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Our observational study revealed that the precipitation increased over the wet area and decreased over the dry area during the past
two decades. Here, we further investigate whether the current atmospheric models can quantitatively capture the characteristics of
precipitation from the observation. The NASA Goddard Institute for Space Studies (GISS) model is used to examine the historic
simulation of the precipitation, in which the historic greenhouse gases and aerosols are included in the radiative forcing. The
consistency between the historic GISS simulation and the Global Precipitation Climatology Project (GPCP) precipitation suggests
that the model can qualitatively capture the temporal trends of precipitation over the wet and dry areas. However, the precipitation
trends are weaker in the model than in the observation. The observed trends of precipitation do not appear in the control simulation
with the fixed concentrations of greenhouse gases and aerosols, which suggests that the global warming due to anthropogenic
forcing can influence the temporal variations of precipitation over the wet and dry areas. Diagnostic studies of other variables from

the model further suggest that enhanced rising air can increase the precipitation over the wet area.

1. Introduction

The influence of greenhouse gases on global warming has
been investigated in numerous studies [1-3]. This paper
focuses on the effect global warming may have on the
temporal variation and spatial pattern of precipitation and
its possible influence on causing precipitation extremes.
Compared with the Clausius-Clapeyron equation relating
water vapor to the atmospheric temperature [4, 5], there is
no simple relationship between precipitation and the atmo-
spheric temperature [6-10]. This is because precipitation is
influenced by more factors, such as atmospheric circulation,
solar forcing, anthropogenic forcing, and cloud [11, 12]. It is
also found that changes in the precipitation can be attributed

to natural climate variability and external influences [13].
Most observational studies [7, 10, 14, 15] and climate models
[16-18] suggest that global precipitation is increasing more
slowly than the total mass of water vapor in response to global
warming. Previous studies [10, 19-23] try to separate the data
into wet versus dry regions; they find that precipitation has
an increasing tendency in the wet areas and has a decreasing
tendency in dry areas, which is referred to as the “rich-get-
richer” mechanism. Recently, Chou et al. [24] found that the
wet seasons become wetter and dry seasons become dryer.
Here, we will investigate whether a current climate model can
capture the characteristics of the temporal variations of the
precipitation by emphasizing the role of the greenhouse gases
and aerosols. Quantitatively simulating the precipitation



trend will not only help predict the variation of precipitation
in the future, but also provide a numerical basis to better
understand the physics behind the temporal and spatial
variability of precipitation.

2. Methodology and Data

Both observations and numerical simulations are employed
to examine precipitation under two different regions within
40°S-40°N: dry areas with precipitation less than 50 mm/
month and wet areas with precipitation greater than 200 mm/
month. By comparing the current atmospheric model to
observations, we can explore how good is the model in
simulating precipitation. In addition, a diagnostic analysis
of the numerical simulation will be conducted to investigate
the physics behind the temporal trends of precipitation over
different areas.

We use the NASA Goddard Institute for Space Stud-
ies (GISS) model to study the precipitation, temperature,
water vapor, and circulation. Specifically, the GISS atmo-
spheric general circulation model coupled to the hybrid-
isopycnic ocean model (HYCOM) [12] is employed. It is
an updated version used for IPCC AR4 report [2]. GISS-
EH Model E20/HYCOM is a 4 x 5 x L20 model that uses
the Model E atmospheric code (internal version number
E3), with 20 layers in the vertical, a model top at 0.1hPa,
and coupled to the HYCOM ocean model (v. 0.9, 2 x 2
x L16) (http://data.giss.nasa.gov/modelE/ar4/). The atmo-
sphere model includes a gravity-wave drag parameterization
in the stratosphere. The HYCOM dynamic ocean model
can produce a reasonable magnitude of El Niflo Southern
Oscillation- (ENSO-) like variability [12]. This model has
been utilized to study the influence of solar and anthro-
pogenic forcing on the tropical hydrology [12] and explore the
climate drift on twenty-first-century projection [25]. The con-
trol simulation starts with year 1850 atmospheric conditions
containing fixed greenhouse gases and aerosols. The historic
model simulation includes the historic greenhouse gases and
aerosols changes in the radiative forcing.

The observational studies of precipitation are based on the
data sets from the Global Precipitation Climatology Project
(GPCP), which is an international project to construct the
global long-term record of precipitation over the whole world
on behalf of the World Meteorological Organization (WMO),
the World Climate Research Programme (WCRP), and the
Global Energy and Water Experiment (GEWEX) [26]. There
are many investigators and organizations contributing to this
project [14, 26]. The data sets of precipitation from the latest
version of the GPCP (i.e., Version 2.2) are available on the
public websites maintained by the Physical Sciences Division
(PSD) of the Earth System Research Laboratory (ESRL) in the
National Oceanic & Atmospheric Administration (NOAA)
(http://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html).
GPCP Version 2.2 precipitation data are derived from satellite
and gauge measurements. It incorporates data from SSM/I
emission estimates, F17 SSMIS, SSM/I scattering estimates,
GPI and OPI estimates and rain gauge analysis, and
TOVS estimates [27]. The spatial resolution of GPCP V2.2
precipitation is 2.5° x 2.5° (latitude by longitude). Analyses
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FIGURE 1: (a) Spatial pattern of the mean GPCP V2.2 precipitation
(P) for 1988-2012 over the tropical and subtropical regions (40°S-
40°N). (b) Low-pass filtered time series of precipitation averaged
over high-precipitation areas (P > 200 mm/mon.). (c) Low-pass
filtered time series of precipitation averaged over low-precipitation
areas (P < 50 mm/mon.). El Nifio Southern Oscillation (ENSO)
signals have been removed from the time series by a regression
method based on the Nino3.4 index. A low-pass filter is also applied
to remove the high frequency signals. Solid white contours refer to
the wet area where the precipitation is higher than 200 mm/mon.
Dotted white contours refer to the dry area where the precipitation
is lower than 50 mm/mon.

based on the observational data sets are conducted to
examine the consistency between the historic simulation and
the observational study from 1988 to 2012, where GPCP data
overlap with Special Sensor Microwave Imager data and are
believed to be more reliable [28].

3. Results

The spatial pattern of the observed climatological GPCP V2.2
precipitation for 1988-2012 is shown in Figure 1(a). The high-
precipitation and low-precipitation areas are defined as the
areas with climatological monthly mean precipitation larger
than 200 millimeter per month (mm/mon.) and less than
50 mm/mon., respectively. The high-precipitation areas and
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TaBLE 1: Trends for precipitation (P), column water (W), temperature (T'), and vertical pressure velocity () over wet area (P > 200 mm/mon.)

and dry area (P < 50 mm/mon.).

Wet area (P > 200 mm/mon.)

Dry area (P < 50 mm/mon.)

GPCP P

GISS P (control simulation)
GISS P (historic simulation)
GISS W (control simulation)
GISS W (historic simulation)

6.57 + 0.27 mm/mon./decade
0.02 + 0.19 mm/mon./decade
3.8 + 0.17 mm/mon./decade
—0.06 + 0.18 mm/mon./decade
1.15 + 0.21 mm/mon./decade

—0.98 + 0.23 mm/mon./decade
—0.03 + 0.24 mm/mon./decade
—0.48 + 0.21 mm/mon./decade
0.057 + 0.20 mm/mon./decade
0.49 + 0.20 mm/mon./decade

GISS T (control simulation) —0.04 + 0.19°C/decade —0.04 + 0.20°C/decade
GISS T (historic simulation) 0.61 + 0.23°C/decade 0.52 + 0.22°C/decade
GISS Q (control simulation) —0.016 + 0.17 Pa/day/decade —0.04 + 0.18 Pa/day/decade
GISS Q (historic simulation) —0.32 + 0.18 Pa/day/decade —0.03 + 0.21 Pa/day/decade

low-precipitation areas are highlighted by the solid white
contours and dotted white contours in Figure 1(a). Figure 1(a)
illustrates that the high-precipitation area is roughly the same
as the Intertropical Convergence Zone (ITCZ) identified
by the highly reflective clouds [29]. The low-precipitation
area comprises most of the other regions in the tropics and
midlatitudes. Two different approaches were attempted when
evaluating these data in preparation for plotting a time series.
Since the ITCZ fluctuates in position throughout the year,
one way to prepare the data is to allow the wet and dry areas
to change position with month to follow the movement of
the ITCZ. Another way is to calculate the precipitation over
the climatological wet and dry areas as shown in Figure 1(a).
Both approaches yielded similar results. Time series of the
observed precipitation over the climatological wet and dry
areas are plotted in Figures 1(b) and 1(c), which include data
over both land and ocean between 40°S and 40°N. From this
temporal variation of precipitation, it is evident that the areas
already receiving great precipitation tend to receive more
while the areas already receiving little precipitation tend to
receive less. The trend and uncertainty associated with the
wet area are 6.57 + 0.27 mm/mon./decade while for the dry
area are —0.98 + 0.23 mm/mon./decade. Details for trends are
listed in Table 1. El Nifio Southern Oscillation (ENSO) signals
have been removed from the precipitation time series at each
location by a multiple regression method to avoid large biases
in the trend due to significant interannual variability. We
first regress the original time series on first, second, and
third Legendre polynomials, annual cycle, semiannual cycle,
and ENSO signal [30]. Then we subtract the ENSO signal
from the original time series. Also applied to the data was
a 20-month low-pass filter to remove the high frequency
signals. The low-pass filter is constructed as a convolution
of a step function with a Hanning window and chosen to
obtain a full signal from periods above 20 months [31].
The linear trend coefficient for the time series is calculated
from the least-square fitting. The standard error of the linear

trend is estimated by SE(b) = (a/+/N;)/~/(1/N,) Y. x? [32],
where o is the standard deviation of the data, N; is the
number of degrees of freedom of the data, N, is the length
of the data set, and x; is the time series corresponding
to a number of measurements with ) x; = 0. The num-
ber of degrees of freedom N, is estimated by a formula

N, = N,[1 - r(Ax)*]/[1 + r(Ax)?] suggested by Bretherton
et al. [33], where r(Ax) is the autocorrelation corresponding
to a lag of time interval Ax.

Next, we use the NASA GISS/HYCOM model to investi-
gate whether the model can capture the overall trends seen
in the observations and reproduce the characteristics of pre-
cipitation. We conduct experimental simulations in a control
simulation where the greenhouse gases and aerosols are fixed
and a historic simulation where the historic greenhouse gases
and aerosols are included. Figure 2 illustrates the identified
areas of high and low precipitation and contains each of their
precipitation trends for both the control and historic simula-
tions. Corresponding trends and uncertainties in the control
simulation for the wet area are 0.02 + 0.19 mm/mon./decade
with —0.03 + 0.24 mm/mon./decade for the dry area, as
shown in Figures 2(a) and 2(c). There is no significant trend
in the precipitation over the wet and dry areas when the
greenhouse gas concentrations and aerosols are fixed. In
contrast, the historic simulation demonstrates trends of 3.8 +
0.17mm/mon./decade and -0.48 + 0.21 mm/mon./decade
for the wet and dry areas, respectively, as shown in Figures
2(b) and 2(d). The trends (3.8 + 0.17 mm/mon./decade and
—0.48 + 0.21 mm/mon./decade) in the GISS precipitation are
smaller than those seen in the observations (Figures 1(b)
and 1(c)), which might be related to the weakness of the
model in simulating the Pacific decadal variability (PDV). As
suggested by Gu and Adler [34], the PDV can also contribute
to the long-term trend of precipitation in addition to global
warming. The GISS/HYCOM model cannot simulate the
PDV well, which might contribute to the weak trends in the
model precipitation. We also apply similar analyses to AMIP-
type CMIP5 model simulations and obtain similar results.
Since most CMIP5 model simulations end at 2008 and have
shorter time periods than those of observations, we do not
include results from these models in this paper.

The concentration of water vapor is one factor that can
influence precipitation. Figure 3 illustrates the trends of
column water for both the historic and control simulations
in the wet and dry areas. Corresponding trends in the
control simulation for the wet area are —0.06 + 0.18 mm/
mon./decade with 0.057 + 0.20 mm/mon./decade for the
dry area. Column water trends for the historic simulation
are 1.15 + 0.21 mm/mon./decade over the wet area with
0.49 + 0.20 mm/mon./decade for the dry area, as shown in
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FIGURE 2: Low-pass filtered time series for precipitation (P) from GISS/HYCOM. (a) P over high-precipitation area (P > 200 mm/mon.)
from the control simulation (solid line) and trend (dashed line). (b) P over high-precipitation area from the historic simulation (solid line)
and trend (dashed line). (c) Same as (a) except for areas with precipitation <50 mm/mon. (d) Same as (b) except for areas with precipitation

<50 mm/mon.

Figures 3(b) and 3(d). The historic simulation exhibits a
strong positive trend for both the wet and dry areas while
the control simulation reveals virtually no trend in either.
Furthermore, of considerable note is the strength of the
trend in column water in the historic simulation and the
models ability to simulate it with low uncertainties and small
deviations.

The concentration of water vapor is related to the atmo-
spheric temperature by the Clausius-Clapeyron equation
[35]. Therefore, we further examine the temporal variation
of atmospheric temperature from the simulations by the
GISS model. Results of the GISS 337 hPa temperature aver-
aged in the identified areas of high and low precipitation
are shown in Figure 4 for both the historic and control
simulations. Corresponding trends and uncertainties in the
control simulation for the wet area are —0.04 + 0.19°C/decade

with —0.04 + 0.20°C/decade for the dry area. Trends for the
337 hPa temperature in the historic simulation are 0.61 +
0.23°C/decade over the wet area and 0.52 + 0.22°C/decade
over the dry area, as illustrated in Figures 4(b) and 4(d).
Temperature has positive trends over both wet areas and dry
areas, which are responses to the anthropogenic forcing in
the historic simulation. According to the Clausius-Clapeyron
law, air with high temperature will hold more water vapor.
Column water vapor also shows positive trends in both the
wet and dry areas in Figure 3. This behavior is different from
the temporal variation of precipitation for wet and dry areas.

To better understand the possible physics in the temporal
variation of precipitation, we examine the vertical pressure
velocity QO = dP/dt in the GISS model over the wet and
dry areas. Results for () at 337 hPa are given in Figure 5.
Corresponding trends in the control simulation for the wet
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FIGURE 3: Low-pass filtered time series for column water vapor (W) from GISS/HYCOM. (a) W over high-precipitation area (P >
200 mm/mon.) from the control simulation (solid line) and trend (dashed line). (b) W over high-precipitation area from the historic
simulation (solid line) and trend (dashed line). (c) Same as (a) except for areas with precipitation <50 mm/mon. (d) Same as (b) except

for areas with precipitation <50 mm/mon.

area are —0.016 + 0.17 Pa/day/decade with —0.04 + 0.18 Pa/
day/decade for the dry area. Trends for the 337hPa Q in
the historic simulation are —0.32 + 0.18 Pa/day/decade over
the wet area and —0.03 + 0.21 Pa/day/decade over the dry
area, as demonstrated in Figures 5(b) and 5(d). Figure 5(b)
illustrates a significant negative trend in the 337 hPa vertical
pressure velocity. This negative trend suggests that the rising
air is strengthening over the wet area and, in turn, can lead
to enhanced precipitation there. The temporal variation of
the vertical pressure velocity is consistent with a mechanism
suggested in some previous studies [19, 21], in which the gross
moist stability of the atmospheric boundary layer is reduced
due to increased moisture and hence the convection and the
related precipitation are amplified. Our investigation of the
column water vapor and temperature suggests positive trends
of column water vapor and temperature over the dry area.

Furthermore, the GISS historic simulation suggests that the
vertical pressure velocity did not significantly change during
the past two decades over the dry areas. The temporal trend
of the precipitation over the dry area poses a challenge to our
current understanding, which will be explored in the future.

The GISS/HYCOM model is also utilized to examine
the temporal variation of residual meridional circulations.
To explore the influence of anthropogenic forcing on the
meridional circulation, we calculated the time series of
337 hPa residual vertical velocity [31] over 15°N-15°S from the
GISS/HYCOM control and historic simulations. Results are
shown in Figure 6. In general, the increasing precipitation
over the ITCZ area (i.e., rich-get-richer) is accompanied
by an intensifying convection over the tropical region.
This intensifying convection can be seen by the increasing
trend of residual vertical velocity shown in Figure 6(a) of
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FIGURE 4: Low-pass filtered time series for 337 hPa temperature (T') from GISS/HYCOM. (a) T over high-precipitation area (P >
200 mm/mon.) from the control simulation (solid line) and trend (dashed line). (b) T over high-precipitation area from the historic simulation
(solid line) and trend (dashed line). (c) Same as (a) except for areas with precipitation <50 mm/mon. (d) Same as (b) except for areas with

precipitation <50 mm/mon.

the GISS/HYCOM historic model simulation. The residual
vertical velocity displayed in Figure 6(a) has an increasing
trend of 1.99 + 0.82 m/day/decade. Figure 6(b) illustrates the
residual vertical velocity of GISS/HYCOM control simula-
tion. The residual vertical velocity for control simulation has
atrend of —0.04 + 0.68 m/day/decade. The historic simulation
reveals a robust trend while the control simulation does not.
The lack of an increasing trend in the control simulation is
evidence of the influence anthropogenic forcing on the resid-
ual vertical velocity. The increasing trend demonstrated in the
historic simulation suggests that an intensifying convection
is occurring over the tropical region, and thus enhancing
the precipitation in those regions. Such an intensifying
convection is associated with a stronger meridional circula-
tion, thus providing another perspective of the influence of

the large-scale meridional circulation on the temporal varia-
tion of tropical precipitation.

4. Conclusions

The GISS model simulations imply that the anthropogenic
forcing can affect the temporal variations of precipitation
over the wet and dry areas. Results from the GISS historic
simulation suggest that the wet area is getting wetter while the
dry area is getting drier, which are consistent with the results
from observation. Precipitation from the control simulation
with fixed amounts of greenhouse gases and aerosols does not
demonstrate trends over the wet and dry areas. The diagnostic
studies of the simulations from the GISS models reveal that
the atmospheric dynamics related to the convective stability,
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and hence the vertical motions, contribute to the increased
precipitation over the wet area. Comparison of residual
vertical velocity from the control and historic simulations
also illustrates variations in meridional circulation as a result
of global warming, which can further drive the increased
precipitation over the tropical regions. Correct simulation
of these important features by the climate model can help
to elucidate the physics behind the temporal variations of
precipitation, paving the way for more accurate prediction of
future climate change due to anthropogenic activities.

With increasing numbers of weather extremes related to
climate change, it is important to investigate precipitation,
temperature, and water vapor trends and their associated
spatial distribution. The significance and broader impacts
are evident when we look at the consequences of increased
drought in some areas and flooding in other areas. Droughts
create a heightened threat for fire weather, diminishing the
water supply, and recovery from the economic impact could
take years. On the other hand, rapid and abundant rainfall
could cause flooding and economic damages. These may be
related to the influence of global warming.
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