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Abstract

In this study, we examined the annual precipitation amounts, the seasonality over global land
and their linear trends, as well as the uncertainties in two observations (precipitation reconstruction
(PREC), and Global Precipitation Climate Centre (GPCC)), and then compared them with historical
runs by mualtiple models. Overall, the large-scale patterns of both the climatology of the annual
precipitation amount and the seasonality are consistent between the two observations. Nevertheless,
some noticeable differences existed, particularly in the regions with fewer gauge observations, such
as northern Africa and the Tibetan Plateau. For long-term changes, significant drying trends during
1948-2005_ were observed in the tropical areas of northern Africa, accompanied by significant
wetting trends in the polar region of Canada. The seasonality change during the period was
dominated by adecreasing trend in precipitation, especially in the western portion of Russia.

The*model simulations of the Coupled Model Intercomparison Project, Phase 5 (CMIPS)
reproduced the climatological mean state of annual precipitation and its seasonality in the
observations, as well as to some extent the zonal mean trends of precipitation amounts, but did not
reproduce the zonal mean trends of seasonality. The two-dimensional distribution of linear trends of
annual precipitation and seasonality simulated by CMIP5 models showed little consistency with their
observational counterparts. One possibility for the inconsistencies was that they were largely
determined by internal variations of the climate system rather than external forcings. In contrast, it
might also suggest a challenge for state-of-the-art climate models to correctly simulate the spatial
distribution”of responses of annual precipitation amounts and seasonality to the evolution of external
forcings. Our results suggest that, in addition to the precipitation amount, seasonality should be used
as a metric.to.assess the ability of a climate model to simulate current climate conditions and project

future climatechange.
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1. Introduction

Precipitation and surface air temperatures are the two key elements that are widely used to
measure the Earth’s climate, including its variability and change (Wallace and Hobbs, 2006).
Observedssurface air temperature changes during the instrumental period have been documented in
literature with consensus results achieved (e.g., Chapter 11 of IPCC, 2013). Projections for future
temperature increases in warmer climates have been achieved with high confidence (Chapter 11 of
IPCC, 2013). In contrast, changes in the observed precipitation are less consistent among various
observation-based datasets (e.g., Chapter 11 of IPCC, 2013), which may be attributed to limited
gauge observations, as well as the more significant regional features and larger temporal variability
of precipitation compared with those of surface air temperatures. Balan Sarojini et al. (2012)
speculated that extensive and significant changes in precipitation over land and ocean may have
already occurred, though inadequacies in the observations in some parts of the world make it difficult
to conclusively“identify such a human fingerprint on the global water cycle. For example, observed
global ocean surface salinity changed for the time period 1950-2000 combined with changes from
global climate models suggest that a robust intensification of the global water cycle occurred at a rate
of 8+5% per degree of surface warming (Durack et al., 2012). Moreover, projections for future
precipitationi changes in warmer climates have lower confidence compared with those for surface air
temperaturess-particularly at regional scales (Deser et al., 2012; Hu et al., 2012; Chapter 11 of IPCC,
2013; Huang et al., 2014; Gu et al., 2015; Palomino-Lemus et al., 2015; Sun et al., 2015; Vera and

Diaz, 2015). Moreover, the different confidences in the future projections of surface air temperatures
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and precipitation in warmer climates appear to be largely due to the uncertainty differences caused
by internal variability (Deser et al., 2012). For example, the changes in surface air temperature could
be detected earlier and with fewer ensemble members compared to changes in precipitation due to
their differences in internal variability. In contrast, the lower confidence of precipitation projections
is associated with large internal variability of precipitation in nature, as well as the sensitivity of
precipitation to the physics in climate models. For example, Stevens and Bony (2013) noted that
precipitation responses to warming critically rely on the model used, suggesting the importance of
coupling between atmospheric water and circulation in precipitation projections.

In addition to the change of annual precipitation amounts, the seasonal or monthly
distribution of annual precipitation amounts within a year also has significant consequences. For
example, if below normal (or above normal) precipitation amounts happen over an extended period
of time, drought (or flood) conditions may follow. Thus, seasonality is an important measurement for
the climate*feature of precipitation in observations (Walsh and Lawler, 1981; Hu et al., 2003; Pascale
et al., 2015) and in climate model simulation assessments (Pascale et al., 2015). Due to the shortage
of observational data and large internal variability, the change in the observed precipitation
seasonality over global land has not been well documented (Pascale et al., 2015). Its future
projections in“warmer climates have tremendous divergence (Chapter 11 of IPCC, 2013). Recently,
Pascale et=al=(2015) proposed two new indicators for rainfall seasonality based on information
entropy, relative entropy, and a dimensionless seasonality index and evaluated the mean seasonality

and differences/biases on global and regional scales in observations (Climatic Research Unit (CRU)
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and Global Precipitation Climate Centre (GPCC)) and historical simulations from coupled
atmosphere—ocean general circulation models (CGCMs). They noted some differences in the total
precipitation amount and its seasonality between the two observational datasets, as well as
pronounced=divergences and biases in the simulations by the CGCMs from the Coupled Model
Intercomparison Project, Phase 5 (CMIP5).

In this study, based on both observational datasets and multi-model simulations, we first
analyzed the observed annual precipitation and seasonality climatologies in addition to their linear
trends, with a focus on the global spatial pattern with significant regional features and the possible
uncertainties. Then, we compared the observations with the historical runs by 10 CMIP5 models. It
was expected that through analysis and comparison, we could identify the observed seasonality and
precipitation amount changes and thus assess the ability of state-of-the-art models to simulate the
observed precipitation amounts and climatological features of the seasonality as well as their changes
(trends)."Fhe study is organized as follows. The data used in this work from observations and model
simulations, as well as the seasonality measurements, are introduced in Section 2. The climatologies
of annual mean jprecipitation amounts and seasonality, as well as their linear trends, are described in
Section 3. In Section 4, we compared the observed features with the model simulations. Conclusions

with soni€ discussion are given in Section 5.

2. Data and Seasonality Measurement

Considering the uncertainties in precipitation records (e.g., Balan Sarojini et al. 2012; Bindoff
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et al. 2013; Hegerl et al. 2015; Pascale et al. 2015), particularly during earlier periods with limited
gauge observations, two analyzed precipitation datasets were used in this study. The first set is the
precipitation reconstruction dataset (PREC; Chen et al., 2002) covering an extended period from 1948
to the present=The global analyses in this set were defined by the optimal interpolation of gauge
observations over land, which includes gauge observations from over 17,000 stations collected in the
Global Historical Climatology Network, version 2 (GHCNZ2), and the Climate Anomaly Monitoring
System datasets. The second set is the full data reanalysis version 6.0 of Global Precipitation Climate
Centre over land (GPCCv6; Schneider et al. 2011, 2014). The GPCCv6 covers the period from 1901
to 2010, based on quality-controlled data from 67,200 stations worldwide that feature data recorded
for durations of 10 years or longer (Schneider et al. 2011, 2014). The two precipitation datasets had
the same spatial resolution (1° x 1°).

The monthly mean precipitation data from the historical runs of 10 CMIP5 models (obtained
from http:/#/emip-pcmdi.linl.gov/cmip5/; Taylor et al. 2012; Jha et al. 2014) totaled 50 ensemble members
and were compared with the above two precipitation datasets over the period from January 1948 to
December 2005, In the historical runs, models (fully CGCMs) were forced by the specification of
time evolving the observed solar, volcanic, and anthropogenic forcings from 1870 to 2005. Detailed
information“about the models including the institutions where the models were run, model versions,
horizontal reselutions, number of ensemble members, and acronyms of the model centers is listed in
Table 1 orcan also be found on the website http://pcmdi3.lInl.gov/esgcet/home.html. To compute the

multi-model ensemble, all model data were bilinearly interpolated into the lowest resolution among
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the 10 models (see Table 1), resulting in a unified grid of 128 (zonal) x 64 (meridional). The
observational data were also interpolated into the unified grid for comparison.

The annual mean climatology and the seasonality of precipitation amounts over land were
analyzedy-andsthe linear trends in both annual precipitation and seasonality in the observations and
model simulations were examined and compared. To display the divergence of the model simulations,
spreads ofithe model simulated precipitation and seasonality climatologies as well as linear trends
were examined.

Following Walsh and Lawler (1981), the seasonality of precipitation was measured by the
following formula:

1—iz=q2 R
S =X | — (1)

12

where R is the annual precipitation amount, and r; is the monthly mean precipitation amount in

[1332)
1

month “1”.+The SI value was computed by using observation-based precipitation, as well as the
precipitations from the 10 CMIP5 models. Theoretically, SI can vary from zero (if all the months
have an equalsprecipitation amount) to 1.83 (if the annual precipitation falls in a single month)

(Walsh and Lawler, 1981). A larger (or smaller) SI value refers to a stronger (or weaker) variation of

precipitation from one month to another within a given year.

3. Climatelogies and Trends of Observations and Uncertainties

3.1 Precipitation and seasonality climatologies in the observations
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Prior to examining the seasonality, we first analyzed the annual precipitation amount
climatology in PREC and GPCC (Figs. 1a, 1b). It was noted that abundant precipitation occurred
over the tropical areas of Africa and in southeastern Asia, northern South America, southeastern
United Statesgsand Caribbean Sea regions. Deficient precipitation occurred over a broad region from
northern Africato central Asia as well as in the high latitudes of the Northern Hemisphere (NH) and
some mid-latitude regions of the Southern Hemisphere (SH). The mean annual precipitation amount
was less than 100 mm in northern Africa, part of the Middle East, and between central Asia and
northwestern China. The spatial distribution pattern of annual precipitation climatology (Figs. 1a, 1b)
is well known (e.g., New et al., 1999; Fig. 1a of Pascale et al. 2015). The similarity of the large scale
pattern between PREC (Fig. 1a) and GPCC (Fig. 1b) may imply the reliability of the observational
records injdeseribing the climatological precipitation amounts. However, the similarity could be
partially"due to the fact that both PREC and GPCC used similar raw data and analysis approaches.
For example;-a‘large volume of gauge observations from GHCN2 is used in both PREC and GPCC
(Chen et al. 2002; Schneider et al. 2014), and the observations from gauge stations are similarly
interpolated into regular grid points. Nevertheless, some differences between PREC and GPCC (Figs.
Ic, 1d) existed at regional scales. The relative differences were especially pronounced in northern
Africa, the"Tibetan Plateau, and central Asia, with amplitudes larger than 20% (Fig. 1d). The
collocationswith regions having a shortage of gauge observations (see Fig. 5 of Schneider et al. 2014)
may imply.that the quantity of gauge observations impacted the interpolation from gauge stations to

regular grid points.

10
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Climatologically, small seasonalities were observed in Europe, North America, and tropical
landmasses, whereas large seasonalities occurred in regions from northern Africa to central Asia,
Mongolia, northeast China, and part of the subtropical SH (Figs. 2a, 2b). The spatial pattern of
seasonality-was' generally consistent with that shown in previous studies for global (e.g., Fig. 1c of
Pascale et al. 2015) or regional domains (such as East China, Fig. 4 of Hu et al. (2003); Africa, Fig. 2
of Walsh and Lawler (1981)). Although differences were present in some regions, such as in northern
Africa and the Tibetan Plateau (Figs. 2c, 2d), the overall spatial patterns of the climatological
seasonality were similar between PREC and GPCC (Figs. 2a, b), suggesting the consistency of the
two observational datasets in describing the large scale distribution of the climatological seasonality.

Interestingly, the spatial distribution pattern for seasonality climatology (SI value) was
analogous to that of the annual precipitation amount climatology in most regions (Figs. 1a, 1b, 2a,
2b). Thatis, abundant (deficient) precipitation collocated with small (large) seasonality, suggesting
that less (more) precipitation generally favored larger (smaller) seasonality. However, this kind of
relation did not hold for the northern part of North America where both the annual precipitation
amount and the seasonality were relatively small and in northeastern Siberia where both were
relatively large. The reasons behind the relation between the annual precipitation amount climatology
and seasonality climatology, as well as the regional dependence of the relationship, were not

immediately-apparent.

3.2 Precipitation and seasonality trends in the observations

11
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For the long-term trends of annual precipitation amounts in the observations during
1948-2005 (Fig. 3a), significant and large-scale drying tendencies were observed in the tropical
regions of northern Africa, whereas significant and large-scale wetting tendencies were seen in the
polar region=of Canada, and in central and western Australia. The drying tendencies in northern
Africa within S°N-20°N seemed to be associated with the meridional migration of the dry zone in
the Saharairegion and expansion of the desert (Nicholson 2013). For the Asian summer monsoon
region, both drying and wetting trends were observed. In northern South America and middle-high
latitudes of NH, the spatial distribution showed many small spatial scale features without any
large-scale significant trends.

To highlight the regional long-term trends, Figs. 3b and 3¢ show the monthly mean anomalies
of precipitation averaged in the tropical region of North Africa (5°N-20°N, 15°W-35°E) and the
polar region of Canada (60°N—-80°N, 115°W—-65°W) (see the rectangles in Fig. 3a for the domains),
respectivelyArdrying (wetting) tendency was observed from the average in tropical North Africa
(the polar tegion of Canada), and these features were consistent with the results shown in Fig. 3a.
However, although the large scale patterns of the linear trends were generally similar between PREC
and GPCC (Fig. 3a), some notable differences were evident. For example, the wetting trends in
central Europe were significant for GPCC but not for PREC. Furthermore, the wetting trends in the
polar regionsof‘Canada (Figs. 3a, 3c) were more significant in PREC than in GPCC.

Compared to the trends in the annual precipitation amounts, the trends in seasonality were

mostly negative (Fig. 4a). Negative trends were significant over the western portion of Russia,
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whereas positive trends were observed in part of Canada for both PREC and GPCC. However, there
were also clear differences between PREC and GPCC in some regions, such as central Asia, southern
Africa, and Australia.

To-examine the regional details of the seasonality trend, Figs. 4b and 4c as two examples
show the seasonal cycles in the western part of Russia (55°N—75°N, 65°E-95°E) and central Canada
(50°N—60°N, 120°W-85°W) based on two equal-length periods from January 1948 to December
1976 (dashed and green line), and from January 1977 to December 2005 (solid and red line) (see the
rectangles iin Fig. 4a for the domains), respectively. For the western part of Russia, the decreasing
trend in seasonality was caused by a combination of the decrease in precipitation in the summer
months and the increase in precipitation in the winter months (by comparing the dashed/green line
with the solid/red line in Fig. 4b). The reduced amplitude of the seasonal cycle corresponded to a
decrease'in seasonality. In contrast, the seasonality increase in central Canada was mainly caused by
a decrease“in"precipitation in the winter months, as the precipitation change was less pronounced in
the summer months (Fig. 4c). The increase in the range of precipitation amounts in winter and
summer month§ resulted in an increase of the seasonality in central Canada. These seasonality
changes were expected to connect with large-scale atmospheric circulation changes, which deserve
further investigation.

Overally the large-scale patterns of both climatologies of the annual mean precipitation
amounts and seasonality were consistent between the two observational datasets. Nevertheless, some

noticeable differences existed, particularly in regions with limited gauge observations, such as
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northern Africa and the Tibetan Plateau. These may be associated with multipole factors, such as
some differences of raw data as well as the detailed analysis approaches used in PREC and GPCC
(Chen et al. 2002; Schneider et al. 2014). For long-term changes, drying trends in the tropical regions
of northern=Africa and wetting trends in the polar region of Canada were significant in both
observations, The seasonality change of the observed precipitation during 1948—-2005 was dominated

by decreasing trends, especially in the European portion.

4. Comparison of Model Simulations with the Observations
4.1 Precipitation and seasonality climatologies in the model simulations

The large-scale spatial patterns of climatological means of annual precipitation amounts and
seasonality in the observations (Figs. la, 1b, 2a, 2b) were captured in the average of the historical
runs of the multi-model and multi-ensemble members (Figs. 5a, 6a). Nevertheless, in addition to the
amplitude~diserepancies in some regions (Figs. 5b, 5c, 6b, 6¢) between the model mean and
observations, the spatial pattern was smoother in the model simulations (Figs. 5a, 6a) than in the
observations (Figs. 1a, 1b, 2a, 2b).

Furthermore, compared with the observations (here referred to as the mean of PREC and
GPCC), 'some regional features were not well simulated. For example, the annual precipitation
amount climatology in the CMIP5 models tended to be overestimated, particularly in the Tibetan
Plateau, “western North America, northern Africa, and Australia (Fig. 5b). In contrast, it was

underestimated in Saudi Arabia, most of the Indian Peninsular, and central South America (Fig. 5b).
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The annual precipitation amount climatology in the Tibetan Plateau, western North America,
subtropical northern Africa, and Australia was overestimated by 50% or more (Fig. 5c). On the
contrary, an underestimation of the annual precipitation amount climatology was confined to
relatively=smaller areas and its amplitude was mostly smaller than 30%. The most pronounced
differencesiappeared to be co-located with highland areas, such as the Tibetan Plateau in Asia, the
Rocky Mountains in North America, and the Andes Mountains in South America (Figs. 5b, 5c).
These regions also had relatively fewer gauge observations (see Fig. 5 of Schneider et al. 2014),
which may imply a defect of the observations, but also possibly suggests a challenge for climate
models in simulating precipitation over these complex topographical regions (Figs. 5b, 5c). The
spatial pattern of model spread well followed that of the annual precipitation amount climatology,
where large (small) spreads corresponded to large (small) annual precipitation amount (Figs. 5a, 5d).
Here, the model spread is referred to as the square root of individual model simulations referenced to
the all model'mean.

The difference between simulated and observed seasonality climatologies (Figs. 6b, 6c)
displayed an overall similar spatial pattern to that of the difference between simulated and observed
annual precipitation amount climatologies (Figs. 5b, 5c). That is, overestimated (underestimated)
seasonality €limatology corresponded to overestimated (underestimated) annual precipitation amount
climatology==The amplitudes of the differences reached 10%—50% of the observed seasonality
climatology. (Fig. 6¢). Similar to the corresponding relationship between the annual precipitation

amount climatology and its spread among models, a large (small) spread of the seasonality among
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the models was associated with large (small) seasonality climatology (Figs. 6a, 6d). These
similarities may imply that the seasonality was largely determined by extreme amounts of
precipitation, e.g., during the extremely dry and wet months within a year according to the SI

formula (see-equation (1)).

4.2 Precipitation and seasonality trends in the model simulations

For the /linear trend of annual precipitation amounts during 1948-2005, there were few
similarities of the two dimensional distribution between the observations (PREC or GPCC) and the
average of model simulations (Figs. 3a, 7a). The differences of the trends between the simulations
and observations (Figs. 7c, d) were large, especially in tropical Africa, Asia, southeastern Canada,
part of Europe, and South America. Interestingly, the zonal averaged trends in the observations were
qualitatively captured to some extent by some models, as well as by the all model mean (Fig. 8). For
example, the"drying trends in the tropics and along 45°S and the wetting trends in 30°S—40°S were
qualitatively similar between the model mean and the two observations, although the amplitudes
were much smaller in the model mean than in the observations. This is consistent with results from
Nasrollahi et al. (2015), who reported that CMIP5 models are generally consistent with observed
(CRU) dryingand wetting trends at a global (or hemispheric) scale, but most models have difficulties
capturing the-regional distributions of observed drying and wetting trends. The overall spread of the
linear trends of annual precipitation amounts among models was more pronounced in SH than in NH

in the current study (Fig. 7b).
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The differences of the seasonality trends during 1948-2005 between observations and model
simulations were even more notable for both the spatial pattern and amplitude (Figs. 4a, 9a, 9c, 9d).
On average, the seasonality trends in the models were much smaller than those in the observations
(Figs. 4a9a=9c, 9d), and the spreads among the models were quite large (Fig. 9b). The smaller
amplitudes;of .the trends in the simulations may have been partially due to the average and
cancelation among the models. Different from the zonal averaged linear trends of precipitation with
reasonable simulations, the models were unable to capture the observed zonal averaged linear trends
of their seasonality. In fact, the zonal averaged linear trends of seasonality also displayed obvious
differences between PREC and GPCC (Fig. 10a). For instance, the zonal mean linear trend of
precipitation seasonality was clearly all negative in PREC between 40°S and 30°N (red dot curve in
Fig. 10a), but it fluctuated around zero in GPCC (green dash curve in Fig. 10a). The differences
between'PREC and GPCC became even larger between 40°S—55°S. This results in a challenge for
monitoring'the'seasonality change based on the available observation records.

In summary, the mean state of the annual mean precipitation amounts and seasonality are
fairly good simulated. Furthermore, to some extent, the model average qualitatively reproduced the
observed zonal mean precipitation trends but not the seasonality trends. There were pronounced
differences in the spatial distributions of the linear trends of both the precipitation amounts and the
seasonality=between the simulations and observations. The disagreements of the linear trends of the
annual precipitation amounts and the seasonality between the observations and model simulations

may have two implications. Firstly, the spatial distribution of the observed annual precipitation
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amounts and seasonality trends may not have been the result of external forcings (e.g., increases of
greenhouse gas (GHG) concentrations and time evolution of solar-volcanic forcing). It may possibly
have been caused by internal dynamics of the atmosphere and ocean. Secondly, the climate models
may have been unable to simulate the realistic spatial pattern of the response of the annual
precipitation_amounts and seasonality changes to these time evolution forcings, suggesting a
challenge for the state-of-the-art CGCMs. Furthermore, another important reason that may have
resulted in the differences between the models and observations is the fact that precipitation in
models is sensitive to the parameterization schemes of the precipitation, clouds, and other associated

physical processes.

5. Summary

In this study, we examined the climatologies of the annual precipitation amount and its
seasonality“over global land, their linear trends in observations, and their uncertainties and compared
them with thistorical runs of multiple CMIP5 models. The large scale patterns of both climatologies
of annuall mean precipitation amounts and seasonality were almost identical between two
observational datasets. Nevertheless, some differences were evident, particularly in regions with
limited gauge observations such as in northern Africa and the Tibetan Plateau. For long-term changes,
significant«drying trends during 1948-2005 were observed in the tropical regions of northern Africa,
which were accompanied by significant wetting trends in the polar region of Canada. The seasonality

change of the observed precipitation during 1948-2005 was dominated by decreasing trends,
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especially in the western portion of Russia.

The model simulations well captured the spatial pattern and intensity of annual precipitation
amounts and the seasonality climatologies of the observations, as well as, to some extent, the zonal
mean ofwpreeipitation trends but not the zonal mean of seasonality trends. Furthermore, the
model-simulated two-dimensional spatial distribution of linear trends of both the annual precipitation
amount and its seasonality showed little consistency with the corresponding trends in the
observations. The disagreements of the two dimensional distribution of both annual precipitation
amounts and seasonality linear trends between the observations and historical runs of the
multi-model simulations may imply that the two dimensional distribution of observed trends may not
be determined by external forcings, but could be due to the low-frequency internal variation of the
climate system. That is different from the attribution for long-term trends of surface air temperatures,
which are largely due to the increases of GHG concentrations (Chapter 10 of IPCC, 2013). In
contrast, it“also"provides a challenge for the state-of-the-art CGCMs to correctly simulate the spatial
distribution of responses of annual precipitation amounts and seasonality to the time evolutions of
external forcings (e.g., increases in GHG concentrations and the time evolution of solar-volcanic
forcing). The feature challenges the fidelity of future projections under different scenarios (Chapter
11 of IPCC;2013).

Our-analysis suggested that, in addition to the annual precipitation amount, seasonality could
be an additional metric to assess the ability of climate model in simulating the current climate and in

projecting future climate change. This metric could serve as a higher order and provide more strict
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criteria for the model assessment and also for observational quality verification.

Due to the shortage of gauge observations in the early period of the observational records
analyzed in this study, as well as the heterogeneous distributions of gauge observations in both
spatial and temporal domains, some local features may be affected by these factors, particularly for
the linear trends of the precipitation and the seasonality (e.g., Balan Sarojini et al. 2012; Bindoff et al.
2013; Hegerl et al. 2015; Pascale et al. 2015). For example, Pascale et al. (2015) noted that different
land observational datasets reveal substantial differences in their representation of seasonality. In
terms of the model simulations, although different models may have substantial differences, a grand
ensemble with 10 models and a total of 50 ensemble members should give quite robust results. More
importantly, due to large uncertainties in simulating linear trends of the precipitation over land and
the seasonality in the models, in future, it will be necessary to examine the performance of each
individual.model in order to understand why some models’ simulations are better than others and

what the'underlying physics are behind the differences in model performance.
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Figure Captions:

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Climatological annual precipitation amount (mm/year) of (a) PREC and (b) GPCC. (c) The
differences of PREC-GPCC and (d) the relative differences of
(PREC-GPCC)/(PREC+GPCC)x100 over global land averaged in January 1948—December
2005.

Climatological seasonality of (a) PREC and (b) GPCC. (c) The differences of PREC—GPCC
and (d) the relative differences of (PREC—GPCC)/(PREC+GPCC)x100 over global land
averaged in January 1948—December 2005.

(a) Linear trend of annual precipitation amount (mm/58 years) over land during January
1948—December 2005 from the observed precipitation. The hatched regions represent the
trend significant at 95% or higher confidence level using the t-test. Regional mean monthly
precipitation anomaly (mm/month) in (b) the tropical North Africa (5°N-20°N, 15°W—35°E)
and(¢) the northeastern Canada (60°N—-80°N, 115°W—-65°W) (see the rectangles in (a) for the
domains). Left panels are for PREC and right ones for GPCC.

(a). Linear trend of precipitation seasonality (1/58 years) over land during January
1948—December 2005 from the observed precipitation. The hatched regions represent the
trend.significant at 95% or higher confidence level using the T-test. Seasonal cycle of
regional mean monthly precipitation anomaly (mm/month) in (b) the western part of Russia
(55°N=75°N, 65°E-95°E) and (c) the central Canada (50°N—60°N, 120°W—-85°W) (see the
rectangles in (a) for the domains). The dashed/green (solid/red) line represents the seasonal
cycleaveraged in January 1948—December 1976 (January 1977-December 2005). Left panels
are for PREC and right ones for GPCC.

(a) Annual precipitation amount averaged for all ensemble members of all the models over
land™during January 1948—December 2005 (mm/year); (b) difference between the model
simulation and the observation mean (PREC+GPCC)/2.0 (mm/year); (c¢) percentage of

relative difference between the model simulation and the observation mean referred to the
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Fig. 6:

Fig. 7:

Fig. 8:

Fig. 9:

observation mean (%); (d) model spread (mm/year).

Precipitation seasonality averaged for all ensemble members of all the models over land
during January 1948-December 2005 (mm/year); (b) difference between the model
simulation and the observation mean (PREC+GPCC)/2.0 (mm/year); (c) percentage of
relative difference between the model simulation and the observation mean referred to the
observation mean (%); (d) model spread (mm/year).

(a) Linear trend of annual precipitation amount averaged for all ensemble members of all the
models over land during January 1948—December 2005; (b) model spread of the linear trend
among 10 models; difference of the linear trends between (c¢) the model simulations and
PREC.and between (d) the model simulations and GPCC. The unit is mm/58 years.

Zonal averaged linear trends of annual mean precipitation of (a) PREC (red dot curve), GPCC
(green dash curve), and 10 model mean (black solid curve), and (b) individual models (dash
curyes) and 10 model mean (black solid curve). The unit is mm/58 years.

(a) Linear trend of precipitation seasonality averaged for all ensemble members of all the
models.over land during January 1948—December 2005; (b) model spread of the linear trend
amoeng 10 models; difference of the linear trends between (c) the model simulations and

PREC.and between (d) the model simulations and GPCC. The unit is 1/58 years.

Fig. 10: Zonal averaged linear trends of precipitation seasonality of (a) PREC (red dot curve), GPCC

(green dash curve), and 10 model mean (black solid curve), and (b) individual models (dash

curyes) and 10 model mean (black solid curve). The unit is 1/58 years.
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Table Caption:

Table 1: Information about the CMIP5 models used in this study.

Author Manuscript
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