ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 33, FEBRUARY 2016, 164-174

Trends of Regional Precipitation and Their Control
Mechanisms during 1979-2013

Run LIU!, Shaw Chen LIU*?3, Chein-Jung SHIU?, Jun LI', and Yuanhang ZHANG!

IState Key Joint Laboratory of Environmental Simulation and Pollution Control,
College of Environmental Sciences and Engineering, Peking University, Beijing 100871
2Research Center for Environmental Changes, Academia Sinica, Taipei 11529
3Department of Atmospheric Science, NCU, Jhongli 32001

(Received 13 May 2015; revised 5 August 2015; accepted 5 August 2015)

ABSTRACT

Trends in precipitation are critical to water resources. Considerable uncertainty remains concerning the trends of regional
precipitation in response to global warming and their controlling mechanisms. Here, we use an interannual difference method
to derive trends of regional precipitation from GPCP (Global Precipitation Climatology Project) data and MERRA (Modern-
Era Retrospective Analysis for Research and Applications) reanalysis in the near-global domain of 60°S—-60°N during a major
global warming period of 1979-2013. We find that trends of regional annual precipitation are primarily driven by changes in
the top 30% heavy precipitation events, which in turn are controlled by changes in precipitable water in response to global
warming, i.e., by thermodynamic processes. Significant drying trends are found in most parts of the U.S. and eastern Canada,
the Middle East, and eastern South America, while significant increases in precipitation occur in northern Australia, southern
Africa, western India and western China. In addition, as the climate warms there are extensive enhancements and expansions
of the three major tropical precipitation centers—the Maritime Continent, Central America, and tropical Africa—leading to the
observed widening of Hadley cells and a significant strengthening of the global hydrological cycle.
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1. Introduction

Considerable uncertainty remains concerning the magni-
tude and regional differences of trends in precipitation in re-
sponse to global warming. In a warming climate, the satura-
tion water vapor pressure will increase with atmospheric tem-
perature according to the Clausius—Clapeyron equation (CC)
at about 7% K~!. This rate of increase with temperature has
been substantiated by radiosonde measurements (Durre et al.,
2009; Dai et al., 2011), as well as in trends of column water
vapor density (Trenberth et al., 2005; Santer et al., 2007).
Meanwhile, the global mean precipitation or global evapo-
ration that is controlled by the surface energy budget does
not scale with CC, increasing at around 2% K~ ! (Cubasch et
al., 2001; Allen and Ingram, 2002). Analysis of two long-
term gauge-based precipitation datasets over land showed
that the annual average global total precipitation of both
datasets had small linear increasing trends, but not statisti-
cally significant (Vose et al., 1992; Mitchell and Jones, 2005;
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Trenberth et al., 2007), consistent with the predicted small
increase in global precipitation/evaporation in response to
global warming. This is also consistent with precipitation
data from the Global Precipitation Climatology Project, ver-
sion 2.2 (GPCP V2.2), in the near-global domain of 60°S—
60°N analyzed in this work, of which the annual total pre-
cipitation of the entire domain decreases by an insignificant
0.66% (P-value = 0.3) during the period 1979-2013.

To analyze the regional distributions of precipitation
changes, a useful framework consists of decomposing them
into a part that is related to atmospheric circulation changes
and a part that is related to water vapor changes, referred
to as dynamic and thermodynamic components, respectively.
However, definitions of these two components may differ
among studies, partly because there are significant overlaps
and interactions between the two components.

There is a relatively sound physical basis for the drying of
the dry subtropics (i.e., the “dry-get-drier” mechanism) and
increased precipitation in the wet intertropical convergence
zone (ITCZ) (i.e., “wet-get-wetter”’) as global temperatures
rise (Mitchell et al., 1987; Held and Soden, 2006; Chou et
al., 2013). Assuming circulation remains the same, the in-
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crease of lower tropospheric water vapor with temperature
leads to more moisture convergence, more latent heat release,
stronger convection, more precipitation than CC, and removal
of more water vapor than CC in the ascending/wet zones;
while in the descending/dry zones, there is additional mois-
ture divergence and less water vapor than CC, resulting in
less precipitation.

Observed widening of the Hadley cell due to global
warming (Hu and Fu, 2007; Zhou et al., 2011; Davis and
Rosenlof, 2012) implies the expansion of subtropical dry
zones and broader tropical rain belts, probably leading to
drier subtropical dry zones and wetter tropics, respectively.
These changes are generally consistent with the wet-get-
wetter and dry-get-drier mechanism (WWDD) (Zhou et al.,
2011; Chou et al., 2013). In model projections, there are in-
dications of a weakening of the tropical overturning of air as
the climate warms (Held and Soden, 2006; Vecchi and Soden,
2007; Chadwick et al., 2013). But, there is no conclusive evi-
dence for the implied slowdown of the Hadley (Stachnik and
Schumacher, 2011; Zhou et al., 2011) or Walker circulations
(Vecchi et al., 2006; Zhou et al., 2011; Tokinaga et al., 2012).

Increases in latent heat release in storms due to the in-
creased moisture with temperature can invigorate the storms
and produce heavier precipitation. The increase in heavy pre-
cipitation from an invigorated storm can exceed the CC value
(thermodynamic process), and remove more moisture from
the atmosphere than 7% K !, resulting in less light and mod-
erate precipitation on the global scale (Trenberth et al., 2003).
Moreover, a reduced lapse rate in a warmer climate (Held
and Soden, 2006; Dessler and Davis, 2010) can make the at-
mosphere more stable and thus less likely to precipitate (dy-
namic process), especially for light and moderate precipita-
tion that requires an unstable large-scale environment. The
combined result of increased heavy precipitation and sup-
pressed light and moderate precipitation is an increase in pre-
cipitation intensity, which has been substantiated by analy-
ses of observed precipitation from GPCP, TRMM (Tropical
Rainfall Measuring Mission), as well as some reanalyses (Liu
et al., 2009; Lau and Wu, 2011; Shiu et al., 2012). Results
from climate models also show a significant increase in pre-
cipitation intensity, albeit substantially smaller than observed
increases (Sun et al., 2007). This mechanism will result
in “heavy-precipitation-get-heavier” and “light-precipitation-
get-lighter” (HHLL) trends in the total precipitation in re-
sponse to global warming.

In the context of the regional distribution of trends in pre-
cipitation in response to global warming, HHLL would lead
to more precipitation in regions dominated by heavy precip-
itation (e.g., the ITCZ, South Pacific convergence zone, and
storm tracks of tropical storms), and less precipitation in re-
gions dominated by light and moderate precipitation (e.g., the
descending zones of Hadley cells). So, there can be consider-
able but not necessarily complete overlaps of regions affected
by HHLL and WWDD, as wet areas can also have light pre-
cipitation and dry areas can have heavy precipitation.

The major objectives of this study are to evaluate the
trends of regional precipitation in response to global warm-
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ing and to identify the primary controlling mechanism(s) of
these trends. We will examine data from GPCP V2.2 (Adler
et al., 2003) and MERRA (Modern-Era Retrospective Anal-
ysis for Research and Applications) reanalysis (Rienecker et
al., 2011) in the near-global domain of 60°S—60°N during a
major global warming period of 1979-2013. Results using
other reanalysis data, such as ERA-Interim (European Cen-
tre for Medium-Range Weather Forecasts Interim Reanalysis)
(Fig. S1, only available online) and NCEP/NCAR R1 (Na-
tional Centers for Environmental Prediction/National Center
for Atmospheric Research Reanalysis 1) (Fig. S2), are similar
to those of MERRA, and thus only presented as supplemen-
tary material. In the methodology section, we compare the
interannual difference method (IDM) to two other different
methods for evaluating the trends of precipitation; namely, a
linear time series method (LTSM) and a linear scatter correla-
tion method (LSCM). As a demonstration, the three methods
are used to evaluate the trend of precipitation at an arbitrarily
chosen equatorial grid point in the Maritime Continent (MC)
of GPCP V2.2 data. Mutually consistent results are obtained,
and the advantages and limitations of the IDM are discussed.
The IDM is then applied to all individual grids in the do-
main of 60°S—60°N to study the trends of regional precipi-
tation in response to global warming. Finally, we compare
the HHLL to WWDD to determine which mechanism is the
primary driving force in the control of the regional changes
of annual precipitation in response to global warming.

2. Data and Methods

Data from GPCP V2.2 (2.5° x 2.5°, monthly, 1979-2013)
(Adler et al., 2003) are used in this study. Data from the
MERRA reanalysis (Rienecker et al., 2011) and the Global
Precipitation Climatology Centre (GPCC, Full Data Reanaly-
sis Version 6.0, 2.5° x 2.5°, monthly, 1901-2010) (Schneider
et al., 2014) are also analyzed to check the robustness of our
results. Surface air temperature is taken from the Global His-
torical Climatology Network-Monthly dataset, version 3.2.1
(Jones and Moberg, 2003). SST is taken from the Extended
Reconstructed Sea Surface Temperature dataset, version 3b
(Smith et al., 2008). The global mean temperature anomaly
(relative to the 1901-2000 base period) is taken from the
National Climatic Data Center (available at http://www.
ncdc.noaa.gov/cag/time-series/global/globe/land _ocean/ytd/
12/1880-2014.csv).

Figure 1a shows temporal variations of the annual total
precipitation (from GPCP V2.2) at an arbitrarily chosen equa-
torial grid point (3.75°S, 141.25°E) in the MC, and the global
annual mean temperature anomaly for the period 1979-2013.
The global temperature anomaly instead of the local temper-
ature anomaly is used here for the following reason: Accord-
ing to the thermodynamic hypothesis, the temperature used
in the data analysis should be the atmospheric temperature
of the region from which the bulk of water vapor of the pre-
cipitation originates. For the equatorial grid point chosen,
the temperature should be the air temperature over a synop-
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tic scale region in the MC. Since we are dealing with large
spatial and temporal (yearly) average phenomena, the atmo-
spheric temperature of the region tends to change proportion-
ally with the global surface temperature with a near unit ratio.
For example, the ratio of temperature anomalies between the
10°S—10°N oceanic region and the near-global zone is about
0.93. Thus, for convenience, global temperature can be used
as a proxy.

Since there is an obvious correlation between the precip-
itation and temperature, statistically, a significant value can
be derived for the change of precipitation as a function of
the temperature anomaly, i.e. AP/AT, where P denotes pre-
cipitation and 7T the temperature. Under the assumption of a
linear causal relationship between P and T, AP/AT can be
interpreted as the change in the annual total precipitation at
the grid point in response to a one degree Kelvin increase
in the global mean temperature. Three methods for calculat-
ing AP/AT are evaluated in this study: LTSM, LSCM, and
IDM. All three methods are based on the correlation between
the precipitation and global mean temperature anomaly. As
it is well known that a good correlation does not imply any
causal relationship, none of the three methods can be claimed
as the physically correct method. LTSM is the traditional
and commonly used method; it physically assumes that both
the precipitation and temperature are linearly dependent on
time, and AP and AT are their linear trends for the entire pe-
riod (blue and red dashed lines in Fig. 1a). Figure 1b shows
the scatter correlation plot (LSCM) between the precipitation
and global mean temperature anomaly. This plot ignores the
time sequence of the precipitation or temperature; instead, the
LSCM AP/AT is calculated directly from the linear regres-
sion between the precipitation and global mean temperature
anomaly. This is physically equivalent to assuming the an-
nual precipitation is linearly dependent on the annual global
mean temperature.

LSCM is different from LTSM in an important aspect:
LTSM assumes a linear dependence on time for both the
precipitation and the global mean temperature, while LSCM
does not. By applying temporal linear regression, LTSM
filters out nonlinear temporal variations in both the precipi-
tation and the temperature anomaly, e.g., El Niflo—Southern
Oscillation (ENSO); while the nonlinear effects are retained,
at least partially in LSCM. IDM (Fig. 1c) has been used suc-
cessfully and described in detail in our previous works (Liu et
al., 2009; Shiu et al., 2012). It is identical to LSCM, except
that it improves upon the statistics by replacing individual
points with their interannual differences, including differ-
ences between two years not adjacent to each other in time.
Thus, it increases the number of independent data points by
(n—1)/2, where n is the number of points in LSCM (35 points
or years). The results from IDM and LSCM should converge
when the number of data points increases. This is supported
by the values of AP/AT derived by the two methods for the
equatorial grid: 1258 (4334) and 1205 (£138) for LSCM
and IDM, respectively, which differ only by about 5% and are
well within their standard errors of the mean (SEM, values
in parentheses). The results from LTSM converge with those
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Fig. 1. (a) Temporal variations with linear regressions (dashed
lines) of the annual total precipitation at an equatorial grid
point (3.75°S, 141.25°E) and the annual global mean tempera-
ture anomaly (1979-2013). (b) Annual total precipitation plot-
ted against the annual global mean temperature anomaly; the
dashed line is the linear regression (LSCM). (c) The same as
(b) except the absolute values are replaced by their interannual
differences (IDM).
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from IDM and LSCM only if both the precipitation and the
temperature are linearly dependent on time. In reality, neither
the precipitation nor the temperature is linearly dependent on
time. Nevertheless, for the equatorial grid point, the value
of AP/AT derived by LTSM is 1572 (+511), consistent with
those derived by the other two methods within their combined
SEMs. This consistency is not unique to the equatorial grid.
As demonstrated in the text and the supplementary material,
the consistency prevails in widespread areas over the globe
(Figs. 2 and S3).

The consistency among the three methods suggests that
the trend of regional precipitation tends to respond to global
warming in a quasi-linear manner, and either method can be
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used to derive the trend. Since IDM has the lowest value of
SEM among the three methods, in this study we use IDM,
but cross check with LTSM to ensure the robustness of the
results.

Some words of caution are due here despite the remark-
able consistency among the three methods over widespread
areas of the globe. Consistent and reasonable answers for
AP /AT do not necessarily imply correct answers. Values of
AP /AT are observed or apparent slopes between P and T,
which have been linearized by the three correlation methods.
There is no particular reason to linearize the slope. It is done
for simplicity and convenience. Moreover, while we will in-
terpret the slope of AP/AT as the change of precipitation due
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Fig. 2. (a) Trends in annual total precipitation (units: mm K1) in response to
a one degree Kelvin warming in global mean temperature derived from GPCP
V2.2 (1979-2013) by IDM. (b) As in (a) except for the top 30% heavy precipi-
tation. (c) As in (a) except for the bottom 70% light and moderate precipitation.
Crosses indicate changes significant at the 95% confidence level.
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to a one degree Kelvin increase of global temperature, in re-
ality other factors can also contribute to the slope, either posi-
tively or negatively. The interpretation is valid only when the
value of the slope is substantiated by both theory and model-
ing results.

3. Trends of regional precipitation in the near-
global domain of 60°S-60°N

IDM and LTSM are applied to individual grids of GPCP
V2.2 (1979-2013) to study the trends of regional precipita-
tion in response to global warming in a near-global domain
of 60°S—60°N. Figure 2 shows the spatial distributions of
AP/AT for the annual total precipitation (Fig. 2a), top 30%
heavy precipitation (Fig. 2b), and bottom 70% light and mod-
erate precipitation (Fig. 2¢). The ranges of the top 30% and
bottom 70% at each grid are determined and fixed for the en-
tire period of 1979-2013, as follows: Monthly GPCP V2.2
precipitation data at a resolution of 2.5° x 2.5° for the entire
period of 1979-2013 at an individual grid point are gathered
together and sorted into 10 bins of equal precipitation amount
in increasing precipitation intensity. The ranges of the 10 bins
at each grid are determined by this sorting and fixed through-
out the analysis. The precipitation amount within each bin at
each grid for a given year is sorted in the same way, but with
the fixed ranges of the entire period of 1979-2013.

As discussed in the methodology section, AP/AT (in mm
K~!) can be interpreted as the trend of annual precipitation
in response to a one degree Kelvin increase of annual global
mean temperature. The mm K~! units can be converted to
mm (10 yr)~! by multiplying by the value of 0.148 K (10
yr)~!, which is the linear rate of global warming in 1979—
2013 (Fig. 1a). Areas marked with crosses in Fig. 2 denote
grids for which the P-values are less than 0.05, i.e., within the
95% confidence level. It can be seen that areas with crosses
account for a majority (about 60%) of the domain. In com-
parison, LTSM (Fig. S3) renders only about 30% of the do-
main within the 95% confidence level. Nonetheless, consis-
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tent with the discussion in the methodology section, the pat-
terns in Fig. S3 are in good agreement with those in Fig. 2,
especially for features within the 95% confidence levels in
both figures. This agreement has a pivotal implication: since
nonlinear temporal variations are filtered out by LTSM, the
results from IDM, which are in agreement with those from
LTSM, should also be free from any significant influence of
nonlinear variations, such as those from ENSO, the Indian
Ocean dipole etc. In the case of ENSO, this implied notion
is supported by the correlation plot between the global mean
temperature anomaly and an ENSO index, Nifio3.4. Their
slope turns out to be indistinguishable from zero, as the P-
value for the linear regression is 0.87 (Fig. S4).

The trends in regional annual total precipitation, shown
in Fig. 2a, agree well with results of previous studies (Adler
et al., 2008; Zhou et al., 2011; Liu and Allan, 2013) in which
LTSM analyses of GPCP V2.2 were performed. This agree-
ment provides additional evidence for the credence of IDM.
Actually, previous results are almost identical to those in Fig.
S3a. For instance, the drying of the southwestern U.S. and
Middle East, and the increase in precipitation in northern
Australia, can also be seen in most previous work. Never-
theless, our use of IDM allows a more significant statistical
quantification, and thus a more in-depth analysis of the re-
gional changes, as compared to LTSM analyses.

4. Control mechanism of precipitation trends

A number of important pieces of new information can
be deduced from Fig. 2. Firstly, Fig. 2b essentially con-
tains all the increases in precipitation shown in Fig. 2a, in
terms of both the regional distribution and magnitude of the
trends. Nearly all increases in total precipitation can be at-
tributed to increases in the top 30% heavy precipitation. In
fact, increases in the top 10% heavy precipitation (Fig. 3)
alone match very well with those of total precipitation. This
implies that the results in this study are not sensitive to our
choice of the 30% and 70% pairing; i.e., the pairing could be
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Fig. 3. Trends in the annual top 10% heavy precipitation (units: mm K1) in
response to a one degree Kelvin warming in global mean temperature derived
from GPCP V2.2 (1979-2013) by IDM. Crosses indicate changes significant at
the 95% confidence level. The increasing trends match well with most of the
increasing trends in total precipitation (Fig. 2a).
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changed to 10% and 90%, or 40% and 60%, without signifi-
cant effect on the results. Most of the significant decreases in
total precipitation can also be attributed to the corresponding
decreases in the top 30% heavy precipitation. For instance,
decreases in the MC, Central and South America, tropical
Africa, and the two descending/dry zones of Hadley cells in
the eastern Pacific, can be seen in both Figs. 2a and b. Fur-
thermore, increases in the top 30% heavy precipitation are
significantly greater than those of total precipitation, particu-
larly in spatial extent. Since the sum of all categories of pre-
cipitation intensity is constrained by the total precipitation of
the entire domain, which, as mentioned earlier, decreases by
an insignificant 0.66%, light and moderate precipitation must
decrease significantly over large spatial areas. This is sub-
stantiated in Fig. 2c, which depicts relatively uniform reduc-
tions in the bottom 70% light and moderate precipitation over
most of the oceanic areas. Over land, the bottom 70% light
and moderate precipitation shows scattered increases, espe-
cially in the midlatitudes of the Northern Hemisphere and
land areas in the MC. In summary, we find that the trends
of regional annual total precipitation in response to global
warming during the period 1979-2013 are primarily driven
by the trends of the top 30% heavy precipitation, i.e., driven
by the HH component of the HHLL mechanism.

Since monthly data are used, this finding that the changes
in the top 30% heavy precipitation are in control implies that
the trends of regional annual total precipitation in response to
global warming during the period 1979-2013 are primarily
driven by the trends of one to three months of heavy precip-
itation. In fact, the trends of annual total precipitation (Fig.
2a) match well with those of the top 10% heavy precipitation
(Fig. 3), suggesting that the increasing trend of one single
month of heavy precipitation is the primary contributor to the
increasing trend of regional annual total precipitation in re-
sponse to global warming during the period 1979-2013. This
raises a concern that the monthly resolution of GPCP V2.2 is
too coarse, and the finding may be different if data of higher
temporal resolution are used. However, this concern is alle-
viated by the fact that the trends derived from GPCP V2.2
(monthly) are shown to be in excellent agreement with those
derived from GPCP V1.0 (pentad) for their overlapping pe-
riod of 1979-2007 (Fig. S5). The fact that the trends tend to
be greater, and the statistics better, for the higher resolution
pentad data, has been fully addressed previously (Liu et al.,
2009; Shiu et al., 2012).

A key validation for the HHLL mechanism can be seen
in Figs. 4a—c, which are identical plots to Figs. 2a—c, re-
spectively, except that they are derived from MERRA reanal-
ysis for the same time period. Comparison of the GPCP
results to those of the reanalysis is highly valuable because
the precipitation from the reanalysis is not assimilated from
observed precipitation, but from a model-calculated quantity
that depends on parameterized moist convection and large-
scale precipitation processes in the models used in the reanal-
ysis. These parameterizations are similar to those of coupled
climate models, but the atmospheric states (pressure, temper-
ature, humidity, and winds, but not precipitation) are con-
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strained by observations assimilated in the reanalysis. There-
fore, the comparison constitutes an independent evaluation by
climate models of the changes in precipitation derived from
GPCP. The general agreement between Figs. 4a—c and Figs.
2a—c suggests that the major characteristics of Figs. 2a—c are
robust, and possess a high degree of credibility.

But what drives the HHLL mechanism or the trends of the
top 30% heavy precipitation? The trends of the upward moist
convective mass flux (CMFMC, see supplement) should pro-
vide some key clues if thermodynamic processes are the pri-
mary driving force. Figure 5a shows the trends in the annual
mean CMFMC in response to a one degree Kelvin increase
in global mean temperature, derived by IDM from MERRA
(1979-2013). The overwhelming increases in the CMFMC
in the tropical zone (30°S-30°N) are clearly caused by in-
creases in precipitable water, i.e., following CC (Fig. S6),
and greater latent heat releases in response to global warm-
ing. Comparison of Fig. 5a to Figs. 4a and b indicates
that their general patterns match each other very well, par-
ticularly in the tropics (30°S—30°N). For instance, the exten-
sive enhancements/expansions of precipitation centers in the
MC and Central America, and the expansion of the tropical
African rain belt, are well matched among the three figures.
Even the narrow decreasing trend from Indonesia to southern
China is present in all three figures. This is particularly sig-
nificant considering that Fig. 5a is a model product. As the
CMFMC represents a key thermodynamic process, the agree-
ment among Figs. 5a, 4a and b provides a piece of convincing
evidence for the notion that thermodynamic processes are the
primary driving force for the HHLL mechanism.

Regarding the cause of the trends in the bottom 70% light
and moderate precipitation, there is an obvious compensat-
ing effect on the trends of the top 30% heavy precipitation,
as shown in Figs. 2b and c, and Figs. 4b and c. In fact, Fig.
4c is almost a mirror image of Fig. 4b, but opposite in sign.
The only obvious exceptions are the two descending zones of
the Hadley cell in the eastern Pacific, which are negative in
both figures, as discussed earlier. Thus, we conclude that the
trends of the bottom 70% light and moderate precipitation are
driven primarily by this compensating effect to the trends of
the top 30% heavy precipitation.

Changes in the atmospheric lapse rate (dynamic process)
(Held and Soden, 2006; Dessler and Davis, 2010) mentioned
earlier can affect precipitation significantly, especially light
and moderate precipitation. The trends of the lapse rates
between the 700 hPa and surface air in response to global
warming are presented in Fig. S7, which is also derived from
MERRA. There are extensive reductions in lapse rates (yel-
low and red areas, positive values) over the ocean, but mostly
increases in lapse rates over land. Such a pattern is consistent
with the relatively uniform decreases in light and moderate
precipitation over the ocean. However, other spatial patterns
of the trends in lapse rates in Fig. S7 bear little resemblance
to the patterns in Fig. 4c, suggesting a secondary role for the
reduction in lapse rate.

In summary, we find that the trends of regional annual
total precipitation during the 1979-2013 warming period are
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especially in Fig. 5b. There are significant and exten-

sive enhancements/expansions of precipitation centers (as-

s

ures

cending/wet zones of Hadley cells) in the MC and Central

Widening of Hadley cells

S.

America, and expansions of the tropical African rain belt to
the east, south and west. There are only some minor excep-

The observed widening of Hadley cells is examined in
Fig. 5b, where the trends of annual mean CMFMC (>20%

K~ ! increases in red dots, >20% K ! decreases in blue dots)
in response to a one degree Kelvin increase in global mean

tions, including relative minor decreases to the north of the
tropical African rain belt, eastern South America, a tongue
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Fig. 5. (a) Trends in annual average upward moist convective mass flux (units:
kg m~2 d~! K1) at the 700 hPa pressure level in response to a one de-
gree Kelvin global mean temperature increase derived from MERRA reanalysis
(1979-2013). Crosses indicate changes significant at the 95% confidence level.
(b) Percentage changes of the upward moist convective mass flux in response
to a one degree Kelvin global temperature increase (in contours of + 20% K1,
red plus, blue minus) superposed on the upward moist convective mass (green
shading) averaged over the entire period of 1979-2013. (c) As in (b) except for

annual total precipitation.

from southern China to Southeast Asia, and a small tongue
in the southern U.S. extending to the Caribbean. Meanwhile,
there are widespread reductions of the CMFMC (Figs. 5a and
b), as well as the annual total precipitation (Fig. 5c¢), in and
around the descending/dry zones of Hadley cells; specifically,
in the eastern Pacific, northern Africa, the Middle East, and
southern Atlantic Ocean. These changes in ascending/wet
zones and descending/dry zones of Hadley cells, which are
consistent with the HHLL mechanism, constitute the expan-
sion and enhancement of Hadley cells, in terms of the an-

nual mean CMFMC as well as the annual total precipitation.
As a result, there is a strengthening of the hydrological cycle
in the near-global domain. These results are in good agree-
ment with the observed widening of Hadley cells (Hu and
Fu, 2007; Zhou et al., 2011; Davis and Rosenlof, 2012). Ac-
cordingly, we propose that the HHLL mechanism is the driv-
ing force for the widening of Hadley cells and the associated
strengthening of the hydrological cycle in the near-global do-
main during the 1979-2013 global warming period.

The expansion and enhancement in Hadley cells can have
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an important implication for Walker circulations. Enhance-
ment of Hadley cells alone should strengthen Walker circu-
lation, but expansion of Hadley cells as shown in Figs. 5b
and c can shift the positions of both ascending and descend-
ing zones of Walker circulations, making the interpretation
of trends in Walker circulation difficult. For instance, the
Pacific Walker ascending zone shows an overwhelming en-
hancement and expansion of the CMFMC within the 110°—
180°E longitudinal region of the tropics (30°S—-30°N) (Figs.
5a and b), which expands primarily eastward, coupled with
a moderate reduction in the CMFMC within 160°-120°W in
the descending zone (blue dots), which is shifted obviously
westward and northward (see also Fig. 5c). It follows that
there is a strengthening of the Pacific Walker circulation in
response to the global warming of 1979-2013 [in agreement
with Zhou et al. (2011)]; however, the ascending zone moves
significantly closer to the descending zone. Furthermore, the
interpretation of the trends in the Pacific Walker circulation
would be different if annual total precipitation (Fig. 5c), in-
stead of the CMFMC (Figs. 5a or b), is used. The former is
more sensitive to the latitudes used to study the Walker circu-
lation (Zhao and Moore, 2008; Yu and Zwiers, 2010; Zhou et
al., 2011).

Regarding the WWDD mechanism, Fig. 5c shows that
significant increases and reductions of precipitation occur in
both dry areas (<500 mm) and wet areas (>1000 mm), leav-
ing the WWDD mechanism in doubt. Specifically, in wet re-
gions of >1000 mm precipitation, the ratio of (>20% K~!
increase areas)/(>20% K~! reduction areas) is about 3:2.
Moreover, in the dry regions (<500 mm) of the Southern
Hemisphere, there are larger areas of >20% K~! increases
than areas of >20% K~! reductions.

6. Effects on water resources

Changes in precipitation are critical to water resources.
We identify significant changes in Fig. 5c by a simple ro-
bustness test: regions of >20% K~! changes in Fig. 5c that
meet the 95% confidence level criterion (areas with crosses)
in both Figs. 2a and 4a. Over land, changes meeting the ro-
bustness criterion include increasing precipitation in northern
Australia, southern Africa, western India and western China.
These are all located in dry areas with annual precipitation
less than 500 mm, and thus will benefit from increasing wa-
ter resources in response to global warming. The occurrence
of these significant increases in precipitation in dry regions
provides specific evidence against the WWDD theory. In
fact, as discussed in the previous section, these four areas
of increases are all due to the enhancements/expansions of
tropical precipitation centers (ascending/wet zones of Hadley
cells) in the MC and tropical Africa.

The areas of significant reductions in annual total pre-
cipitation over land meeting the robustness criterion include
most of the U.S. and eastern Canada, the Middle East (rang-
ing from Libya to Iran), and eastern South America. These
areas would suffer greater scarcity of water resources due to
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global warming. All three areas can be attributed to the ex-
pansion of descending/dry zones of Hadley cells (Figs. 5b
and c). Specifically, the U.S./Canada is part of the expan-
sion of the descending zone of the Hadley cell in the eastern
north Pacific; the Middle East is part of the expansion of the
descending zone in North Africa/the eastern Atlantic Ocean;
and eastern South America is part of the expansion of the de-
scending zone in the southern Atlantic Ocean. Thus, the oc-
currence of these three reduction areas can also be attributed
to the HHLL mechanism.

The drying of most of the U.S. found here provides ob-
servational support for the result reported by Seager et al.
(2007), who found a broad consensus among climate models
that this region will turn drier in the 21st century, and that the
transition to a more arid climate should already be underway.

7. Limitations

An important limitation of the findings reported above is
that our study is based on data from GPCP V2.2 and MERRA
reanalysis for the time period 1979-2013. While our general
conclusions on the HHLL mechanism and the enhancements
and expansions of the three major tropical precipitation cen-
ters should be robust, our findings on the trends of specific re-
gional precipitation may not be applicable to other periods of
global warming, because the spatial distribution of the warm-
ing during 1979-2013 is significantly different from other
historical periods global warming in the last 100 years (Hart-
mann et al., 2013). For instance, the spatial distributions of
the warming in the periods 1951-80 and 191140 are remark-
ably different from that of 1981-2012, as shown in Hartmann
et al. (2013, Fig. 2.22). To address this problem, we analyze
gauge data over land from GPCC (Schneider et al., 2014) for
the periods 1911-40 and 1951-80. The results on the trends
in total precipitation, the top 30% heavy precipitation, and the
bottom 70% light and moderate precipitation, are shown in
Figs. S8 and S9. In the context of the controlling mechanism
for the trends of regional precipitation in response to global
warming, it is reassuring to see that Figs. S8 and S9 recon-
firm the HHLL mechanism, as the trends in total precipitation
(Figs. S8a and S9a) are closely matched by those in the top
30% heavy precipitation (Figs. S8b and S9b). Likewise, the
negative (opposite in sign) mirroring characteristics between
the top 30% heavy precipitation and the bottom 70% light
and moderate precipitation are also very similar. This is par-
ticularly significant given that the spatial distributions of the
warming in 1951-80 and 1911-40 are substantially different
from those in 1979-2013 (Hartmann et al., 2013). Regarding
the specific spatial distributions of the trends in regional pre-
cipitation, as expected, the trends of the 1911-40 period are
reasonably consistent with those of the 1979-2013 period,
while the trends of the 1951-1980 period are significantly
different. For example, the reduction in annual mean precip-
itation over most of the U.S. is also present in the 1911-40
period, but is inverted (becomes wetter) in the 1951-80 pe-
riod.
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8. Summary

In this study, IDM is used to derive the trends of regional
precipitation from observed GPCP and MERRA reanalysis
data in the near-global domain of 60°S—60°N during the ma-
jor global warming period of 1979-2013. We find that the
trends of regional annual precipitation are primarily driven by
the HHLL mechanism, rather than the WWDD mechanism.
Specifically, the primary driving force is the changes in the
top 30% heavy precipitation, which in turn are controlled by
changes in precipitable water in response to global warming,
i.e., by thermodynamic processes.

During the 1979-2013 warming period, we also find that
there are extensive enhancements and expansions of the three
major tropical precipitation centers (the MC, Central Amer-
ica, and tropical Africa), leading to the observed widening of
Hadley cells and a significant strengthening of the global hy-
drological cycle. This suggests an enhancement, instead of
a weakening, of Walker cells. Regionally, significant drying
trends are found in most of the U.S. and eastern Canada, the
Middle East, and eastern South America, while significant in-
creases in precipitation occur in northern Australia, southern
Africa, western India and western China.
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