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Abstract

Future change in precipitation over Panama was investigated with 20-km and 60-km mesh global atmospheric models. The
present-day climate simulations were conducted for 21 years from 1983 through 2003, driving models by observed historical
sea surface temperatures (SST). The future climate simulations were conducted for 21 years from 2079 through 2099, driving
models by future SST distributions projected by the Atmosphere—Ocean General Circulation Models that participated in the
Fifth phase of the Coupled Model Intercomparison Project. The uncertainty of future precipitation change was evaluated
by ensemble simulations giving four different SST patterns and three different cumulus convection schemes. In the future,
precipitation increases over the central and eastern part of Panama from May to November corresponding to the rainy season.
Uncertainty of future precipitation change depends on cumulus convection schemes rather than SST distributions. Increase
of precipitation over most regions can be attributed to the increase of water vapor transport originated in the Caribbean
Sea which converges over Panama. Precipitation averaged over the Panama canal, the Gatun lake and related river basin
(79.0°=80.5°W, 8.5°-9.5°N) will increase during most of the rainy season persisting from May to October, while precipita-
tion in dry season persisting from December to April does not change in the future. Intense precipitation increases, but the
possibility of drought increases. These results suggest that the planning of water resource management for the Panama canal
may require some modifications in the future.
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1 Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00382-019-04842-w) contains
supplementary material, which is available to authorized users.

The climate of the Central America and the Caribbean
(CAC) area depends on several large-scale phenomena
such as the Inter-Tropical Convergence Zone (ITCZ),
North America Monsoon System (NAMS), the El Nifio-
Southern Oscillation (ENSO) and Tropical Cyclone (TC)
activity (Section 14.8.4 in Christensen et al. 2013; Gamble
and Curtis 2008; Amador et al. 2016a, b; Maldonado et al.
2018). The air—sea interactions over the warm pool in the
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tropical eastern north Pacific, the Gulf of Mexico and the
Caribbean Sea affect the annual cycle of climate over CAC
(Amador et al. 2006; Wang et al. 2007). One of the key
element driving climate over CAC is the Caribbean Low
Level Jet (CLLJ) which basically originates from easterly
trade winds (Amador 1998, 2008) and plays an important
role on summer climate over this region (Cook and Vizy
2010). The CLLJ is affected by the coverage and intensity
of the Western Hemisphere warm pool (Wang et al. 2008)
as well as sea surface temperature (SST) difference across
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the eastern equatorial Pacific and tropical Atlantic (Taylor
et al. 2011; Nakaegawa et al. 2014a). ENSO is a key factor
of causing climate variability over the CAC. El Nifio brings
dry conditions, while La Nifia brings wet conditions in the
Pacific slope (e.g. Hidalgo et al. 2017).

The country of Panama is situated in the southern-
most extent of Central America to the north of the equa-
tor (7°-10°N, 77°-83°W). The country is bordered by the
Caribbean Sea in the north and by the Pacific Ocean in the
south. Since Panama is surrounded by warm tropical oceans,
the climate is mainly determined by a hot and humid mari-
time atmosphere which is typical in most countries of CAC
domain (Hastenrath 1978; Ropelewski and Halpert 1987,
Nakaegawa et al. 2015). In general, Panama has two precipi-
tation seasons, dry and wet (Taylor and Alfaro 2005). This
contrast in precipitation is mainly caused by the northward
and southward migration of the ITCZ and is partly affected
by other regional phenomena (Magafia et al. 1999; Alfaro
2002; Wang and Enfield 2001; Amador et al. 2006). The
dry period persists from December to April in association
with the southward migration of the ITCZ from Panama
toward the equator. During the wet period from May to
November, the ITCZ passes over Panama from the south
and moves northward toward the Eastern Tropical Pacific
Ocean (Mitchell and Wallace 1992). In Panama including
the Panama Canal, the most intense rainfall events in the
rainy period often happens in the withdrawal period (Mur-
phy et al. 2014).

The Panama Canal is one of the most important facil-
ity in Panama. Income from the passage of vessels con-
tributes about 40% of Gross Domestic Product (GDP) of
Panama (https://www.thebusinessyear.com/five-surprising
-facts-about-the-panamanian-economy/focus). The primary
reservoir for the Canal system is the Gatun Lake which is
maintained by inflows from many rivers and streams (Gra-
ham et al. 2006). Canal water supply and operations heavily
depend on precipitation over the river basin of the Panama
Canal (Fabrega et al. 2013). Abundant rainfall amount in
Panama is a great advantage for the stable and efficient
operation of the Canal. However, precipitation changes due
to the global warming may impose restrictions in the future
canal operation. Therefore, projection of future precipitation
changes is crucial to people and government of the Panama.

Atmosphere—Ocean General Circulation Models
(AOGCMs), which were registered in the fifth phase of the
Coupled Model Intercomparison Project (CMIP5) and the
fifth assessment report of Intergovermental Panel on Climate
Change (IPCC ARS5; IPCC 2013), simulate reasonably well
surface air temperature over the CAC, but the reproducibil-
ity of precipitation is low (Table 14.2 in Christensen et al.
2013). The confidence level of simulating TC over CAC is
high, but that of simulating ENSO is medium (Table 14.2
in Christensen et al. 2013; Fig. 9.38 in Flato et al. 2013;
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Hidalgo and Alfaro 2015). Models contributed to CMIP5
simulated well the seasonal March of temperature and pre-
cipitation, although they underestimate precipitation from
June to October (Fig. 9.38 in Flato et al. 2013). Reason-
able simulation of meteorological variables and phenomena
affecting climate over the CAC would enhance reliability of
future climate change over this region.

Previous generation AOGCMs from the third phase of
CMIP (CMIP3) projected a decrease of precipitation over
the northern part of the CAC including Panama under the
Special Report on Emission Scenario (SRES, IPCC 2000)
A1B scenario (Imbach et al. 2012; Hidalgo et al. 2013;
Fig. 14.19 in Christensen et al. 2013), which is in line
with the negative trend in observation after 1950s (Nee-
lin et al. 2006; Rauscher et al. 2008). The CMIP5 models
also projected similar decrease of precipitation over the
northern part of the CAC under the Representative Con-
centration 8.5 (RCP8.5) emission scenario (Fig. 14.19 in
Christensen et al. 2013). However, some studies project
precipitation increase over the southern part of the CAC
including Panama (Hidalgo et al. 2017) and the eastern coast
of Costa Rica and Panama (Imbach et al. 2018). High hori-
zontal resolution model of the 60-km mesh Meteorological
Research Institute-Atmospheric General Circulation Model
(MRI-AGCM3.2H), which is driven by future SST provided
by CMIP3 AOGCMs assuming the SRES A1B emission
scenario, also project decrease of precipitation over almost
all the CAC (Fig. 14.19 in Christensen et al. 2013), The
decrease of precipitation over almost all the CAC is consist-
ently projected by CMIP3 24 models, CMIP5 39 models,
MRI-AGCM3.1 (Nakaegawa et al. 2014b) and 12 simula-
tions of the MRI-AGCM3.2H (Fig. 14.19 in Christensen
et al. 2013). This agreement gives higher reliability of future
change in precipitation. Moreover, the higher reproducibility
of global precipitation distribution by MRI-AGCM3.2H than
by CMIP5 atmospheric models (Kusunoki 2017b) enhance
the reliability of the projection.

When we focus on the Panama region, precipitation will
consistently increase in future projections by CMIP3 mod-
els, CMIP5 models and the MRI-AGCM3.2H, which are
totally opposite to the change in the northern CAC regions
(Fig. 14.19 in Christensen et al. 2013). Especially, precipita-
tion increase in rainy season from June to September is much
larger than in dry season from December to March in terms
of hydrological sensitivity defined as precipitation change
per 1° warming of surface air temperature (mm day~! C™1).
Precipitation increase throughout the year would be favora-
ble for stable and efficient operation of the Panama Canal.

Panama is a relatively small territory with a size of
about 600 km in longitudinal direction and the width of
about 50-100 km in latitudinal direction. Since the average
grid size of CMIP5 models is about 200 km over the CAC,
detailed spatial distribution of precipitation change cannot
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be resolved by these models due to their coarse horizontal
resolution. The 20-km and 60-km mesh MRI-AGCM3.2
have great advantage over the CMIP5 models as it can pro-
ject small-scale distribution of future precipitation change
over Panama without the necessity of down scaling using
regional climate models. However, previous ensemble simu-
lations by the MRI-AGCM3.2H presented in Fig. 14.19 in
Christensen et al. (2013) are forced with CMIP3 SST under
the SRES A1B scenario which correspond to previous gen-
eration models and scenarios.

The aim of this paper is to project and analyze future pre-
cipitation change over Panama, using one of the highest hor-
izontal resolution climate model known as MRI-AGCM3.2
which can resolve small scale structure of orography and
precipitation distribution over Panama. Moreover, we aim
to update SST boundary conditions projected by the CMIP5
models under the RCP8.5 scenario instead of CMIP3 models
under the SRES A1B scenario assumed in previous studies.
For the purpose of estimating the uncertainty of future pro-
jections, the contribution of future change from the differ-
ences in SST distributions and cumulus convection schemes
are quantitatively separated.

2 Models and experiments

2.1 The 20-km model

The Meteorological Research Institute—Atmospheric Gen-
eral Circulation Model, version 3.2 (MRI-AGCM3.2S)
which has a grid size of 20 km is utilized for experiments. In
this paper, we name this model “the 20-km model”. It has 60
levels with the highest level of 0.01 hPa corresponding to a
height of approximately 80 km. We implemented the cumu-
lus convection scheme called the “Yoshimura scheme” (YS;
Yoshimura et al. 2015) which is based on the method pro-
posed by Tiedtke (1989). Using the 20-km model, we have
executed a set of global warming projections to investigate
future precipitation changes in the CAC (Nakaegawa et al.
2014a; Pinzo6n et al. 2017), in the Asian region (Endo et al.
2012; Kusunoki and Mizuta 2013; Kusunoki 2016, 2017a;
Okada et al. 2017) and over the globe (Kusunoki 2017b).

2.2 The 60-km model

Future climate projection inevitably has uncertainty which
is normally estimated by ensemble simulations. Since the
20-km model needs huge computer resources, we could
not execute a large number of simulations using the 20-km
model. Therefore, we utilized the 60-km mesh size ver-
sion (MRI-AGCM3.2H) instead of the 20-km model. The
60-km model calculates the time evolution of atmosphere
30 times faster than the 20-km model. The uncertainty of

future precipitation changes were evaluated by the ensem-
ble simulation using the 60-km model in previous studies
over Asian regions (Endo et al. 2012; Kusunoki and Mizuta
2013; Kusunoki 2016, 2017a) and over the globe (Kusu-
noki 2017b). As precipitation simulated by models are much
influenced by the treatment of cumulus convection process,
we also adopted the Arakawa-Schubert (AS) scheme (Ran-
dall and Pan 1993) and the Kain-Fritsch (KF) scheme (Kain
and Fritsch 1990) scheme to the 60-km model.

The 20-km and 60-km models captures small scale struc-
ture of topography and coastal lines of Panama much better
than coarser horizontal resolution models (Figs. S1 and S2).

2.3 Sea surface temperature and sea ice

Since our models have no oceans, we have to specify the
lower boundary conditions such as sea surface temperature
and sea ice concentration. This method is called a ‘time-
slice experiment’ (Bengtsson et al. 2009). In the present-
day climate simulation for 21 years from 1983 through
2003, we forced the models with observed historical SST
and observed sea ice concentration provided by HadISST1
(Rayner et al. 2003). In the climate modelling community,
this kind of experiment is usually called an Atmospheric
Model Intercomparison Project (AMIP)-type simulation.
This approach is an standard way to evaluate the perfor-
mance of atmospheric climate models.

In the future climate simulations for 21 years from 2079
through 2099, the lower boundary data of SST consists of
three components. First one is the future change taken from
CMIP5 28-models’ multi-model ensemble (MME) of SST.
The second one is the linear trend in the MME of SST pro-
jected by the CMIP5 multi-model dataset. The third one is
the time series of detrended interannual observed SST anom-
alies calculated with respect to each month of the period
from 1979 to 2003. The difference between the historical
experiments and the future simulation by the MME of SST
is regarded as the future change in SST. In the future simu-
lations, we assumed the RCP8.5 emission scenario (Collins
et al. 2013). Finally, we superposed these three components.
Future change in sea ice concentration was constructed by
the same method as SST. Mizuta et al. (2008) describes fur-
ther detail.

Considering the response of models is largely influenced
by given SST, the sensitivity of future precipitation change
to the geographical distribution of SST is investigated.
Clustering analysis is applied to 28 CMIP5 models to sepa-
rate them into three groups focusing on the future change
of annual average SST projected using CMIP5 models in
the tropics (Fig. 1a—d). Figure le illustrates the difference
of SST cluster 1 relative to the mean of all models (CO;
Fig. 1a). In the cluster 1 (C1; Fig. le), warming in the South-
ern Hemisphere is larger than in the Northern Hemisphere.
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Fig. 1 Distributions of annual mean sea surface temperature (SST)
change (K) from the present-day (1979-2003, historical simulation)
and the future (2075-2099, RCP 8.5 scenario). a The composite of
total 28 models (CO). b The composite of the cluster C1. ¢ C2. d
C3. e—g Differences for each cluster from the total mean (CO). The

The cluster 2 (C2; Fig. 1f) is characterized by distinct
warming in the central Pacific of the tropics. The cluster
3 (C3; Fig. 1g) is distinguished by conspicuous warming
near Japan. The sea ice concentration in the future was cre-
ated similar to the clustering of SST. Mizuta et al. (2014)
describes further details.

2.4 Other external forcings

We have to specify the concentration of greenhouse gases
(GHG) which include carbon dioxide and methane. In the
present-day climate simulations, observed historical con-
centrations of these GHG gases were given. In the future
climate simulations, the RCP8.5 emission scenario were
specified. For natural and anthropogenic aerosol, we utilized
3-dimensional distributions simulated using the MRI-Earth
System Model (MRI-ESM; Yukimoto et al. 2011) assum-
ing past historical aerosol emission and the SRES A1B sce-
nario (IPCC 2000). With respect to volcanic aerosols, only
the Mt. Pinatubo eruption of year 1991 is included. As for
stratospheric ozone, we used the 3-dimensional distributions
simulated with the MRI-Chemical Transport Model (CTM)
(MRI-CTM; Shibata et al. 2004) assuming past historical
aerosol emission and the A1B scenario.

For the consistency of emission scenario used in the
whole experimental setting, we should assume RCP8.5
emission scenario to simulate 3-dimensional distributions
of aerosol by MRI-ESM and ozone by MRI-CTM. However,
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regions where over 75% of the models agree with the sign of the dif-
ference are colored. Contours denote zero value. The change is nor-
malized by the tropical (30°S-30°N) mean for each model before
making composition, and then multiplied by 28 models mean tropical
SST change (2.74 K). From Mizuta et al. (2014)

we could not afford to execute these simulations due to the
limitation of computer resources and time to meet the dead-
line of CMIP5 mandatory experiments.

2.5 Ensemble simulations

For the purpose of evaluating the sensitivity of model
response to the future SST pattern, we have conducted the
ensemble simulations forcing the 20-km and 60-km mod-
els with four different SST distributions (Fig. 1). In case of
the 60-km model, the dependence of model response upon
cumulus convection processes was evaluated with the multi-
ple simulations giving three different convection schemes in
the present-day climate and the future climate simulations.

In order to estimate and evaluate the uncertainty of simu-
lations due to the internal natural variability of atmosphere,
we expanded the present-day climate simulations initiat-
ing from different atmospheric initial conditions using the
20-km and 60-km models. Owing to the limitation of com-
puter resources, we could conduct only a single simulation
for the future climate. The experimental design and the defi-
nition of simulation names are summarized in Table 1. The
model and experimental design is the exactly the same as
those in Kusunoki (2017a).
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Table 1 Definition of simulation names

Model Grid size (km) Cumulus Sea surface temperature (SST): Observation by the Ensem-
convection® HadISST1(Rayner et al. 2003) ble size
Present-day climate: 1983-2003, 21 years
MRI-AGCM3.2S 20 YS SPYSnn® 2
MRI-AGCM3.2H 60 YS HPYSnn 2
MRI-AGCM3.2H 60 AS HPASnn 2
MRI-AGCM3.2H 60 KF HPKFnn 2
Model Grid size (km) Cumulus Sea surface temperature (SST): Projections by the CMIPS Ensem-
convection® AOGCMs for the emission scenario RCP8.5 ble size
Cluster 0 Cluster 1 Cluster 2 Cluster 3
MME
Future climate: 2079-2099, 21 years
MRI-AGCM3.2S 20 YS SFYSCO SFYSCl1 SFYSC2 SFYSC3 1
MRI-AGCM3.2H 60 YS HFYSCO HFYSC1 HFYSC2 HFYSC3 1
MRI-AGCM3.2H 60 AS HFASCO HFASCI1 HFASC2 HFASC3 1
MRI-AGCM3.2H 60 KF HFKFCO HFKFC1 HFKFC2 HFKFC3 1

First character of simulation name denotes horizontal resolution: S =20 km, H=60 km

Second character denotes the target period: P present-day, F future

Third and fourth characters denote the type of cumulus convection scheme

CMIP5 The fifith phase of the Couple Model Intercomparison Project, AOGCM atmosphere—ocean general circulation model, RCP representa-

tive concentration pathway, MME: multi-model ensemble

#Yoshiumura (YS): Yoshimura et al. (2015), Arakawa-Schubert (AS): Randall and Pan (1993), Kain-Fritsch (KF): Kain and Fritsch (1990)
°nn denotes the number of ensemble member with different atmosphertic initial conditions: nn=01, 02

3 Observation data to evaluate model
performance

We used the One-Degree Daily data (1dd) provided by the
Global Precipitation Climatology Project (GPCP) v1.2 made
by Huffman et al. (2001) covering 17 years from 1997 to
2013 to evaluate model performance in the present-day cli-
mate simulations. Horizontal grid size of this dataset is 1.0°
in longitude and latitude, which is equivalent to a interval of
about 110 km over the Panama region. As the horizontal res-
olution of the 20-km and 60-km models is relatively higher
than conventional atmospheric models, we choose the GPCP
1ddv1.2 precipitation due to its higher horizontal resolu-
tion than other conventional observed precipitation. On the
other hand, the GPCP 1ddv1.2 data only cover the part of

Table 2 Observational data of precipitation used in this study

target period of simulations from 1983 through 2003. Pen-
tad and monthly data are constructed by daily precipitation
data. Before the calculation of skill scores, we interpolated
model data onto the 1° grid system in the GPCP 1dd data.

The skill of model performance is affected by the selec-
tion of observational data, because observations have some
ambiguities (Sperber et al. 2013). The monthly data of GPCP
v2.2 compiled by Adler et al. (2003) are utilized for 21 years
from 1983 through 2003. These data cover the whole period
of the present-day simulation (1983-2003). The grid size
of this dataset is 2.5°, corresponding to a spacing of about
270 km in the Panama region (Table 2).

The pentad mean and monthly mean dataset of the Cli-
mate prediction center Merged Analysis of Precipitation
(CMAP) v1201 constructed by Xie and Arkin (1997) are

Name Time resolution Spatial resolution Period Region References

GPCP 1ddv1.2 Day 1.0° 1997-2013, 17 years Global Huffman et al. (2001)
GPCP v2.2 Month 2.5° 1983-2003, 21 years Global Adler et al. (2003)
CMAP v1201 Month 2.5° 1983-2003, 21 years Global Xie and Arkin (1997)
TRMM 3B43 v7 Month 0.25° 1998-2013, 16 years 50°S-50°N Huffman et al. (2007)

GPCP Global Precipitation Climatology Project, /dd the one-degree daily data, CMAP climate prediction center merged analysis of precipita-

tion, TRMM the tropical rainfall measuring mission
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also used for 21 years from 1983 to 2003. The grid size of
this dataset is 2.5°.

Moreover, monthly mean dataset of the Tropical Rainfall
Measuring Mission (TRMM) 3B43 v7 provided by Huffman
et al. (2007) are utilized for 16 years from 1998 to 2013. The
grid size of this dataset is 0.25° corresponding to a spacing
of about 27 km in Panama domain. However, data coverage
area is limited to a latitude zone ranging between 50°S and
50°N.

Table 3 compares the characteristics of observational pre-
cipitation data referred in the verification of models.

Table 3 Indices of extreme precipitation events

4 Present-day climate

The rainy season of Panama has long duration time from
May to November (Enfield and Alfaro 1999; Giannini et al.
2000; Nakaegawa et al. 2015). Figure 2 compares observed
precipitation with simulations for summer (June—August)
which is in the middle of rainy season over Panama. In the
observations by Fig. 2(1)—(3), precipitation is larger on
the Pacific Ocean side than on the Caribbean Sea side. In
the higher horizontal resolution observation of TRMM by
Fig. 2(4), precipitation tends to be smaller over land than

Index Name Definition Unit
PAVE Annual precipitation Annual average precipitation mm day™!
R5d Maximum 5-day precipitation total Annual maximum of consecutive 5-day precipitation mm
PMAX Maximum 1-day precipitation total Annual maximum of daily precipitation mm
CDD Consecutive dry days Annual maximum number of consecutive dry days (precipita-  day

tion < 1 mm)

Precipitation (mm/day) Season = sum

0BS: GPCP1.0deg, GPCP2.5deg, CMAP2.5deg, TRMM3B43 0.25deg

Model : Present—day climate

(1) GPCP 1ddv1.2
1997-2013, 17yr

(2) GPCP v2.2

1983-2003, 21yr

1983—-2003, 21 years

(4) TRMM3B43v7
1998-2013, 16yr

(3) CMAP v1201
1983-2003, 21yr

10N
oaN{,

8N
N

(b) HPYSO1

(c) HPASO1

(f) HPYS02

[

(9) HPAS02

82w 80W 78W

Fig.2 The climatology of summer (June—August) precipitation over
Panama. Unit is mm day~'. 1-4 Observation (Table 2). a The sim-
ulation of SPYSO01 averaged for 1983-2003 (21 years). b Same as a
but for HPYSO1. ¢ Same as a but for HPASOI. d Same as a but for
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age (Table S1). Black lines at 82.5°W show the location of latitudinal
cross section of Figs. S2 and S3
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over sea as well as larger precipitation on the Pacific Ocean
side. The present-day simulations using the 20-km model
(Fig. 2a, e) reproduce observed distribution well. As for the
60-km model implemented with the YS scheme (Fig. 2b, f),
smaller scale precipitation features over land are not well
simulated due to coarser horizontal resolution compared to
the 20-km model (Fig. 2a, e). In case of the 60-km model
implemented with the AS scheme (Fig. 2¢, g) and with KF
(Fig. 2d, h), smaller scale precipitation features over land
are also not well simulated. As for the 60-km model imple-
mented with the AS scheme (Fig. 2c and g), precipitation
in the western part of Panama is underestimated compared
with observations by Fig. 2(1), (2), (4). For the 60-km model
implemented with the KF scheme (Fig. 2d, h), precipitation
over land is overestimated. Small scale topographic struc-
ture represented by the 20-km model may lead to improve
the simulation of summer precipitation over Panama (Figs.
S1 and S2).

The simulations of second atmospheric initial conditions
(Fig. 2e—h) is almost identical to those of the first atmos-
pheric initial conditions (Fig. 2a—d), indicating the distribu-
tion of precipitation is not sensitive to atmospheric initial
condition.

The 20-km and 60-km models (Fig. 2a—h) tend to have a
band of drier condition over the Caribbean coast of panama,
especially SPYSO1 (Fig. 2a) and SPYS02 (Fig. 2e) simula-
tions. This may be attributed to forced upward motion by
model topography (Fig. S3). In summer (June to August),
prevailing low level humid wind is easterly or northeasterly
over Panama (Fig. S4). Therefore, orographic precipitation
tends to concentrate over mountains as well as lee side of
winds. In contrast, this concentration of precipitation leads
to the relatively small rainfall over the Caribbean coastal
side of Panama.

In case of the MME average (Fig. 2i) of the CMIP5
atmospheric models (Table S1), simulations slightly cap-
ture the smaller precipitation on the sea side of the Carib-
bean Sea, but fails to reproduce small scale structure owing
to lower horizontal resolution compared to the 20-km
(Fig. 2a, e) and 60-km models (Fig. 2b—d, f-h). If we look
into individual CMIP5 models (Fig. S5), many of models
over estimate precipitation over whole Panama region and
only several models (Figs. S5d, e, n, o, p) show the smaller
precipitation on the Caribbean Sea side.

The bias as well as Root Mean Square Error (RMSE)
of models were evaluated against the observation of GPCP
1ddv1.2 (Fig. 3a). Colored characters denote the 20-km
model (S) and the 60-km model (H). Different colors indi-
cate different cumulus convection schemes. Black characters
and marks show the CMIP5 models. Both the 20-km and
60-km models show relatively smaller bias and RMSE than
individual CMIP5 models (Table S1). Smaller biases of the

20-km and 60-km models (Fig. S6 as compared with those
of CMIP5 models (Fig. S7) are also confirmed by the distri-
butions of individual models.

We plotted observations by the GPCP data with 2.5° grid
size (green diamond) and the CMAP data with 2.5° grid size
(green square) to show the uncertainty of observation. The
spread among observations (green marks) is less than that
of models (black and colored characters).

We have also calculated the skill of spatial distribution
of precipitation derived from the MME average of CMIP5
models (black circle). We also evaluated the average skill
using the individual CMIP5 models (AVM, black square).
Firstly, we calculated the skill of spatial pattern of precipi-
tation reproduced by individual models. Then, we averaged
all the 24 skill scores to get AVM. If the skill measure is a
linear operation such as average and bias, the AVM exactly
coincides with the MME average. If skill measure is a non-
linear operation such as RMSE, correlation coefficient and
standard deviation, the MME average differs from the AVM.
In Fig. 3a, the RMSE of the MME average (black circle) is
less than that of most CMIP5 models and the AVM. This is
in line with previous studies indicating that the MME aver-
age tends to be better than individual model skill in model
experiments (Lambert and Boer 2001; Gleckler et al. 2008;
Reichler and Kim 2008; Kusunoki and Arakawa 2015;
Kusunoki 2017b). The RMSEs and biases of the 20-km and
60-km models (colored characters) are less or equal to that
of MME average (black circle) and the AVM (black square).

In addition to RMSE and bias, we introduced the Taylor
diagram (Taylor 2001) to graphically illustrate the spatial
correlation coefficient between observation and the simula-
tions as well as spatial standard deviation (Fig. 3b). In the
Taylor diagram, the radial distance from the origin point is
set be proportional to the standard deviation of a simulated
spatial pattern normalized with the observed standard devia-
tion. The radial distance of one means perfect simulation as
to standard deviation of spatial distribution. The angle from
the y-axis specifies the correlation coefficient between the
observed and simulated distribution. The location of green
circle means the perfect simulation. Similar to Fig. 3a, two
other observations as well as the MME average and the
AVM are shown. In this diagram, 10 CMIP5 models (a, d,
h, i, I, m, n, o, u, v) out of 24 models are plotted out of the
quadrant domain, while all the 20-km and 60-km models
are plotted in the domain. In terms of Taylor diagram, the
performance of the 20-km and 60-km models (colored char-
acters) are higher than or equal to the CMIP5 individual
models (black characters), those of the MME average (black
circle) and the AVM (black square).

Further, we have calculated the RMSE of precipitation
over Panama for all four seasons and annual mean (Fig. S8).
The RMSE in summer tends to be larger than other seasons,
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Fig. 3 Skill of summer pre-
cipitation simulated by models
verified against the GPCP

1dd v1.2 data (green circle)
over Panama (83.5°-77°W,
7°~10°N). The target domain

is the same as in Fig. 2. Green
marks denote other observations
(Table 2). Colored characters 15

Precipitation

Season=sum

Region= panama

OBS: GPCP1DDv1.2 1997-2013
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deviation of the observation in

the domain is shown above the

panel
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1 o.99
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suggesting the simulation of summer precipitation is most
difficult of all four seasons. In general, the RMSEs of the
20-km and 60-km models are less than or equal to the indi-
vidual CMIP5 models (black line) and the AVM (green line)
except for HPKF (blue line) in autumn. The RMSEs of the
MME average of CMIP5 model (green circles) is the small-
est of all the model except for summer. Some of the 20-km
and 60-km models shows comparable performance in terms
of MME average (green circles).

Seasonal March of ITCZ over the Central America
including Panama (83.5°-77.0°W, 10°S—15°N) is well repro-
duced with the MRI-AGCM3.2 models (Fig. S9) and CMIP5
models (Fig. S10). The MRI-AGCM3.2 models generally
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overestimate precipitation for the latitudes for 10°S—15°N,
but the 60-km models with the AS scheme (Fig. S9c and
S9¢) tend to underestimate precipitation in the rainy season
over Panama (7°~10°N). The ITCZ simulated by the CMIP5
models simulate excessive rainfall (Fig. S12). In terms of
quantitative skill measures, the MRI-AGCM3.2 models are
superior or similar to the CMIP5 models as to precipitation
over the latitudes for equator to 15°N (Fig. S13) and over
Panama from 7° to 10°N (Fig. S14).

In summary, the 20-km and 60-km models perform bet-
ter than the CMIPS5 models as to seasonal and annual mean
precipitation, and seasonal March of ITCZ over Panama.
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Precipitation change (F—P)/P (%) Season
1983—-2003 21 years
Future rcp8.5 2079—-2099 21 years
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Fig.4 Future changes (2079-2099) in summer (June—August) pre-
cipitation (%) from the present-day climatology (1983-2003). Change
is normalized by the present-day climatology. Hatched regions show
changes above the 95% significance level based on Student’s t test.
The ensemble average is used for the present-day climate simulations.
1 st row: a—e The 20-km model with the YS scheme. 2nd row: The
60-km model with the YS scheme. 3rd row: The 60-km model with

5 Future climate change
5.1 Changes in summer precipitation

Future precipitation changes in summer (June—August)
projected by the 20-km and 60-km models are depicted
by Fig. 4. As for SFYSCO (Fig. 4a), the preset-day climate
SPYSEA is obtained by averaging two simulations SPYS01
and SPYSO02. Future change is calculated by subtracting the
present-day climate SPYSEA from the future simulation
SFYSCO. Then, this change is converted into the ratio to the
present-day climatology SPYSEA. Similar method is applied
for SFYSC1 (Fig. 4b), SFYSC2 (Fig. 4c) and SFYSC3
(Fig. 4d) simulations. As for the 60-km model (Fig. 4f—i,
k—n, p-s), future changes are obtained using the present-day
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the AS scheme. 4th row: The 60-km model with the KF scheme. 5th
row: The ensemble average of 60-km model with the three convection
schemes (2nd to 4th rows). Ist column; a, f, k, p, u Simulations with
the SST cluster CO. 2nd column: Simulations with C1. 3rd column:
Simulations with C2. 4th column: Simulations with C3. 5th column:
The ensemble average of simulations with the four SSTs (1st to 4th
columns)

and future simulations implemented with the same cumulus
convection schemes.

The Student’s t test method was applied to calculate statis-
tical significance of changes using variances of year-to-year
variability. Since the degree of freedom (DOF) in ensemble
simulation is much larger than individual simulations, we
can enhance statistical significance of future change derived
by ensemble simulations.

As for SFYSCO (Fig. 4a), precipitation increases over
ocean, but decreases over land. This spatial pattern is
similarly represented in simulations for other SSTs of C1
(Fig. 4b), C2 (Fig. 4c) and C3 (Fig. 4d). As a result, the
ensemble average (Fig. 4e) shows the increase of precipi-
tation over oceans and decrease over land. In the case of
60-km model using the YS scheme (Fig. 4f—1; the 2nd row),
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Variance ratio Precipitation Change

Season=sum

P:1983—2003, 21 years, HPA* 3 cumulus convections
P:2079-2099, 21 years, HFA* 3 cum x 4 SST = 12 runs
Change ratio =(F-P)/P (%) Hatch:95% significant

(a) Cumulus / Total (%)

(b) SST / Total (%)

(c) Cumulus / SST (%)

"
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82w 80w 78W
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%

Fig.5 A two way of ANalysis Of VAriance (ANOVA; Storch and
Zwiers 1999) applied to future summer (June—August) precipitation
changes by 12 ensemble simulations of the 60-km model with respect
to three different cumulus convection schemes and four different SST
distributions (Fig. 4f-i, k-n, p-s). a Relative contribution of cumu-

the reduction of precipitation is restricted in the western
part of Panama. Similar change pattern is also presented for
the 60-km model using the AS scheme (Fig. 4k—o; the 3rd
row) like the 60-km model using the YS scheme (Fig. 4f—j),
but the increase of precipitation over oceans is much larger.
As for the 60-km model using the KF scheme (Fig. 4p—t;
the 4th row), precipitation increases over the whole domain.
In terms of ensemble average (Figs. 4u-x: the bottom row)
with respect to the different cumulus convection schemes,
spatial distributions of change are almost similar. On the
other hand, in terms of ensemble average (Fig. 4e, j, o, t; the
last column) with respect to the different SST distributions,
spatial distributions of change differs, especially the 60-km
model implemented with the KF scheme (Fig. 4t). This sug-
gests that future precipitation changes largely depend upon
cumulus convection scheme and not to SST distribution. The
increase of precipitation over the eastern part of Panama
represented in the ensemble average based on the 60-km
model (Fig. 4y) is larger than that that of the 20-km model
(Fig. 4e). This is due to the significant precipitation increase
over the eastern part of Panama in the simulation by the
60-km model implemented with the AS scheme (Fig. 4k—o;
the third row) and KF scheme (Fig. 4p—t; the fourth row).

5.2 What controls precipitation change, cumulus
convection scheme or SST?

For the purpose of evaluating the relative contribution of
cumulus convection scheme and SST upon precipitation
change in the future, we have applied a two way of ANaly-
sis Of VAriance (ANOVA; Storch and Zwiers 1999) to the
future precipitation changes projected by the twelve-member
ensemble simulations of the 60-km model (Fig. 4f—i, k-n,
p—s). The ensemble simulations consist of the combination
of three kinds of cumulus convection schemes (YS, AS, KF)
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lus convection scheme as the ratio to the total variance (%). b Rela-
tive contribution of SST as the ratio to the total variance (%). ¢ Ratio
(%) of the variance by cumulus convection scheme (a) to the variance
by SST (b). Hatches show regions above the 95% significance level
based on F test

and four kinds of SST distributions (CO, C1, C2, C3). The
ANOVA is able to quantitatively divide the total variance
into the relative contributions of the variances arising from
variations in cumulus convection schemes and SST distri-
butions. Test S1 explains the details of method. Figure 5a
depicts the contribution of cumulus convection scheme to
the total variance of 12 simulations (Fig. 4f—i, k—n, p—s). The
ratio exceeds 80% over most part of Panama. In contrast,
the contribution of SST is small (Fig. 5b). As a result, it is
recognized that the effect of cumulus convection scheme is
stronger than that of SST as to change in summer precipita-
tion over Panama projected by the 60-km model (Fig. 5¢).

5.3 Precipitation change in each month

Figure 6 illustrates the future precipitation changes as to
all months derived from all simulations. If we consider that
the number of simulation conducted with the 60-km model
(three convection schemes) is three times larger than that
with the 20-km (one convection scheme), simple average
would put too much emphasis on the 20-km model. This
leads to biased and inhomogeneous sampling. Therefore, in
this paper we consistently give three times larger weight for
the 20-km model than for the 60-km model when we make
the ensemble average using the 20-km and 60-km models.
We calculated the variance in the same weighting method to
evaluate the statistical significance of future change.

As for January (Fig. 6a). precipitation increases over
oceans with statistical significance (hatched region), but
precipitation decreases over some regions in the western and
central part of land without statistical significance. In Feb-
ruary (Fig. 6b) and March (Fig. 6¢), distribution of change
patterns are approximately similar to January case (Fig. 6a)
with some differences in the location of area where precipi-
tation decreases. In April (Fig. 6d), precipitation generally
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Fig.6 Future changes in
monthly precipitation projected
by the all simulations. SFY-
SEA-SPYSEA and HFEAEA-
HPEAEA are averaged, giving
three times larger weight for the

SP* HPx* :

(a) January

Precipitation change (F—P)/P (%) W20km=3
Present—day
SF* HFx : Future rcp8.5 2079—2099 21 years
Hatch: 95% significant
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20-km model than the 60-km
model. Unitis %. Hatched
regions show changes above
the 95% significance level. In
the g, the red box indicates the

75

target region (79.0°-80.5°W,
8.5°-9.5°N) for Figs. 8 and
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increases in the whole domain, but the statistical signifi-
cance is low in the western part of Panama. From May to
September (Fig. 6e—i) which corresponds the rainy season
of Panama, precipitation increases over oceans and the cen-
tral and eastern part of Panama, but precipitation decreases
over the land of western Panama. Increase of precipitation
over oceans from June to September (Fig. 6f-i) is larger
than that in January to May (Fig. 6a—e). From October to
December (Fig. 6j-1), change patterns are nearly similar to
those in January to March (Fig. 6a—c), although the decrease
of precipitation over the western part of domain in October
is larger than that in any other months. Precipitation con-
sistently increase over oceans and the central and eastern
part of Panama from May to September. This suggest the
precipitation during the rainy season will increase over these
area in the future.

Future precipitation increase in rainy season over Panama
is consistent with the previous studies based on CMIP3 mod-
els, CMIP5 models and the MRI-AGCM3.2H (Fig. 14.19 in
Christensen et al. 2013), although their projections are based
on the SSTs of former generation CMIP3 models and former
generation emission scenario of A1B.

-30-20-10 O
%

10 20 30

5.4 Why precipitation changes?

The future precipitation change are tightly connected to the
change in the large scale motion of atmosphere. Figure 7a
illustrates the vertically integrated water vapor flux (arrow)
for July corresponding to the middle of the rainy season of
Panama. In the same panel, we also showed the precipitation
rate converted from the convergence of flux (color). Increase
of precipitation over most regions (Fig. 7b) can be attributed
to the increase of water vapor advected from the Caribbean
Sea which converges over Panama. Convergence over the
western part of Panama is smaller than other regions, which
is not consistent with the decreased precipitation change
(Fig. 7b). This may be partly due to the low horizontal reso-
lution of water vapor and wind field with 1.25° grid size.
We could not archive 3-dimensional wind and moisture field
in the original horizontal resolution of 20-km and 60-km
because of huge data amount. The 1.25° grid size corre-
sponds to about 138 km spacing which is too coarse to repre-
sent high mountains in the western part of Panama. The lack
of orography effect in the 3-dimensional wind and mois-
ture field may lead to the discrepancy between precipitation
change (Fig. 7b) and moisture convergence (Fig. 7a) over
the western part of Panama. Figure 7 is based on ensemble
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Month = July skill=NO W20km=3

SP* HP* : Present—day 1983—2003 21 years
SF* HF* : Future rcp8.5 2079—2099 21 years
Hatch, Arrow: 95% significant

(a) Moisture flux (b) Precipitation

L XN

3-2-10 1T 2 3
mm/day

—> 100 Kg/(m#s)

Fig.7 Comparison between water vapor flux change and precipita-
tion change for July. The ensemble averages of all simulations with
three times larger weight for the 20-km model than the 60-km model
are illustrated. a The vertically integrated water vapor flux (arrow;
kg m~'s ~!) and its convergence (shading; mm day~'). The unit of
convergence is converted to mm day~! assuming the density of liquid
water as 1 g cm™>. Arrow is plotted only if change is above the 95%
significance level. b Precipitation. Hatched regions show changes
above the 95% significance level. Same as Fig. 6g but for different
unit

average which might mix up correspondence between flux
convergence and precipitation change in each runs.

Rauscher et al. indicated that a future southward displace-
ment of the ITCZ resulting in a wetter panama and drier
northern Central America. Our results are partly consist-
ent with their results in that some part of Central America
show drier condition (Fig. S15). However, southward shift
of ITCZ is not so evident in our case (Figs S15-18). In our
experiments, change of precipitation over Panama is largely
determined by two mechanisms. One is the precipitation
increase over the ITCZ without any large location change
of the ITCZs (Fig. S16). This mechanism determines large
scale structure of precipitation change over Panama region.
The other is the orographic effect. Increased moisture trans-
port from Caribbean sea to Panama (Fig. 7a) enhances oro-
graphic precipitation on the lee side of mountains resulting
in the decrease of precipitation over mountains in western
part of Panama (Fig. S16). This second mechanism deter-
mines small scale structure of precipitation change over
Panama region.

5.5 Regional average precipitation
over the Panama canal

We further investigated the seasonal March of precipitation
averaged over the Panama canal, the Gatun lake and related
river basin (79.0°-80.5°W, 8.5°-9.5°N). The red box in
Fig. 6g defines the target region. Figure 8a illustrates the
observed and simulated pentad precipitation in the present-
day climate. The model simulation is the total ensemble
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Panama: Lon=80.5—79W Lat=8.5—-9.5N

OBS :GPCP 1dd, GPCP 2.5deg, CMAP 2.5deg
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SF*x HF* : Future 2079-2099, 21 years

Closed circle: 95 % significant
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Fig.8 Time evolutions of pentad mean precipitation averaged over
the Panama canal throughout the year. The target region (79.0°—
80.5°W, 8.5°-9.5°N) is indicated by the red box in Fig. 6g. Unit is
mm day~'. The ensemble averages of all simulations with three times
larger weight for the 20-km model than the 60-km model are illus-
trated. a Observations of GPCP 1ddv1.2 (black) and the present-day
climatology by the models (blue). b The present-day climatology
(blue) and the future climatology (red). ¢ Future change (green).
Closed circles show changes above the 95% significance level

averages using the 20-km and 60-km models. The model
simulates very well not only the amount of precipitation but
also the date of onset and retreat of rainy season. Individual
simulations (Fig. S19) also simulate well the time evolution
of precipitation except for the 60-km models implemented
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Fig.9 Future changes in
extreme precipitation events
(annual statistics, Table 3)
projected by the all simulations.
Unitis %. Hatched regions
show changes above the 95%
significance level. a Annual pre-
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with the KF scheme (HPKF, green lines). Figure 8b com-
pares the present-day climate simulations and future climate
simulations. Future precipitation will increases during the
rainy season from May to October. In contrast, the date of
onset and retreat of rainy season is almost same. On the other
hand, precipitation in dry season from December to April
does not change in the future. See Fig. S20 for individual
simulations. Future increase of precipitation in the rainy
season is statistically significant (Fig. 8c). Individual simu-
lations (Fig. S21) also show similar change, although the
60-km models with the KF scheme (HFKF, green lines) only
project decrease of precipitation in May. These result sug-
gest that the planning of water resource management for the
Panama canal may require some modification in the future.

The CMIP3 models, CMIP5 models, MRI-AGCM3.1
(Fabrega et al. 2013) and the MRI-AGCM3.2H project larger
precipitation increase in rainy season than in dry season
(Christensen et al. 2013). Our results are partly consistent
with their findings, although their projections are based on
the SSTs of former generation CMIP3 models and former
generation emission scenario of A1B.

5.6 Extreme precipitation events

Three indices were selected from ten measures of climate
extreme events defined in Frich et al. (2002). The simple
daily precipitation intensity index (SDII) is usually adopted
to verify climate models. The maximum 5-day precipitation
total (R5d) also define another precipitation intensity. Fur-
thermore, we adopted the maximum 1-day precipitation total
(PMAX) to measure most intense precipitation. In contrast,
consecutive dry days (CDD) is an index measuring dryness

80w

78W

of atmosphere and drought. For comparison, annual precipi-
tation (PAVE) is also calculated. Table 3 summarizes four
indices introduced here. These indices are based on annual
statistics. R5d and PMAX are regarded as appropriate indi-
cator to evaluate the potential of natural disaster such as
flood, inundation and land slide.

Figure 9a shows future changes of PAVE projected by
all simulations using the 20-km and 60-km models. PAVE
increases over almost all area except for the land in the west-
ern part of Panama. The spatial pattern of change in R5d
(Fig. 9b) is nearly same as that in PAVE (Fig. 9a), but the
increase of R5d over the Pacific Ocean is larger than that of
PAVE. The spatial pattern of change in PMAX (Fig. 9c¢) is
almost similar to that in R5d (Fig. 9b), but the increase of
precipitation of PMAX is larger than that of R5d. In terms
of regional average (RA), the increase of precipitation is
the largest for PMAX (Fig. 9¢) but the smallest for PAVE
(Fig. 9a), indicating the increase of severe precipitation
event is much more distinct than that of weak and moderate
precipitation. These changes agree with the previous inves-
tigation over the CAC (Nakaegawa et al. 2014c) where the
MRI-AGCM3.1 is forced with SRES A1B SST. Also, this
tendency is consistent with previous studies by Kusunoki
and Mizuta (2013) and Kusunoki (2017a, b), although their
target region is East Asia and global domain.

On the other hand, CDD increases over most regions over
Panama (Fig. 9d), suggesting the increase of possibility of
drought. The increase of intense precipitation as well as
drought means the modification of water resource manage-
ment in the future, especially over the Panama canal and
related river basin regions.
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6 Conclusions
Our results are summarized as follows:

1. The performance of MRI-AGCM3.2 models is higher
than or similar to CMIP5 atmospheric models with
respect to the geographical distribution and seasonal
March of precipitation over Panama.

2. In the future, precipitation will increase over the central
and eastern part of Panama from May to November cor-
responding to the rainy season of Panama.

3. Uncertainty of future precipitation change depends on
cumulus convection schemes rather than SST distribu-
tions.

4. Increase of precipitation over most regions can be attrib-
uted to the increase of water vapor transport originating
in the Caribbean Sea which converges over Panama.

5. Precipitation averaged over the Panama canal, the Gatun
lake and related river basin will increase during the rainy
season from May through October, while precipitation
in dry season from December through April does not
change in the future.

6. Due to annual statistics, intense precipitation increases,
whereas the possibility of drought increases over Pan-
ama.

7. These future change in precipitation suggest that the
planning of water resource management for the Panama
canal may require some modification in the future.
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