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[1] The trends of global precipitation in 1900-2005 are evaluated using a historical
precipitation reconstruction and coupled model simulations, Coupled Model Intercomparison
Project 5 (CMIPS5) and Coupled Model Intercomparison Project Phase 3. A significant
increasing trend in the global oceanic precipitation is identified in both the reconstruction and
models. The trend from the reconstructed ocean precipitation is 0.04 mm day ' over 100a
(100 years) and is about twice that of the mean of all models. Over land, the spatial patterns of
the trends from both the reconstruction and the models are similar to those shown in the
Intergovernmental Panel on Climate Change Fourth Assessment Report. Over the ocean, both
reconstruction and models show positive trends in the equatorial and subpolar regions and
negative trends over the subtropics. However, the trend magnitude and the locations of the
trend peaks are different near the equator (10°S to 10°N) between the reconstruction and the
models. CMIP5 future simulations for the global mean project a continuing and stronger
precipitation trend in the 21st century than the 20th century.

Citation: Ren L., P. Arkin, T. M. Smith, and S. S. P. Shen (2013), Global precipitation trends in 1900-2005 from a
reconstruction and coupled model simulations, J. Geophys. Res. Atmos., 118, 1679-1689, doi:10.1002/jgrd.50212.

1. Introduction

[2] The Fourth Assessment Report (AR4) of the Intergov-
ernmental Panel on Climate Change (IPCC) reported that
since the early 20th century the global mean surface temper-
ature increased by 0.8°C. Theory, model simulations, and
observations agree that this surface warming is expected to
be and has been accompanied by an increase in atmospheric
water vapor [e.g., Wentz and Schabel, 2000; Allen and
Ingram, 2002; Trenberth et al., 2005; Held and Soden,
2006]. However, precipitation is constrained additionally
by the need for condensation heating in the atmosphere
to balance with radiative cooling to space [e.g., Mitchell
etal., 1987; Allen and Ingram, 2002]. The amount of change
in precipitation associated with a specific amount of change
in surface temperature is of critical importance to under-
standing the global hydrological system and to climate
model development and validation. Quantifying the changes
of precipitation for the last century can help improve the
reliability of projecting the future precipitation variations.
Prior studies [e.g. Adler et al., 2008; Wentz et al., 2007] have
been limited since the global precipitation measurements
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rely on satellite-derived precipitation estimates that have
been available only since the late 1970s. IPCC AR4 reported
that precipitation has increased over some land areas based
on gauge observations [e.g. Dai et al., 1997; Chen et al.,
2002] but did not assess the precipitation trend over the
oceans since long-term oceanic precipitation data sets were
not available then. In this paper we take advantage of the
global reconstructed precipitation data back to 1900 [Smith
et al., 2012] to quantify the global precipitation trend in
the 20th century from observed data.

[3] Only mathematical models of the global climate
system are potentially capable of predicting how the behav-
ior of the global water cycle, including the spatial and
temporal distribution of precipitation, will change over time
as the atmospheric composition of greenhouse gases and
acrosols evolves. Coupled models of the atmosphere, ocean,
and land surface have been used for several decades to
project future climate. Validation of such models relies upon
the use of simulations of past climate. The models used in
the current generation of future simulations have also been
used to simulate, or hindcast, global climate beginning in
the 19th century as a part of the Coupled Model Intercom-
parison Project 5 (CMIPS) [Whitaker and Hamill, 2006].
Confidence in these models’ projections of the 21st century
climate requires improved validation of the skill of their
20th century simulations. In this paper we will evaluate the
CMIPS5 and Coupled Model Intercomparison Project Phase
3 (CMIP3) [Meehl et al., 2007] model simulations of the
20th century precipitation focusing on trends related to
changes in anthropogenic forcing to enhance confidence in
model-based projections of future climate change.

[4] Our analysis will provide a baseline set of com-
parisons between model simulations and a variety of
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observation-based data sets that can be used in model assess-
ments such as the IPCC Fifth Assessment Report (ARS5).
We will focus on centennial-scale trends of large spatial
scales. The model simulations used are those grouped un-
der the label CMIP5 and based on observed historical con-
ditions initialized in 1850. This is an extremely rich data
set, and we will generally not emphasize specifics related
to individual models or individual members of ensembles.
In addition to CMIP5, we will also examine the CMIP3
simulations that were utilized in AR4. The observation-
based data set used in this study is the improved recon-
structed precipitation of Smith et al. [2012].

[s] Evaluation of simulations of large-scale precipitation
from global coupled models is challenging as our ability to
observe precipitation is limited, making it difficult to deter-
mine whether disagreements between models and observa-
tions are mainly due to model or observation error. Here
we will focus on one aspect of multidecadal precipitation
variability: precipitation increases associated with increasing
temperatures, under the hypothesis that both observations
and models will successfully depict these features. It has
been hypothesized that anthropogenic forcing could cause
systematic variations in large-scale precipitation associated
with global warming. Arkin et al. [2010] documented a
centennial-scale positive trend in global mean precipitation
over the 20th century. Here we move one step further and
examine the global mean precipitation trends, zonal means,
and spatial patterns using the improved historical precipita-
tion reconstruction of Smith et al. [2012], which should have
an improved skill in the oceanic long-term variations. We
will also compare the precipitation trends from the recon-
struction to those in the CMIPS and CMIP3 models in the
20th century and will conclude by describing the CMIPS
future climate projections in the 21st century in the context
of the observed 20th century changes.

[6] Section 2 contains a description of the data sets used in
the study. Section 3 examines the long-term trends in obser-
vations and models. We will discuss the future projection of
the global precipitation trend in CMIPS models in section 4,
and section 5 gives a summary and discussion.

2. Data

[7] Both reconstructed monthly data (as observations) and
model data are used for our trend analysis. As there are few
observations outside the domain of 75°S to 75°N in the
reconstruction [Smith et al., 2012], we use this domain for
all the calculations described as global, including model
data. We define land as any 5° area with greater than 50%
being covered by land and ocean as less than 50% being
covered by land. There is no 5° area with exactly 50%
coverage of land in the land-sea mask obtained from the
NOAA Climate Prediction Center.

2.1. Observed Data: Historical Reconstructed Precipitation

[s] A newly developed monthly global reconstructed
precipitation (REC) data set beginning in 1900 [Smith et al.,
2012] is used. This reconstruction used not only the station
precipitation data, but also sea level pressure (SLP) and sea
surface temperature (SST) data. It can resolve interdecadal
global precipitation signals and has improved reliability com-
pared with the previous versions [Smith et al., 2008; Smith

et al., 2009]. Technical improvements include an annual first
guess and a station injection procedure. Using output from a
canonical correlation analysis (CCA) over the ocean area
in the empirical orthogonal function (EOF) reconstruction
improves the oceanic representation of multidecadal variations
since the CCA uses SST and SLP data as additional informa-
tion. Although the CCA itself has less skill than gauges, it
provides useful skill for multidecadal variations and is used
to compensate for a lack of oceanic data in the presatellite
period. The CCA is incorporated through an annual first
guess analysis using a small number of EOF modes, designed
to resolve multidecadal variations. Monthly reconstructions
are derived from the annual first guess using monthly incre-
ments based on gauge-based EOF modes. Reinjection of
gauge data locally improves the land-area analysis of seasonal
or shorter-period variations that may not be fully resolved by
the reconstruction modes. The spatial resolution is 5° x 5°,
and the monthly time coverage is from January 1900 to
December 2008.

2.2. Modeled Precipitation: CMIP3 and CMIP5

[9] The Coupled Model Intercomparison Project (CMIP) is
a platform for comparing global coupled ocean-atmosphere
general circulation models developed by a family of model-
ing centers around the world. It began in 1995 and now is
conducted under the auspices of CLIVAR and the Joint
Scientific Committee for the World Climate Research Pro-
gram. The Program for Climate Model Diagnosis and Inter-
comparison houses the model output contributed by the
CMIP modeling groups. CMIP3 began about a decade
ago and made model simulations of the 20th-22nd century
climate to support AR4. Our analysis selected 24 CMIP3
models with monthly simulations for the period January
1900 to December 1999.

[10] CMIP5 began in September 2008 and uses a new
set of coordinated climate model experiments to address
outstanding scientific questions that arose from the IPCC
AR4 process. It provides modeling support to AR5 and
intends to improve understanding of fundamental climate
characteristics and provide estimates of future climate
change [Whitaker and Hamill, 2006]. ARS, scheduled to
be published in 2013, will utilize three suites of CMIP5
experiments [Taylor et al., 2012]: (a) decadal hindcasts
and prediction simulations, (b) “long-term” simulations,
and (c¢) “atmosphere-only” (prescribed SST) simulations.
Our trend analysis for the 20th century precipitation uses
25 CMIP5 models with long-term historical experiment
(Table 1). The long-term future climate projections of the
RCP4.5 experiment in the CMIP5 models are employed
in section 4 to describe the 21st century precipitation
trend. For that experiment, radiative forcing stabilizes at
4.5 W m™ after 2100. We use the 19 of the 25 models
in Table 1 that had RCP4.5 experiment output data avail-
able at the time of this study (see Table 1 and section 4
for more details).

[11] Many of the models in CMIP5 (Table 1) have multi-
ple member ensembles available. In this study, we have
randomly selected one member for each model. We will
not focus on the individual models or ensembles but rather
on the mean behavior and variation among models of the
25 CMIP5 models.
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Table 1. List of the CMIP5 Models and Modeling Groups That
Provided the Data Used in This Paper®

Number Model Name Modeling Center
1 CCSM4* NCAR

2 CNRM-CM5* CNRM-CERFACS
3 CSIRO-MK3.6 CSIRO-QCCCE
4 CanESM2* CCCMA

5 GFDL-ESM2G* NOAA-GFDL

6 GFDL-ESM2M* NOAA-GFDL

7 GFDL-CM3* NOAA-GFDL
8 GISS-E2-H NASA-GISS

9 GISS-E2-R* NASA-GISS

10 HadCM3 MOHC

11 HadGEM2-CC MOHC

12 HadGEM2-ES* MOHC

13 IPSL-CMS5A-LR* IPSL

14 IPSL-CMS5B-LR* IPSL

15 MIROC-ESM-CHEM* MIROC

16 MIROCS5* MIROC

17 MIROC-ESM* MIROC

18 MPI-ESM-LR* MPI-M

19 MPI-ESM-P* MPI-M

20 MRI-CGCM3* MRI

21 NorESM1-M* NCC

22 BCC-CSM1.1* BCC

23 INM-CM4* INM

24 ACCESSI1.0 CSIRO-BOM
25 EC-EARTH EC-Earth

?All the 25 models provided the output for the historical experiments,
and the 19 models marked with an asterisk provided the output of the
RCP4.5 experiment.

[12] The CMIP3 and CMIP5 model outputs are interpo-
lated onto a common 5° x 5° latitude-longitude grid cover-
ing the globe in order to be consistent with REC. The annual
anomalies of precipitation are used in the trend analysis.
Each annual anomaly is the mean of the year’s 12 monthly

0.1

anomalies, while the monthly climatology for each grid
point is calculated as the mean for each month from January
to December. The REC monthly climatology is based on the
time period 1900 to 2008. The CMIP3 monthly climatology
was calculated from 1900 to 1999, and the CMIP5 monthly
climatology was calculated from 1900 to 2005.

3. Trends in 20th Century

3.1. REC (1900-2008)
a. Global Average

[13] The global mean annual precipitation anomalies of
REC (Figure 1) indicate a general increasing tendency over
both land and ocean from 1900 to 2008. The trend over land
is 0.03 mm day ' per 100a (100 years), which is slightly
weaker than that over the oceans (0.04 mm day ' per
100a). Over the ocean (Figure 1), the interannual variations
(dashed line) are mostly associated with warm and cold
phases of ENSO variations. The global mean annual mean
anomalies including both land and ocean in REC precipita-
tion variations are generally correlated with the temperature
variations over the century with the temporal correlation of
0.60. Such correlation increases to 0.80 with 9 year Gaussian
filtering and decreases to 0.28 after de-trending, which
suggests that the correlation between the global precipitation
and surface temperature is dominated by the long-term trend
but does include some correspondence on shorter time
scales. The surface temperature data used here are the
HadCRUTS3 from the Climate Research Unit (CRU) [Brohan
et al., 2006; Rayner et al., 2006]. The hydrological sensitivity,
which represents the change in global mean precipitation for a
1° increase in global mean surface temperature [Arkin et al.,
2010], is 2.1% K~' from REC, using a global average
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precipitation of 2.67 mm day*1 (GPCP 1979-2008) and the
warming trend of 0.7°C per century. This number is similar
to that estimated by Held and Soden [2006] which is 2.2%
K~' from AR4 simulations in the 20th century. Arkin et al.
[2010] obtained 2.5% K" based on an earlier version of
reconstruction of [Smith et al., 2009].

b. Zonal Means Over Oceans

[14] The trends along latitudes averaged over the oceans
(Figure 2) show very strong positive trends in the equato-
rial regions between 5°N and 15°N, which are likely dom-
inated by the Intertropical Convergence Zone (ITCZ)
[Barry and Chorley, 1992]. Negative trends exist in the
northern subtropics from 15°N to 30°N and between
20°S and 40°S in the Southern Hemisphere. The mixture
of positive and negative trend distributions shown in
Figure 3a in these regions implies another level comp-
lexity. Over the subpolar oceans, both the Northern Hemi-
sphere (north of 30°N) and the Southern Ocean (south of
40°S) show strong positive trends.

[15] The zonal distribution of the reconstructed precipita-
tion trends is consistent with the documented ocean
salinity changes [e.g., Durack and Wijffels, 2010; Wong
et al., 1999] that show a decrease of salinity in the equa-
torial and subpolar regions and an increase of salinity in
the subtropical regions. Also documented is an intensi-
fication of the hydrological cycle over the past 50 years
[e.g., Durack et al., 2012; Hosoda et al., 2009; Roemmich
and Gilson, 2009]. Here, the zonal distribution of the
reconstruction precipitation trends over the ocean suggests
a likely strengthening of the hydrological cycle over the
past 100 years. Although there is no other documentation
of the long-term trend in the entire 20th century over oce-
anic areas, the consistency of the zonally averaged trends
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Figure 2. The zonally averaged annual mean precipitation
anomaly trends of the historical precipitation reconstruction
over the oceans. The trends (solid line) were calculated from
the zonally averaged annual mean precipitation anomaly
trends during the time period 1900 to 2008. The shaded gray
area illustrates the confidence interval of the trends along the
latitudes at 95% confidence level using Student ¢ test.

in salinity and the oceanic precipitation qualitatively sup-
ports the reconstruction.

c. Spatial Patterns

[16] Over the lands, the spatial distribution of the trend
estimated from the annual mean anomalies (Figure 3a) has
variations similar to the IPCC AR4 Figure 3.13 (trend in
annual precipitation from 1901 to 2005), which is not
surprising since the REC reinjected the GHCN data. Positive
trends, largely weak, were observed over much of North
America (except Southwest United States), Amazonia and
southeastern South America, much of Eurasia, and northern
Australia; negative trends are observed across northern
Africa and much of eastern South America.

[17] Over the oceans, the annual mean anomaly trends
(Figure 3a) show the greatest increases in the eastern tropical
Pacific and most of the Indian Ocean. Increasing trends were
also observed in the northeastern and western Pacific, the north
Atlantic, and much of the Southern Ocean. The largest nega-
tive trends appeared in the west equatorial Pacific Ocean and
most of the subtropics in both Pacific and Atlantic Oceans. A
positive/negative couplet is found in the region of the South
Pacific Convergence Zone [Kiladis et al., 1989].

[18] Since long-term changes in large-scale precipitation are
hypothesized to be related to the background mean state
[e.g., Allan and Soden, 2008; Chou et al., 2009], trends in
different seasons should differ from each other and from the
overall annual mean trend. We examine the long-term trends
in December-January-February (DJF) and June-July-August
(JJA) (Figures 3b and 3c). Over the lands, the trends in DJF
are negative over most of the U.S., Western India, and parts
of eastern Asia, but neutral to positive over these regions in
JJA. Trends in DJF are positive over Bangladesh, Myanmar,
southern South America, and northwest Australia, but nega-
tive over these regions in JJA. Over the oceans, the trends
differ most in the tropical regions (30°N-30°S) in DJF and
JJA. Trends in DJF are positive in majority of the Indian
Ocean, but negative in JJA in the eastern Indian Ocean. Trends
in DJF are neutral in the tropical Atlantic Ocean, but a positive/
negative couplet extends from east Brazil to West Africa in
JJA. Trends in DJF are negative in the west equatorial Pacific
and positive in JJA. In extratropical regions (outside of 30°
N-30°S), the patterns of the trends are similar in DJF and
JJA with stronger signals in the winter season.

3.2. Models

[19] The examination of global precipitation trends in the
20th century from the REC provides the foundation of our
understanding of the trends. As future climate projections rely
on coupled climate model simulations, the assessment of
coupled model simulations of trends in the past century helps
establish confidence in future projections. Here both CMIP5
and CMIP3 are examined and compared with the REC results
for trends in the global averages, zonal oceanic averages, and
spatial patterns in the 20th century. Twenty-five CMIP5
(Table 1) and 24 CMIP3 models are used in this paper.

a. Global Averages

[20] The global means of the annual mean precipitation
anomalies in most of the models in CMIP5 and CMIP3 have
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Figure 3. Spatial distribution of the precipitation linear trend. (a) REC annual mean trend, (b) REC DJF
trend, (c) REC JJA trend, (d) CMIP5 annual mean trend, (¢) CMIP5 DJF trend, (f) CMIP5 JJA trend, (g)
CMIP3 annual mean trend, (h) CMIP3 DJF trend, and (i) CMIP3 JJA trend. The linear trends were
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dot represents the locations where the trends being estimated from the linear regression are significantly
different from zero at 5% confidence level. The gray dot in CMIP5 and CMIP3 represents the locations
where the mean trends among the models are different from zeros using Student ¢ test at 95% confidence
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level. Units are mm day ' per 100a.

an increasing tendency over oceans (Figure 4). The mean
trend over the ocean is 0.02 mm day ™' per 100a in CMIP3
and CMIP5 models. They are both weaker than our observa-
tion-based reconstruction, consistent with the findings of
Durack et al. [2012] who found an intensified global water
cycle from the ocean salinity observations in the past 50
years at a rate stronger than those in the CMIP3 models.
Neither CMIP5 nor CMIP3 models show significant trends
over land. The global mean annual mean precipitation
anomalies in individual models over the land have larger
variations than over the ocean in both CMIP5 and CMIP3
(Figures 4a and 4b), with an average standard deviation of
0.032 mm day ' over land and 0.021 mm day " over oceans
in CMIP5, and 0.037 mm day ' over land and 0.021 mm
day ™! over oceans in CMIP3. However, the variations in
REC over the oceans are larger than over land with lower
standard deviation over land (0.023 mm dayfl) than over
oceans (0.028 mm day ). Although the reasons for stronger
variations over land are clear in the models, the larger

oceanic variations in REC are unclear. These variance
results are consistent for both CMIP5 and CMIP3.

[21] In CMIPS models, the global precipitation anomaly
averages show significant drops in 1902, 1963, 1982, and
1991 (Figure 4a) over both land and ocean. Those drops
are coincident with and presumably associated with the aero-
sols resulting from the volcanic eruptions of Pelee/Sourfiere/
Santa Maria, Agung, El Chichon, and Pinatubo in 1902,
1963, 1982, and 1991, respectively. The CMIP3 models
show weaker volcanic signals (Figure 4b). Whether a signif-
icant volcanic signal exists in precipitation is still in debate
[e.g., Mass and Portman, 1990; Gu and Adler, 2011]. The
volcanic effects on global precipitation may lessen the trends
in the CMIP5 models. For example, more than 3 years after
the 1963 Agung event, global precipitation over both land
and ocean still had not recovered to the pre-eruption state,
which suggests that the model volcanic aerosols remain in
the atmosphere longer than in nature, reducing the global
precipitation accordingly.
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Figure 4. Annual and global (75°S to 75°N) average of precipitation anomaly (mm day ') in the 25
models in (a) CMIP5 and 24 models in (b) CMIP3 for land, ocean, and land and ocean. Each model is
plotted using gray lines; the black line is the mean of all the models, and the red line is the global average

annual mean anomalies of REC.

[22] We computed the time series correlations between
the global averages of precipitation anomalies of REC
and each CMIP5 and CMIP3 model (Figure 5). The corre-
lations indicate that the models are better correlated with
the REC over ocean than over land. Also, the correlations
over the oceans have a broader range in both CMIPS
and CMIP3 than over lands. The 25th percentile of the
correlations (bottom of the box) is higher in CMIP5 than
CMIP3 over the oceans (Figure 5). Also, the 2nd percen-
tile of the correlations over the globe in CMIPS5 is higher
than that in CMIP3. These findings are not affected by

removing the trends, although the correlation values are
reduced (not shown).

b. Zonal Means Over Oceans

[23] The zonal averages of the trends in most of the
models in CMIP5 and CMIP3 are consistent with significant
positive trends in the equatorial and subpolar oceans and
significant negative trends in the subtropical oceans (Figure 6),
indicating a strengthening of the hydrological cycle. Both
CMIP3 and CMIPS have similar latitude distributions of the
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(O), and the globe (G). The box ranges show the scatter of
the correlation between different models to REC. Red lines
mark the medians, the bottom of the box is the 25th percen-
tile, the top of the box is the 75th percentile, and lines
extending from the top of the boxes are the 98th percentile
and from the bottom of the boxes are the 2nd percentile.

trends. The trends of zonal averages from the REC are similar
to the models but with some noticeable differences. In the
tropical oceans, REC positive trends are shifted further north
compared to the models. In the subtropical oceans, the models
show a negative trend in 5°N—40°N and 20°S—45°S, while
REC shows negative trends in 10°N-25°N and 20°S—40°S.
In the subpolar oceans, the models have positive trends north
of 40°N and south of 45°S, while REC trends are positive
north of 25°N and south of 40°S.

[24] The seasonality of the zonal averaged trends in CMIP5
and CMIP3 models shows similar features, and only CMIP5 is
shown in Figure 7. Many similarities in the zonal averaged
seasonal trends are found in the CMIPS5 models and REC. In
DIJF (Figure 7a), the zonal averaged trends generally intensify
the gradient of zonal distribution of the total precipitation in
both CMIP5 and REC. In JJA (Figure 7b), the trends likely
expand the ITCZ in the models and REC. Additionally, both
the subtropical minimum and mid-latitude storm track tend
to shift poleward in the Southern Hemisphere. The subtropical
minimum becomes drier due to the negative trends in the
Northern Hemisphere.

c. Spatial Patterns

[25] The spatial distributions of the mean trends estimated
from the annual mean precipitation anomalies in the 25
CMIP5 models (Figure 3d) show some resemblance to
trends in the REC (Figure 3a). On large scales, CMIP5
models exhibit high latitude increases, subtropical decreases,
and increases in the equatorial Pacific and Indian Ocean
(Figure 3d). The greatest difference between REC and the
averaged trends among the models appears in the equatorial
Pacific Ocean. The REC is less uniform than the models,
likely due to the averaging of 25 models. In addition, due
to the averaging, the magnitudes of the trends in Figure 3d
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Figure 6. The zonally averaged annual precipitation trends
over the oceans: (a) CMIP5 and (b) CMIP3. The red lines
are for the REC. The faint gray lines show the zonally aver-
aged trends along the latitudes for each individual model,
and the black line is the mean of the models. The shaded
gray area illustrates the 95% confidence interval of the
trends among different models using Student 7 test.

are weaker than those in Figure 3a, but the magnitude of
the trends for each individual model is similar as the REC.
The spatial patterns of the trends for individual models
generally replicate the large-scale patterns in Figure 3d;
however, differences among models do exist, particularly
in the tropics (not shown).

[26] The linear correlations of the spatial patterns between
the REC and the mean of the 25 CMIP5 are low (~0.02) pos-
sibly due to the differences in the equatorial Pacific Ocean
and the magnitudes. For example, the correlation increases
to 0.2 if the magnitudes of the trends are ignored by setting
the positive trends as 1 and negative trends as — 1. Therefore,
the models capture the large spatial scale and the signs of the
global trends in the 20th century. CMIP3 models have
similar features. Both the similarities and the differences
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Figure 7. The zonally averaged annual precipitation trends
over the oceans of the 25 CMIP5 models and the REC
(red lines) in different seasons: (a) DJF and (b) JJA. The faint
gray lines show individual models in CMIP5, the black line is
the mean of the models, and the shaded gray area illustrates the
95% confidence interval of the mean trends among different
models using Student’s ¢ test. The green lines are the zonal
mean of the climatology from CMIP5 in DJF and JJA.

between the models and the REC, particularly the differ-
ences, are important and need further investigation.

[27] The long-term trends in DJF and JJA of the CMIP5
ensemble means are shown in Figures 3e and 3f, respec-
tively. On large scales, the increasing trends at high latitudes
in the Northern Hemisphere and Indian Ocean are stronger
in DJF than in JJA. The decreasing trends in subtropical
regions, particularly the North Pacific Ocean, are stronger
in DJF than in JJA. Additionally, the increasing trends in
the west equatorial Pacific Ocean are farther north in JJA,
and the increasing trends in the east equatorial Pacific are
weaker in JJA.

[28] The CMIP3 and CMIPS5 spatial patterns of the annual
mean anomaly trends are similar and have minor differences
in the equatorial Pacific, where the CMIP3’s positive trend

tilts southward from west to east (Figure 3g), while CMIP5’s
positive trend is zonally distributed (Figure 3d). Also, the 25
models in CMIP5 agree better with each other than the 24
models in CMIP3. Therefore, a larger region shows significant
trends in Figure 3d, which includes western Europe, South
Africa, the Indian Ocean, and the west basin of the subtropical
North Pacific Ocean. The trends in these regions are all consis-
tent with the trends in the REC (Figure 3a), which suggests
that the trends in CMIP5 have better agreements with REC
than CMIP3. In CMIP3, The DJF positive trends in the north-
east Pacific Ocean, equatorial Atlantic Ocean, central and west
of South American and West Indian Ocean in the DJF season
are neutral or positive in JJA (Figures 3h and 3i). On large
scales, the positive trends over the high latitude in the Northern
Hemisphere and most of the equatorial latitude bands except
the Pacific Ocean in DJF are weaker or neutral in JJA. The
seasonal differences between DJF and JJA are very similar
in CMIP3 and CMIP5 model runs.

4. Future Projections: Trends in 21st Century

[20] The examination of the 20th century precipitation
trends from models and observations suggests that global
precipitation has increased, particularly over oceanic areas.
Although the spatial distribution of the trends varies from
region to region in a complex fashion, the zonal averages
show a consistent increase over the equatorial and subpolar
oceans and a decrease over the subtropics. As CMIPS simu-
lations has a better agreement with the reconstruction for
the global precipitation trends in the 20th century, in this
section, 19 CMIP5 models in Table 1 (marked with an
asterisk) with output from the RCP4.5 experiment from
January 2006 to December 2010 are used to analyze the
projected precipitation trend of the global average and
spatial patterns in the 21st century.

[30] The global-annual precipitation anomalies (Figure 8)
from all the 19 models indicate increases over the ocean and
land, and globally from 2006 to 2100. The mean trend is
0.13 mm day ' per 100a over the oceans, 0.10 mm day '
per 100a over the lands, and 0.13 mm day ' per 100a globally.
The global oceanic trend is slightly higher than the global land
trend, and such features in the projection are similar to those in
the 20th century from REC, CMIP3, and CMIP5. However,
the trends projected in the 21st century by the 19 models are
roughly an order of magnitude stronger than both the observed
and simulated trends in the 20th century.

[31] The spatial distribution of the annual mean precipita-
tion anomaly trends estimated from CMIP5 models for the
21st century (2006-2100) shows that the models agree with
each other in most of the positive trend regions (blue areas
of Figure 9). Over the land, the increasing trends appear in
the eastern and western North America, eastern and southern
Asia, and northern Europe. In the tropical oceans, the precipi-
tation in the 21st century shows a significant positive trend
in the Pacific and Indo-Pacific equatorial regions. In the
subtropics, significant negative trends appear in the eastern
basin in the Southern Hemisphere where climatological pre-
cipitation is low. Positive trends in the Northern Hemisphere
subtropical regions are weaker. Also, significant positive
trends exist over the entire Southern Ocean. The Northern
Hemisphere high-latitude regions are dominated by positive
trends as well.
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Figure 8. Annual and global (75°S to 75°N) average of precipitation anomaly (mm day ') in the 19
CMIPS5 models with the faint gray line being individual 19 CMIP5 models and the black line being the
mean of the 19 models: (a) land, (b) ocean, and (c) land and ocean.
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Figure 9. The spatial distribution of the trends estimated as the mean among the 19 CMIP5 models from
2006 to 2100 with the gray dots locating the regions where the mean trends among the 19 models are dif-
ferent from zeros using Student’s ¢ test at 95% confidence level.

[32] In most areas with significant precipitation trends in the
20th century (Figures 3a, 3d, and 3g), the projected precipita-
tion in the 21st century also have the same features, e.g., pos-
itive trends in the majority of the U.S., East Asia, and Southern
Oceans, and negative trends over the southern subtropical
oceans, especially over the eastern parts of those regions.

5. Summary and Discussion

[33] The precipitation trends from REC, CMIPS, and
CMIP3 in the 20th century (1900 to 2005) are summa-
rized using global averages, zonal mean over oceans,
and spatial patterns.

1

a. Global Averages

[34] The global-annual mean precipitation anomalies over
the 20th century show a significant positive trend over the
oceans in REC, CMIP3, and CMIP5 and a significant trend
over land only in REC. Over the oceans, REC has the largest
trend, and the trends in both CMIP3 and CMIP5 are about
half of the size. Over land, neither CMIP3 nor CMIP5 has
a significant trend. Compared to REC, both CMIP3 and
CMIPS have consistent but slightly weaker oceanic trends.
The volcanic signals in CMIP3 models are weaker than
those in CMIP5 models.
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b. Zonal Means Over Oceans

[35] The latitudinal distribution of oceanic precipitation
trends generally shows positive trends in the equatorial and
subpolar regions and negative trends in the subtropical
regions (Figures 2 and 6). The CMIP3 and CMIP5 models
agree well with each other for those zonal features. REC
shows more latitude variations than the models. As shown
in the spatial maps (Figure 3), they do not agree over the
tropics. Consequently, latitudinal distribution of the trends
in the tropics shows large differences. However, the season-
ality of the zonal mean anomalies (Figure 7) shows consis-
tent features between the REC and the models. In DJF, they
both show an intensification of the gradient of zonal distri-
bution of the total precipitation (green line). In JJA, they
both show that ITCZ is expanding, and the subtropical
minimum and mid-latitude storm track in the Southern
Hemisphere both shift poleward. In the Northern Hemi-
sphere, the subtropical minimum becomes drier.

c. Spatial Patterns

[36] The spatial patterns of the annual mean anomaly
trends in REC, CMIP5, and CMIP3 are generally consistent,
particularly the CMIP3 and CMIP5 (Figures 3a, 3d, and 3g).
CMIP5 agrees better with REC than CMIP3. For example,
positive trends over the tropical Indian Ocean occur in
REC and CMIP5, although weaker in CMIPS5, but there are
no significant trends over this region in CMIP3. There is
poor agreement of the spatial patterns over the equatorial
oceans between REC and the models, particularly in the
tropical Pacific Ocean.

[37] There are seasonal variations in the spatial distribu-
tion of the trends in REC, CMIP5, and CMIP3. The nontriv-
ial differences exist mostly in the high latitudes of the
Northern Hemisphere, Indian Ocean, and equatorial Pacific
and Atlantic Ocean.

[38] The 19 CMIP5 models used to evaluate the RCP4.5
experiment agree with each other in projecting future precip-
itation trends. The global mean of the precipitation anoma-
lies is projected to continue increasing with an accelerating
trend (Figure 8) over the 21st century. The oceanic areas in-
cluding equatorial and subpolar regions are projected to be
generally dominated by positive trends, and the subtropical
regions, particularly the eastern basins of subtropical oceans,
will be dominated by negative trends (Figure 9). Those
projected changes could influence oceanic circulation by
altering near-surface density and surface winds implied by
systematic precipitation changes. For example, lower rain-
fall over subtropical semipermanent high-SLP zones implies
increasing SLP, which could lead to intensification of
oceanic circulation associated with that pressure zone. Less
precipitation would also lead to greater surface density, also
contributing to enhanced circulations. Those circulations are
important to the mid-latitude climate, and any systematic
alteration on them could cause systematic climate changes.
The long-term precipitation trends’ impact on the global
ocean circulation will be explored in a separate paper.

[39] Over the land (Figure 9), the precipitation over most
of the U.S., northern Europe, and East Asia is projected
to increase in the 21st century. However, the southwest
U.S. and northeast South America are projected to have

continued decreasing precipitation. This has implications
for fresh water availability over these regions and could pose
serious challenges to sustained habitability in those regions.
[40] Significant warming in surface temperatures has
already occurred, and both theory and models project contin-
uation of that trend in the future. This warming is hypothe-
sized to impact the global hydrological cycle, including
precipitation, but until recently, the limited observational
data for oceanic precipitation have not been adequate to val-
idate model simulations. In this paper we take advantage of
our global precipitation reconstruction [Smith et al., 2012]
covering the time period from 1900 to 2008 to describe the
observed trend in global precipitation and to compare it to
simulations from the CMIP3 and CMIPS models to confirm
their large-scale results during the 20th century. Significant
increasing trends of global mean precipitation were found
in both the reconstruction and the model simulations, and
the zonal means of the trends over the oceans in both the
reconstruction and models consistently show increasing trends
in the equatorial and subpolar regions and decreasing trends in
the subtropics. The degree of agreement between the recon-
struction and model simulations in both the mean change
and its latitudinal distribution over the oceans increases confi-
dence in both, and is an initial step toward the validation of
regional climate simulations of changes in precipitation.
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