warming [Zhou et al., 2014], while deep convective clouds and associated anvils exhibit a decreasing trend
with increasing Ts [Zelinka and Hartmann, 2011]. Net high cloud effects are therefore the residual of those
competing effects, resulting in large uncertainties. It is critically important to distinguish the impacts of dif-
ferent types of high clouds in order to have better understanding of cloud feedbacks. Different from the
aforementioned studies, we focus on high cloud effects on atmospheric column cooling rate, instead of
CREs on the top of atmosphere (TOA), because the former is directly related to the global mean or tropical
mean precipitation change constrained by atmospheric energy balance.

To quantify the radiative effects of high clouds, we use the Fu-Liou-Gu (FLG) plane-parallel radiative trans-
fer model [Fu and Liou, 1992, 1993; Gu et al., 2003, 2006, 2010] to calculate Qr associated with different
types of high clouds. In section 2, we describe the data and FLG model used. In section 3, we first validate
FLG model calculations by comparison with CERES-EBAF (Clouds and the Earth’s Radiant Energy System
Energy Balance and Filled) products [Wielicki et al., 1996; Loeb et al., 2009; Kato et al., 2013]. We then exam-
ine variations of the high cloud fraction (including three subtypes) in response to Ts during the A-Train
period and compute the sensitivity of high cloud effects on Qr per unit surface warming. This is followed
by estimating the contribution of high cloud fraction change to precipitation sensitivity. Lastly, conclusions
are given in section 4.
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2. The FLG Radiative Transfer Model and Data Used

The FLG plane-parallel radiation model [Fu and Liou, 1992, 1993; Gu et al., 2003, 2006, 2011] uses the delta-
four-stream approximation for shortwave (SW) and LW flux calculations [Liou et al., 1988; Fu et al., 1997].
The solar (0–5 μm) and infrared (5–50 μm) spectra are divided into 6 and 12 bands, respectively, within which
the correlated k-distribution method developed by Fu and Liou [1992] is used to sort gaseous absorption
lines. FLG model has been extensively used [e.g., Zhang et al., 2013; Campbell et al., 2016; Zhao et al., 2016]
and is incorporated in the Weather Research Forecast as a new radiation module [Gu et al., 2010].

In this study, the vertical layer setting in the FLG model follows the ERA-Interim vertical dimension, which is
defined by an eta coordinate whereby a purely pressure coordinate at the top and upper levels of the model
atmosphere transitions to a hybrid pressure-sigma coordinate at middle to low level and finally to a terrain-
following sigma corrdinate at the lowest few levels and model surface. The 10 vertical levels chosen from
TOA to surface are levels of 22, 28, 35, 36, 49, 44, 48, 53, and 60 (ranging from 50 hPa to 1000 hPa). The pres-
sure at level j can be calculated according to European Centre for Medium-Range Weather Forecasts (ECMWF)
[2002] as follows:

pj ¼ aj þ bjPs (2)

where Ps is surface pressure. Time-independent coefficients aj and bj can be obtaind from ECMWF [2002].

We use the Moderate Resolution Imaging Spectroradiometer (MODIS) Level 3 Collection 6monthly cloud pro-
ducts from Aqua [King et al., 2003] (http://daac.gsfc.nasa.gov/MODIS/products.shtml), available at a 1° × 1°
resolution, covering the period from July 2002 to June 2015 to conduct the investigation. The MODIS cloud
products provide cloud fraction (C(lon,lat,Ptop,τ,mon)) for seven optical depth bins and seven vertical layers.
Following the definitions of cloud types by the International Satellite Cloud Climatology Project [Rossow and
Schiffer, 1999], high clouds (with cloud top pressure less than 440 hPa) are further categorized by their optical
depth (τ) into cirrus (τ ≤ 3.6), cirrostratus (3.6< τ ≤ 23), and deep convective (τ > 23) clouds. It should be noted
that this cloud classification differs from that given by the World Meteorological Organization, which sorts
high clouds into cirrus, cirrocumulus, and cirrostratus [World Meteorological Organization, 1975].

The MODIS cloud products also provide the integrated optical depth within the atmosphere. The optical
depth for each individual level cloud is needed for FLG model calculations and is weighted by cloud fraction
denoted by C(lon,lat,Ptop,τ,mon) according to the following equation:

τ lon; lat; Ptop;mon
� � ¼

X7

i¼1
C lon; lat; Ptop; τi;mon
� �� τi

� �
=
X7

i¼1
C lon; lat; Ptop; τi;mon
� �

(3)

where τi = 0.15, 0.8, 2.45, 6.5, 16.2, 41.5, and 80 representing the middle value for each optical depth bin.

We use maximum/random cloud overlapping schemes for all-sky condition radiative fluxes calculation; i.e.,
maximum overlapping assumption is used within the broad layers for low, middle, and high clouds
separately and random overlapping assumption is used for the overlapping between the low, middle,
and high clouds [Gu et al., 2003]. Radiation calculation is performed for each scenario of layered clouds,
and then the all-sky flux is determined as the sum of the fluxes computed for each scenario weighted by
cloud amounts.

The liquid cloud water content (LWC) and ice cloud water content (IWC) are then calculated from the optical
depth based on the empirical function. According to the analysis presented in equation (2.9) in Fu and Liou
[1993], IWC (in units of g m�3) is given by

IWC ¼ τ
X3

1
anD

n
e=dZ (4)

where dZ is the distance (in units of m) between any two vertical levels and De (in units of μm) is the effective
size of ice particles. For global calculations, De is set at 80 μm [Gu et al., 2006]. The fitting coefficients a1, a2,
and a3 are 0.2453, 1.2196 × 10�3, and �3.4745 × 10�6, respectively.
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For liquid water clouds, the follow-
ing formula is employed to calcu-
late LWC (in units of g m�3) in the
form [Fu and Liou, 1993]

LWC ¼ 4
3
Reτ=

X3

1
bn ln Reð Þn�1=dZ

(5)

where Re is the effective radius of
water droplets (10 μm) [see Gu
et al., 2003]. The fitting coefficients
b1, b2, and b3 are 2.416, �0.1854,
and 0.0209, respectively.

These values of Re and De are based
on our best knowledge of liquid
and ice clouds in global and tropi-
cal conditions as well as the closet
match between model-simulated
and observed radiative fluxes. The
sensitivity of the calculated Qr to
the cloud particle size assumption
is discussed.

Meteorological variables in terms
of temperature, pressure, humid-
ity, surface albedo, and ozone con-
centrations required in the FLG
model are obtained from ERA-
Interim reanalysis [Dee et al.,
2011]. To validate FLGmodel calcu-
lations, we use observed radiative
fluxes taken from CERES-EBAF pro-
ducts (https://ceres.larc.nasa.gov/
order_data.php) [Wielicki et al.,
1996; Loeb et al., 2009; Kato et al.,
2013]. Precipitation data employed
in this study are taken from the
Global Precipitation Climatology
Project (GPCP) Monthly version
2.2 [Adler et al., 2003]. Ts is obtained
from the HadCRUT4 data set
[Morice et al., 2012].

The near-global domain covering
60°S–60°N is analyzed along with

three subregions, which include the tropics (30°S–30°N), the northern midlatitudes (30°N–60°N), and the
southern midlatitudes (30°S–60°S). We define deseasonalized anomalies ΔX as follows:

ΔX ¼ X–X (6)

where X is a parameter, which can be Ts, LvP, cloud fraction, or radiative flux, for a given month and X denotes
the monthly climatological mean. For instance, for n years of data, the climatological mean computed from
each January value is used to obtain the deseasonalized anomaly. We then regress the deseasonalized LvP,

Figure 1. Scatterplots of the deseasonalized monthly Qr derived from the
FLG model (Qr_FLG) against Qr analyzed from CERES-EBAF observations
(Qr_CERES) under all-sky conditions for (top) the near-global region and
(bottom) the tropics. The correlation coefficients are also shown in the figure.
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cloud fraction, or radiative flux
data to the deseasonalized Ts
associated with a monthly time-
scale by the ordinary least squares
regression such that the regression
slope represents their sensitivity to
changes in Ts.

In this study, Qr is calculated
as follows:

Qr ¼ Fuir_TOA þ Fus_TOA
� Fds_TOA þ Fdir_SFC
� Fuir_SFC þ Fds_SFC
� Fus_SFC (7)

All fluxes are defined positive at a
given direction. Subscripts u, d, ir,
s, TOA, and SFC denote upward,
downward, LW, SW, the top of
atmosphere, and the surface,
respectively. Positive values of Qr

represent radiative cooling rates
in the atmospheric column. The
analysis period is from July 2002
to June 2015, during which all rele-
vant data sets are available.

3. Results and Discussions
3.1. Comparison Between
Radiative Fluxes Calculated
From the FLG Model and the
CERES-EBAF Products

Figure 1 compares the deseasona-
lized monthly Qr derived from the
FLG model (Qr_FLG) with CERES-
EBAF products (Qr_CERES) under
all-sky conditions for averages over
the near-global region (top) and
the tropics (bottom). The correla-
tion coefficients between Qr_FLG
and Qr_CERES (R = 0.37 and 0.54

for near-global and tropics, respectively) show that FLG model calculations approximately capture
14%–30% variance in Qr observed by CERES. In addition, the temporal evolutions in monthly Qr under
all-sky conditions from CERES and FLG calculations agree with each other, as shown in Figure 2. The spatial
distributions of multiyear means from CERES and FLG calculations are also similar (Figure 3), with spatial cor-
relations of 0.90 and 0.92, for all-sky conditions (Figures 3a and 3b) and CRE (Figures 3c and 3d), respectively.
However, there is an underestimation in Qr_FLG compared to Qr_CERES, which is mainly related to LW radiative
flux components (Figure 4) due to the cold bias in Ts [e.g., Jones and Harpham, 2013;Wang et al., 2015] as well
as the wet bias in specific humidity [e.g., Kishore et al., 2011; Schröder et al., 2013; Jiang et al., 2015] in ERA-
Interim reanalysis leading to a reduced LW emission at the surface and enhanced LW absorption within
the atmosphere. A prescribed cloud particle size is also a potential source for the difference between
Qr_FLG and Qr_CERES. Varying the cloud particle size results in differences in the magnitude of Qr by

Figure 2. Time series of the deseasonalized monthly Qr derived from the
FLG model (blue) and Qr analyzed from CERES-EBAF observations (red)
under all-sky conditions for (top) the near-global mean and (bottom) the
tropical mean.
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7%. Nevertheless, the temporal variations of Qr, which are the main focus of this study, are consistent
when different cloud particle sizes are used (Figure 5). Uncertainty from CERES data is also a source of
the inconsistency.

The CRE calculated from FLG resembles that derived from CERES-EBAF in terms of spatial patterns (Figures 3c
and 3d) with an overestimate over the western Pacific region. Despite the biases in calculated Qrmagnitudes,

Figure 3. Multiyear mean (July 2002 to June 2015) Qr under (a and b) all-sky conditions and (c and d) total CRE. Figures 3a
and 3c are CERES-EBAF products, and Figures 3b and 3d are calculated from the FLG model. Positive/negative values in
Figures 3c and 3d indicate a cooling/warming effect within the atmosphere.

Figure 4. Multiyear mean (July 2002 to June 2015) Qr LW radiative components under (a and b) all-sky conditions and in
(c and d) total CRE. Figures 4a and 4c are CERES-EBAF products, while Figures 4b and 4d are calculated from the FLGmodel.
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the FLG model captures the temporal evolution of observed radiative fluxes during the period of 2002–2015,
which is the focus of this study.

3.2. High Cloud Impact on Atmospheric Radiative Cooling

The high cloud effects on Qr are defined by the difference between the Qr calculated with and without high
clouds present, while all other (surface and atmospheric) quantities remain unchanged. The positive cloud
effects on Qr indicate that high cloud changes induce an increase in the cooling rate within the atmosphere,
and vice versa. Figures 6 and 7 depict the total and three subtypes of high cloud effects on Qr and associated
contributions from LW and SW radiative flux components. Most high clouds occur near the equator and over
tropical continents [e.g., Wylie and Menzel, 1999; Stubenrauch et al., 2010, 2013], and some are present over
midlatitudes storm track regions. The frequent occurrence of high clouds in the tropics accounts for larger
CREs than in other regions. In general, when high clouds are present, the loss of LW radiation to space

Figure 5. Time series of monthly total cloud effect on Qr for the near-global mean with varying cloud particle sizes. Black,
blue, and red are for De of 40 μm, 80 μm, and 150 μm, respectively. Solid, long-dash, and short-dash lines are for Re of
(top) 5 μm, (middle) 10 μm, and (bottom) 20 μm, respectively.
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decreases, resulting in a warming effect in the atmosphere, whereas the reflection of SW radiation also
increases and leads to a cooling effect. For the atmospheric column, the LW warming effect predominates
over the SW cooling effect, resulting in a decrease in atmosphere cooling, i.e., a negative impact on Qr

(Figure 6a). The finding that high clouds reduce atmospheric radiative cooling because of their LW

Figure 6. (a) High cloud effects on Qr and contributions of (b) LW components and (c) SW components during July 2002 to
June 2015 (in units of W m�2). The positive (negative) values indicate that high clouds have a positive (negative)
effect on Qr, corresponding to a cooling (warming) effect within the atmosphere.
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effects, which are compensated only slightly by SW effects, is consistent with previous findings reported by
Pendergrass and Hartmann [2014b] because atmospheric absorption of SW radiation is relatively small
compared to that of LW radiation.

The three subtypes of high clouds, cirrus, cirrostratus, and deep convective clouds, show similar effects on Qr

to the total high clouds (Figure 7). The net warming effect in the atmosphere is robust for all subtypes of high
clouds. Since the cirrostratus cloud fraction is larger than the fractions of cirrus and deep convective clouds,
cirrostratus makes the largest contribution to the total Qr than the other two subtypes of high clouds.

3.3. High Cloud Fraction Sensitivity to Surface Warming

We define ΔC and ΔTs as the monthly anomaly of cloud fraction and Ts, respectively. The short-term sensitiv-
ity of cloud fraction to surface warming is obtained as the slope of the linear regression of ΔC versus ΔTs as
presented in Zhou et al. [2013]. Table 1 shows the slopes of linear regression between ΔC and ΔTs for the
averages over the near-global regions, the tropics, and midlatitudes. Student’s t tests are carried out for
statistical significance. Changes in the total high cloud fraction in response to surface warming vary by
region. Total high cloud fraction shows an insignificant decreasing tendency with surface warming in the

Figure 7. Same as Figure 6 except for (a–c) cirrus (τ ≤ 3.6), (d–f) cirrostratus (3.6 < τ ≤ 23), and (g–i) deep convective cloud (τ > 23).

Table 1. The Slope of Linear Regression Between Area-Averaged High Cloud Fraction Monthly Anomaly and the Global
Mean Ts Anomaly During the Period From July 2002 to June 2015 (in Units of % K�1)a

60°S–60°N 30°S–30°N 30°N–60°N 30°S–60°S

Total high cloud �0.04 ± 0.31 �1.00 ± 0.34 1.85 ± 0.65 �0.05 ± 0.64
Cirrus cloud 0.32 ± 0.11 0.01 ± 0.17 0.78 ± 0.15 0.46 ± 0.16
Cirrostratus cloud �0.02 ± 0.18 �0.64 ± 0.23 1.18 ± 0.35 �0.03 ± 0.38
Deep convection cloud �0.33 ± 0.18 �0.37 ± 0.13 �0.11 ± 0.30 �0.48 ± 0.27

aBold fonts denote that the regression slope is statistically significant (p < 0.05).
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near-global mean and the southern midlatitudes. However, there is a significant increasing tendency in the
northern midlatitudes (1.85 ± 0.65% K�1) but a substantial decreasing trend in the tropics (�1 ± 0.3% K�1)
during the period of 2002–2015. A number of previous studies also reported a reduction in high cloud frac-
tion with increasing Ts in the tropics [e.g., Lindzen et al., 2001; Zelinka and Hartmann, 2011] but an increase in
the northern midlatitudes [e.g., Wylie and Menzel, 1999]. Cancelation of cloud fraction sensitivities to surface
warming in the northern midlatitudes, southern midlatitudes, and the tropics leads to an insignificant net
change in high cloud fraction in the near-global mean.

Regarding different types of high clouds, cirrus clouds display a positive sensitivity to surface warming in four
regions, with significant changes in the near-global mean (0.32 ± 0.11% K�1) and the midlatitudes, which are
consistent with the findings reported in Zhou et al. [2014]. Deep convective clouds show a negative sensitivity
in four regions, with significant changes in the tropics (�0.37 ± 0.13% K�1). Different sensitivities are detected
for cirrostratus clouds, for which there is a significant increasing tendency with Ts in the northernmidlatitudes
and a decreasing tendency in the other three regions. Sensitivities of cirrus and deep convective clouds lar-
gely cancel out in the near-global mean and the southernmidlatitudes, while the cirrostratus cloud sensitivity
in these two regions is slightly negative, leading to an insignificant negative sensitivity of the total high cloud
fraction in these two regions. It should be noted that some broken cloud pixels are not included in the MODIS
Level 3 joint histograms [Oreopoulos, 2005]. However, these broken pixels should not be a serious concern
when monthly averaging is performed. For this reason, excluding some broken cloud pixels in the MODIS
Level 3 joint histograms may affect to some extent the magnitude of cloud fraction sensitivity to surface
warming, rather than the sign.

Figure 8 shows the high cloud fraction sensitivity to surface warming using linear regression ΔC at each grid
box with the global mean ΔTs during the period from July 2002 to June 2015, over which temperature chan-
ged by about 0.3 K [NOAA, 2017]. The spatial distribution of high cloud fraction sensitivities clearly illustrates
an El Niño–Southern Oscillation (ENSO)-like pattern, i.e., a characteristic dipole pattern over the tropical
Pacific with extensions toward the east at subtropical latitudes along storm tracks [Su and Jiang, 2013;
Li et al., 2017]. The total high cloud fraction depicts a significant positive sensitivity to Ts over actively convec-
tive regions such as the Intertropical Convergence Zone. Three subtypes of high clouds show an increase in
ΔC with respect to increasing ΔTs over the convective regions in the tropics and decrease over two descend-
ing zones of the Hadley cells and the Maritime Continent (MC), representing the impacts of large-scale circu-
lation on high clouds. According to Kramer and Soden [2016], the magnitude of hydrological sensitivity in
climate model projections differs between interannual variability and long-term trends, suggesting that

Figure 8. The spatial distribution of (a) total, (b) cirrus, (c) cirrostratus, and (d) deep convective cloud fraction sensitivity to
the global mean ΔTs during the period from July 2002 to June 2015. The units of color bar are % K�1.
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cloud radiative feedbacks on Qr may also vary with timescales. The ENSO-like pattern in Figure 8 suggests
that the analysis addresses interannual variability rather than long-term trends. A long-term trend may
bear different spatial patterns and magnitude of cloud feedbacks. Thus, one must be cautious when
extrapolating interannual variabilities to long-term trends.

3.4. Sensitivity of High Cloud Radiative Effect to Increasing Surface Temperature

Taking the sensitivity of high cloud fraction to Ts into consideration, Figure 9 shows the radiative effects on Qr

of the high cloud sensitivity during July 2002 to June 2015. The positive (negative) sensitivity implies that
surface warming produces increases (decreases) inQr, corresponding to a net cooling (warming) effect within
the atmosphere.

The spatial distribution of the radiative effects on Qr of the high cloud sensitivity to Ts resembles the pattern
of high cloud fraction sensitivity to surface warming (Figure 8). The most significant ΔCRE occurs over the tro-
pical Pacific. Negative effects on Qr (i.e., a warming effect within the atmosphere) are observed over central
and eastern Pacific, while positive effects are located at two descending zones of the Hadley cells in the
Pacific and the MC. Compared with the other two high cloud subtypes, the cirrostratus cloud fraction sensi-
tivity to surface warming is the largest in magnitude over most of the globe, especially over the tropics
(Figure 8c); however, because the changes in cirrostratus fraction have both positive and negative signs over
a broad area, the average sensitivity of cloud radiative effect of cirrostratus cloud over our analysis domains is
not always the largest. For example, the cirrus sensitivity to Ts has the largest radiative effect in the global
mean and in the SH midlatitudes (see Table 2).

Figure 9. The spatial distribution of (a) total, (b) cirrus, (c) cirrostratus, and (d) deep convective clouds CREs on Qr in response to surface warming (in units of
W m�2 K�1) during the period from July 2002 to June 2015.

Table 2. Sensitivity of High Cloud Effects on the Atmospheric Cooling Rate During the Period From July 2002 to June
2015 (in Units of W m�2 K�1)

60°S–60°N 30°S–30°N 30°N–60°N 30°S–60°S

Total high cloud 0.08 0.86 �1.74 �0.24
Cirrus cloud �0.27 �0.04 �0.69 �0.49
Cirrostratus cloud 0.09 0.59 �1.08 �0.13
Deep convective cloud 0.03 0.04 �0.03 0.12
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Table 2 shows the effects on Qr due to high cloud fraction sensitivity to Ts for the near-global region, tropics,
and midlatitudes during the study period. The total high cloud fraction sensitivity to Ts would contribute to
Qr at a rate of 0.08 W m�2 K�1, 0.86 Wm�2 K�1,�1.74 W m�2 K�1, and�0.24 Wm�2 K�1 for the near-global
region, tropics, northern midlatitudes, and southern midlatitudes, respectively. Compared to the cloud-
induced Qr sensitivity to Ts derived from the CERES data that include the effects of all clouds, we find that
the FLG-calculated high cloud effects account for 68% of the total cloud effects on Qr for the global averages.

Based on the FLG calculations, cirrus clouds have a negative effect of�0.27Wm�2 K�1 and�0.04Wm�2 K�1

on Qr in the near-global domain and the tropics, respectively. Cirrostratus clouds have a positive effect of
0.09 Wm�2 K�1 and 0.59 Wm�2 K�1 onQr in the near-global domain and the tropics, respectively. Deep con-
vective clouds display a positive effect of 0.03 W m�2 K�1 in both the near-global case and the tropics. We
note that the effects of high cloud fraction sensitivity were computed separately for three subtypes, and
the total high cloud effect was not equal to the sum of the effects of three subtypes because of the nonlinear-
ity of radiative calculations.

3.5. Contributions of High Cloud Radiative Effects to Precipitation Sensitivity

During the study period from July 2002 to July 2015, LvP from the GPCP data set increases with Ts at a rate of
4.1 ± 1.1 W m�2 K�1 and 5.38 W ± 1.48 m�2 K�1 (4.92 ± 1.36% K�1 and 6.1 ± 1.67% K�1, relative to multiyear
mean precipitation) for the near-global mean and the tropical mean, respectively. The precipitation sensitiv-
ity to Ts is dependent on the time period analyzed [John et al., 2009]. The global mean sensitivity derived from
GPCP and HadCRUT4 temperature is 3.4% K�1 for the period of 1989–2010 [O’Gorman et al., 2012] and 2.8%
K�1 for the period of 1988–2010 [Allan et al., 2014]. It is clear that large uncertainties still exist in the precipi-
tation sensitivity to Ts.

Based on the atmospheric energy constraint on precipitation shown in equation (1), changes in Qr caused by
high cloud response to surface warming would have an impact on the precipitation sensitivity to Ts. A posi-
tive CRE on Qr associated with decreases in high cloud fraction would lead to an enhancement in the preci-
pitation sensitivity per unit surface warming. Considering the near-global and the tropical averages, the total
high cloud effects onQrwould account for 1.9 ± 0.7% and 16 ± 6.1% (relative to multiyear mean precipitation)
of the precipitation sensitivity to Ts, respectively. In terms of three subtypes, we find that cirrus effects reduce
precipitation by 6.6 ± 2.5% and 0.72 ± 0.27% for the near-global region and the tropics, respectively, while the
responses in cirrostratus to surface warming tend to increase precipitation sensitivity by 2.1 ± 0.8% for the
near-global mean and 11.0 ± 4.1% for the tropical mean. Furthermore, the decrease of deep convective cloud
fraction with increasing Ts tends to enhance precipitation slightly by 0.81 ± 0.31% for the near-global mean
and 0.47 ± 0.18% for the tropical mean during the period of 2002 to 2015.

4. Conclusions

In this study, global high clouds including three subtypes (cirrus, cirrostratus, and deep convective cloud)
radiative effect on Qr, their sensitivities to surface warming and associated contributions to the precipitation
sensitivity per unit surface warming on the interannual timescale during the period from July 2002 to June
2015, have been examined using the FLG plane-parallel radiation model. The FLG calculations are validated
against the CERES-EBAF products. The comparison shows that the FLG model captures the temporal varia-
tions of all-sky radiative fluxes with reasonable spatial distributions, although large biases exist in the magni-
tudes of the radiative fluxes and CREs. The FLG model results confirm that the LW warming effect by high
clouds outweighs their SW cooling effect in the atmospheric column, leading to a net reduction in Qr when
high clouds increase.

We show that the total high cloud sensitivity to surface warming on the interannual timescale has a positive
effect on Qr, due to a decreasing tendency in high cloud fraction in response to surface warming, especially
in the tropical mean. In terms of three subtypes of high clouds, cirrostratus and deep convective clouds have
a positive effect on Qr, whereas cirrus clouds show a negative effect in the tropics and over the near-
global domain.

Furthermore, we find that the interannual precipitation sensitivity per unit surface warming derived from the
GPCP data set for the period of 2002 to 2015 is noticeably larger than the prior estimates of 3–4% K�1 based
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on earlier and longer data record. We suggest that the statistically significant decreasing tendency of tropical
mean high cloud fraction with increasing Ts would likely be an important factor in driving the large precipita-
tion sensitivity observed during the A-Train period. Based on our calculations, the decrease of tropical mean
high cloud fraction with surface warming would account for about 16 ± 6.1% of the tropical mean precipita-
tion increase per unit surface warming during the period of 2002 to 2015. It is clear that variations of tropical
high clouds play a critical role in regulating the sensitivity of precipitation response to interannual surface
warming. It should be noted that the time period studied herein is relatively short given the availability of
data and that the magnitude of high cloud radiative effects on the hydrological cycle might be related to
the timescale considered [Kramer and Soden, 2016]. As noted previously, our analysis focuses on the interann-
ual variabilities. Further studies are needed to examine the relation between interannual variations and long-
term climate changes of high clouds and precipitation.
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