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Model (GCM) runs are compared with Global Precipitation 
Climatology Project (GPCP) and Tropical Rainfall Meas-
uring Mission (TRMM) observations. Similarities and dif-
ferences between the GCM simulations and observations 
are analyzed with the intent of quantifying magnitude-, 
location-, and width-based biases within the GCMs. Com-
parisons show that most of the GCMs tend to simulate a 
stronger, wider ITCZ shifted slightly northward compared 
to the ITCZ in GPCP and TRMM observations. Compari-
sons of CMIP and AMIP simulated precipitation using like-
models were found to be nearly equally distributed, with 
roughly half of GCMs showing an increase (decrease) in 
precipitation when coupled (decoupled) from their respec-
tive ocean model. Further study is warranted to understand 
these differences.

Keywords  GCM · Global climate models · GCM 
precipitation · Model precipitation · AMIP · CMIP · 
CMIP5 · Climate change · ITCZ · GCM bias

1  Introduction

As described in chapter  9 of the Intergovernmental Panel 
on Climate Change (IPCC) 5th Assessment Report (AR5) 
(Flato et  al. 2013), the majority of the general circulation 
models (GCMs) underestimate the sensitivity of extreme 
precipitation to temperature variability or trends, especially 
in the tropics, which implies that the models may under-
estimate the projected increase in extreme precipitation 
in the future. Kendon et al. (2014) studied the intensifica-
tion of extremes with climate change on a regional scale 
over the United Kingdom using a model generally used for 
weather forecasting with a grid spacing of 1.5  km. Ken-
don et al. (2014) found that a warmer climate produced an 
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increase in winter hourly rainfall intensities and an increase 
in high-intensity summer precipitation events indicative of 
flash flooding. To understand how future climate change 
might impact precipitation at various scales, it is imperative 
for us to accurately simulate and predict past and present 
precipitation.

The treatment of clouds and precipitation in climate 
models and their associated feedbacks have long been 
one of the largest sources of uncertainty in predicting any 
potential future climate changes. Although many improve-
ments have been made in Phase 5 of the Coupled Model 
Intercomparison Project (CMIP5) (Lauer and Hamilton 
2012; Wang and Su 2013; Li et al. 2013; Klein et al. 2013; 
Chen et al. 2013), clouds, precipitation, and their feedbacks 
are still a problem in climate models as concluded in the 
IPCC AR5 (2013), and illustrated in many studies (e.g., 
Jiang et al. 2012; Stanfield et al. 2014, 2015; Dolinar et al. 
2015a, b). Many studies (e.g., Stanfield et al. 2014, 2015; 
Dolinar et  al. 2015a, b) have shown that modeled clouds, 
radiation, and precipitation, agree with observations within 
a certain range on a global scale, however, large biases 
occur at the regional scale. For example, Dolinar et  al. 
(2015b) compared five reanalyzed precipitation rates (PRs) 
with PRs from the Tropical Rainfall Measurement Mission 
(TRMM) and found that while the reanalyzed PRs overes-
timate the large-scale TRMM mean (3.0 mm/day) by only 
0.1–0.6  mm/day, the reanalyses oversimulate PRs in both 
ascent and descent regimes with PR biases over the ascent 
regime being roughly an order of magnitude larger than 
those over the descent regime.

The intertropical convergence zone (ITCZ), a narrow 
east–west band of vigorous cumulonimbus convection and 
heavy precipitation (Holton et  al. 1971), is located in the 
ascent regime. In addition to the traditional North Pacific 
ITCZ, a well-known secondary ITCZ is often found in the 
southern tropics of many GCMs when they are coupled 
with their respective ocean model, resulting in a “double-
ITCZ” and excessive precipitation in zones south of the 
equator in the Atlantic and the Eastern Pacific (Lin 2007; 
Pincus et  al. 2008). The double-ITCZ has been a long 
standing problem within the GCMs. Hirota et  al. (2011) 
examined precipitation in many CMIP3 models and found 
that models with low skills scores, as defined by Taylor 
(2001), tended to have a stronger correlation with sea sur-
face temperatures (SSTs), a weaker correlation with verti-
cal motion (ω500), and tended to overestimate (underesti-
mate) precipitation over large-scale subsidence (ascending) 
regions when compared to models with higher skill scores. 
Other studies have also examined the interaction of the 
ITCZ and the equatorial Pacific cold tongue bias in the 
models (Misra et al. 2008; Li and Xie 2014; Li et al. 2015). 
In this study, we will focus on the traditional North Pacific 
ITCZ.

The goal of this study is to provide an accurate assess-
ment of regional precipitation simulated by the AMIP 
(Atmosphere Model Intercomparison Project) GCM exper-
iment under the Earth System Grid Federation (ESGF) 
Program for Climate Model Diagnosis and Intercompari-
son (PCMDI; Taylor et  al. 2012b). AMIP simulation runs 
use prescribed sea-surface temperatures, which eliminate 
potential biases caused by the coupled ocean models of 
the GCMs. Precipitation from 29 GCM AMIP simulations 
were thoroughly compared with GPCP (Adler et al. 2003) 
and TRMM (Huffman and Bolvin 2011) observations, as 
well as with their linked CMIP5 historical ocean-coupled 
runs. In this study, an algorithm has been developed to 
define the North Pacific ITCZ through several metrics with 
the intent of quantifying magnitude-, location-, and width-
based biases within the GCMs. The ITCZ is a major feature 
component of the global circulation, and serves as a good 
metric for testing the GCMs.

2 � Data

 In this study, precipitation from 29 AMIP simulations 
were compared with GPCP and TRMM observations, and 
to their CMIP historical counterparts where available. For 
our comparison, all data are interpolated to a standardized 
1° × 1° (latitude × longitude) grid using bilinear interpola-
tion. In order to account for the varied spatial resolutions 
of the GCMs (Table 1), as well as smoothing biases gener-
ated from our interpolations, GPCP and TRMM observa-
tions undergo two interpolations. The observations are first 
interpolated from their original resolutions to match the 
spatial grid of each respective GCM, and then the observa-
tions are interpolated a second time to the shared 1° × 1° 
grid for comparison. All data were downloaded from the 
ESGF PCMDI database for the period of January 2000 to 
December 2005, providing six full years of monthly data. 
This timeframe was chosen due to data availability as well 
as an effort to reduce the influence of the El Niño South-
ern Oscillation (ENSO), as it was found that this timeframe 
maintained a weak to moderate strength in the ENSO. 
Like months (e.g., all “January” months, etc.) are averaged 
together to generate the monthly means shown in this study.

2.1 � CMIP5 AMIP and historic GCM simulations

This study compares the precipitation products from 29 
AMIP GCM simulations with prescribed SSTs, which 
are available from the ESGF PCMDI database (Taylor 
et  al. 2012b). Each ensemble member within the ESGF 
PCMDI database is given three integers (N, M, L), in 
r<N>i<M>p<L> format to distinguish related simulations, 
where N is the realization number, M is the initialization 
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method indicator, and L is the perturbed physics number as 
described in Taylor et al. (2012a). Monthly data from each 
respective r1i1p1 GCM simulation is used in this study. In 
Sect.  4.3, historical ocean-coupled simulations are paired 
with AMIP simulations as outlined in Table 1.

2.2 � Gpcp

The Global Precipitation Climatology Project (GPCP, 
Adler et al. 2003) is part of the Global Energy and Water 
Cycle Exchanges Project (GEWEX) established by the 
World Climate Research Programme (WCRP). The GPCP 
product used in this study is the GPCP satellite-gauge (SG) 
monthly precipitation product, which provides monthly 

precipitation estimates on a global 2.5° × 2.5° grid based 
on a combination of data from geostationary satellites, 
polar satellites, surface reference data, and station observa-
tions. Uncertainty of precipitation in the GPCP-SG product 
is estimated at ~15 % (Huffman et al. 1997).

2.3 � Trmm

The Tropical Rainfall Measuring Mission (TRMM, Huffman 
and Bolvin 2011) precipitation product is generated through a 
combination of four sources: the TRMM precipitation radar 
data, passive microwave radiances at multiple frequencies 
and polarizations [observed from a mixed constellation of 
operational and research low-earth-orbit (LEO) satellites], 
thermal infrared brightness temperatures from geosynchro-
nous satellites, and surface precipitation gauge measurements 
(Huffman et al. 2007; Huffman and Bolvin 2011). This study 
uses the 3B43 monthly TRMM dataset with a native reso-
lution of 0.25° × 0.25° (latitude ×  longitude). The TRMM 
microwave imager is available between ±37° of latitude. An 
important difference between the GPCP and TRMM prod-
ucts is the inclusion of the precipitation radar on-board the 
TRMM satellite. Given the higher spatial resolution and abil-
ity of the precipitation radar to detect precipitating clouds, we 
expect the precipitation features identified by TRMM to be 
finer/sharper than features identified by GPCP.

The uncertainties of 3-h TRMM precipitation data are 
estimated at 90–120  % for light rain (<0.25  mm/h) and 
20–40 % for heavy rain (Habib and Krajewski 2002; Agha-
Kouchak et  al. 2009). Some of the uncertainties in the 
TRMM data are considered to be randomly scattered errors, 
which can be significantly reduced when averaged over 
space and time. However, TRMM data is also known to 
have up to a ~30 % positive bias during the northern sum-
mer when compared to other measurements (e.g., Nichol-
son et al. 2003), which cannot be removed through monthly 
averaging. It should be noted that at the time of this study, 
generation of the GPCP product does not include TRMM 
observations (Huffman and Bolvin 2012).

3 � Methodology

3.1 � Defining the area of focus (AOF)

In the IPCC AR5, it was concluded that the GCMs in 
CMIP5 contain systematic errors in the Tropics (IPCC 
AR5 Ch.9; Flato et al. 2013). To examine these systematic 
errors, we compare the modeled area-weighted mean pre-
cipitation within the tropics and subtropics (±40° latitude) 
with GPCP and TRMM observations (Fig.  1). Figure  1 
shows that all 29 of the GCM simulations examined in this 
study oversimulate precipitation compared to both GPCP 

Table 1   Summary of the 29 GCMs used in this study, along with 
their spatial resolution (longitude × latitude)

Models across from each other (horizontally) are considered to be 
linked when comparing historical and AMIP simulated precipitation 
in Sect. 4.3 of this study

# AMIP model Resolution Linked historical 
model

1 ACCESS 1-0 1.875 × 1.25 ACCESS1-0

2 ACCESS 1-3 1.875 × 1.25 ACCESS1-3

3 BCC-CSM1-1 2.8125 × 2.8125 BCC-CSM1-1

4 BCC-CSM1-1-m 1.25 × 1.25 BCC-CSM1-1-m

5 BNU-ESM 2.8125 × 2.8125 BNU-ESM

6 CCSM4 1.25 × 0.9375 CCSM4

7 CESM1-CAM5 1.25 × 0.9375 CESM1-CAM5

8 CMCC-CM 0.75 × 0.75 CMCC-CM

9 CNRM-CM5 1.4 × 1.4 CNRM-CM5

10 CSIRO-Mk3-6-0 1.875 × 1.875 CSIRO-Mk3-6-0

11 CanAM4 2.8125 × 2.8125 CanCM4

12 FGOALS-g2 2.815 × 3 FGOALS-g2

13 FGOALS-s2 2.815 × 1.666 FGOALS-g2

14 GFDL-AM3 2.5 × 2 GFDL-CM3

15 GFDL-HIRAM-C180 0.625 × 0.5 –

16 GFDL-HIRAM-C360 0.3125 × 0.25 –

17 GISS-E2-R 2.5 × 2 –

18 HadGEM2-A 1.875 × 1.25 –

19 INM-CM4 2 × 1.5 –

20 IPSL-CM5A-LR 3.75 × 1.875 IPSL-CM5A-LR

21 IPSL-CM5A-MR 2.5 × 1.25 –

22 IPSL-CM5B-LR 3.75 × 1.875 IPSL-CM5B-LR

23 MIROC5 1.4 × 1.4 MIROC5

24 MPI-ESM-LR 1.875 × 1.875 MPI-ESM-LR

25 MPI-ESM-MR 1.875 × 1.875 –

26 MRI-AGCM3-2H 0.5625 × 0.5625 –

27 MRI-AGCM3-2S 0.1875 × 0.1875 –

28 MRI-AGCM3 1.125 × 1.125 MRI-CGCM3

29 NorESM1-M 2.5 × 1.8947 NorESM1-M
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and TRMM observations between ±40° of latitude both 
annually (Fig. 1a) and seasonally (Fig. 1b–c). The annual 
mean precipitation from the GCM ensemble is ~13  % 
greater than both GPCP and TRMM observations (~3 mm/
day), with the GCMs ranging from 3.11  mm/day (IPSL-
CM5A) to 3.73 mm/day (INM-CM4). No strong seasonal 
variation is observed as shown in Fig. 1b, c.

Comparisons of annual mean precipitation between the 
GPCP, TRMM, and the GCM ensemble over ±40° lati-
tude for the 6-year study period are shown in Fig. 2. This 
comparison shows that the mean precipitation simulated by 
the ensemble of GCMs (Fig. 2c) is higher than both GPCP 
(Fig. 2a) and TRMM (Fig. 2b) observations, particularly in 
regions of large-scale ascent such as the North Pacific ITCZ.

Fig. 1   Comparisons of area-weighted mean precipitation a annually, 
in b January, and in c July between GPCP (black) and TRMM (red) 
observations and 29 GCM simulations used in this study over Tropi-
cal and sub-tropical regions (± 40° latitude). The black/red lines each 

represent the mean of GPCP/TRMM observations, respectively, while 
the blue line represents the GCM ensemble mean. All results are cal-
culated over the full study period, January 2000–December 2005
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To make proper comparisons between the GCM simu-
lations and observations, an area of focus (AOF) has been 
defined by the boundaries 2°S to 21°N and 180°W to 
110°W in this study (green box in Fig.  2). The selected 
AOF covers the full breadth of the ITCZ across all sea-
sons as demonstrated using GPCP and TRMM observa-
tions in Fig.  3. With the AOF defined by these bounda-
ries, we cover most of the precipitation simulated by the 
GCMs while also limiting exposure to exterior regional 
biases. These biases include spurious precipitation cells 
that occur north of the Pacific ITCZ in some GCMs which 
are strong enough to potentially distract the algorithm 
from properly identifying the ITCZ as well as potential 
land effects found outside of the eastern and western 
edges of the AOF.

3.2 � Defining the ITCZ and ITCZ metrics

In this study, an algorithm has been developed to analyze 
and compare the ITCZ simulated by each of the GCMs with 
collocated observations. The algorithm first outlines the 
boundaries of the ITCZ, and a variety of metrics are pulled 
based on these boundaries. An example of output from the 
algorithm is provided in Fig. 4 using monthly averaged pre-
cipitation in January simulated by the Australian ACCESS 
1–3 GCM. In detail, the algorithm first attempts to identify 
the upper and lower boundaries of the ITCZ band (orange 
lines in Fig. 4) across each degree of longitude within the 
AOF by identifying the longest continuous stretch of pre-
cipitation above a set monthly precipitation rate threshold. 
The monthly thresholds defined in this study vary by month 

Fig. 2   Annually averaged regional mean precipitation over  ±  40° 
latitudes from a GPCP and b TRMM observations and c the GCM 
Ensemble mean during the 6-year study period. The annual area-

weighted means for each dataset are shown on the upper right cor-
ner of the image. The green box in each image represents the Area Of 
Focus (AOF): 2°S to 21°N and 180°W to 110°W, defined in this study
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(4 mm/day from January to April, 6 mm/day from May to 
December). These thresholds were chosen based on our 
monthly analysis of TRMM and GPCP observations in the 
ITCZ. As demonstrated in Fig. 4, these thresholds can be 
used to clearly identify the boundaries of the ITCZ.

After defining the upper and lower boundaries, a cen-
terline (white line in Fig.  4) is derived as the midpoint 

between the upper and lower boundaries at each degree of 
longitude. When no values were found above the precipi-
tation threshold for a given longitude, the algorithm will 
either interpolate between the nearest two known points 
of the ITCZ centerline or extrapolate outward by find-
ing the average slope of the nearest 10 points. The width 
of the ITCZ, here after referred to as width of the band, is 

Fig. 3   Seasonal precipitation in the Pacific ITCZ from GPCP and 
TRMM observations. The green box in each image represents the 
AOF (2°S to 21°N and 180°W to 110°W) defined in this study. The 

regional mean represents the average amount of seasonal precipita-
tion within the AOF for the respective month during the 6-year study 
period

Fig. 4   A visual example defining Intertropical Convergence Zone 
(ITCZ) boundaries within the AOF using monthly data from the Aus-
tralian Access 1–3 in January. The green box is the AOF defined in 
this study, the orange lines represent the upper and lower boundaries 

of the ITCZ using the method described, and the white line represents 
the derived centerline based on upper and lower boundaries. White, 
green, and red dots indicate a gridded precipitation rate > 4, 5, and 
6 mm per day, respectively
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defined as the latitude of the upper ITCZ boundary minus 
the latitude of the lower ITCZ boundary. When all simu-
lated precipitation rates across a set degree of longitude are 
below the monthly thresholds, a value of zero is given for 
the width of the ITCZ at that longitude.

All metrics and comparisons in this study are calcu-
lated and shown against both collocated GPCP and TRMM 
observations. The only exception to this in the center-
line comparisons, where it was found that the centerlines 
derived from GPCP and TRMM observations predomi-
nately deviated by <1° of latitude. Therefore, centerline 
comparisons are conducted by comparing the GCM derived 
centerlines against the average of the GPCP and TRMM 
derived centerlines.

To examine the magnitude of simulated precipitation 
along the ITCZ, we first calculate the average of all points 
of precipitation within ±4° latitude of the observed cen-
terline for each GCM. These values are then compared to 
the average magnitude of precipitation observed from both 
GPCP and TRMM, which are both calculated as the aver-
age of all points of precipitation within ±4° latitude of 
the averaged observed centerline from each observation. 
It should again be noted that all observational fields have 
been interpolated twice; once from their native resolu-
tion to the spatial resolution of each GCM grid, and then 
a second time to convert back to the standardized 1° × 1° 
(latitude ×  longitude) grid during comparisons. This was 
done to provide a better apples-to-apples comparison by 
minimizing bias due to smoothing. The use of four degrees 
of latitude was chosen during analysis because using this 
range covered the full visible width of the observed ITCZ 
each month.

The overall precipitation bias found between the Pacific 
ITCZ simulated by each GCM and the ITCZ observed by 
GPCP and TRMM can generally be expressed as a combi-
nation of three partitions. These three partitions are shown 
in Fig.  5 using idealized distributions of precipitation 
across a set longitudinal line: positional/locational biases 
(Fig.  5a), magnitude/intensity biases (Fig.  5b), and biases 
in the width of the simulated ITCZ (Fig.  5c). The algo-
rithm developed in this study is designed to quantitatively 
estimate the strengths of these biases. These biases can be 
attributed to the physical parameterizations and dynamic 
schemes in different GCMs.

Comparisons have been made between CMIP and AMIP 
simulations using identical parameterizations in each 
GCM. It should be noted that while precipitation is a diag-
nostic property within the GCMs, precipitation has a feed-
back on the large-scale state, making it difficult to separate 
the contributions of dynamic schemes and physical param-
eterizations to precipitation biases.

The methods used to examine and compare the simu-
lated ITCZs in this study were chosen in an attempt to 

provide the most balanced and fair comparison between all 
CMIP5 GCMs. When developing the algorithm used in this 
study, three difficulties had to be overcome to provide a fair 
comparison: (1) Missing precipitation, (2) non-Gaussian 
distributions, and (3) spurious cells North of the ITCZ. For 
example, a few of the models severely undersimulated pre-
cipitation in the ITCZ, thus the west-east precipitation field 
was not continuous across the AOF. In these circumstances, 
the centerline of the ITCZ had to be estimated using inter-
polation or extrapolation based on the known centerline 
locations. While the observations showed a Gaussian-like 
distribution across a longitudinal line, many of the GCMs 
exhibited northerly skewed distributions of precipitation. 
An attempt was made to use an e-folding technique to iden-
tify the boundaries of the ITCZ, however, this attempt was 
unsuccessful because it could not treat all of the GCMs 
equally and fairly due to the non-Gaussian distributions of 
precipitation in many of the GCMs. These skewed distribu-
tions also limited our ability to use maximum precipitation 
as a centerline identifier. Many of the GCMs also showed 
large patches of high precipitation rates north of the ITCZ, 
which made it difficult to use a percentage-based system to 
identify the ITCZ boundaries. It is because of these chal-
lenges that we have chosen the threshold based method to 
derive ITCZ metrics.

4 � Results and discussion

The algorithm developed in this study has provided several 
metrics, allowing us to determine the magnitudes, loca-
tions, and width-based precipitation biases in the GCMs 
over the Pacific ITCZ compared to GPCP and TRMM 
observations. These metrics include the centerline position, 
the width of the ITCZ, and the magnitude of precipitation 
along the simulated ITCZ. We quantitatively examine these 
metrics using observations as the ground truth.

All barplots shown in Figs.  6, 7, 8, 9 follow the same 
overall design. Each month is color coded as shown in the 
legends. The horizontal black line in each of these figures 
represents a perfect match with the baseline metric when 
comparing with the modeled results. The observations are 
used as a baseline in Figs. 6, 7, 8, while CMIP results are 
used as the baseline in Fig. 9. Monthly values for each of 
the metrics presented are vertically stacked for each GCM, 
indicating that monthly values of each metric should be 
measured as the height of each respective bar for that month 
only. More specifically, the length of each bar should be 
compared to the scale length shown on the diagram. Tick 
marks along the y-axis of match the scale length presented 
in each figure. To alleviate potential confusion, values on 
the y-axis of these barplots have been removed, as includ-
ing values tends to suggest an incorrect cumulative nature.
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4.1 � Centerline and width of the ITCZ in AMIP 
simulations

Figure 6 shows the differences in ITCZ centerline position 
between each GCM simulation and the averaged centerline 
of GPCP and TRMM observations. Monthly values above 
(below) the horizontal black line represent months where 
the modeled ITCZ centerline of the respective GCM was 
found to simulated more northward (southward) compared 
to the averaged centerline of GPCP and TRMM obser-
vations. Note that monthly values in Fig.  6 are vertically 
stacked for each GCM, with a tick spacing of 2°.

Figure 6 has demonstrated that most of the GCMs tend 
to simulate the ITCZ centerlines northward compared to 
GPCP and TRMM observations, with the greatest shifts 
occurring in March. While most of the GCMs simulate 

the ITCZ centerlines northward, it is worth noting that 
both the Chinese BCC-CSM1-1 and the BCC-CSM1-1-m 
tend to shift the ITCZ centerlines southward compared 
to the observed centerline. Some models show prom-
ise, with low biases or by a balancing of northward and 
southward months, such as the ACCESS1-0, ACCESS1-3, 
CCSM4, CESM-CAM5, CanAM4, HadGem2-A, and the 
MRI-AGCM3.

Comparisons of the ITCZ widths between each GCM 
and the GPCP observation are shown in Fig. 7a, while com-
parisons with the TRMM observation are shown in Fig. 7b. 
Tick spacing shown in Fig. 7 is 4 degrees. Monthly values 
above (below) the horizontal black line represent months 
where the vertical width of the modeled ITCZ is wider 
(thinner) than the ITCZ observed by GPCP (Fig.  7a) or 
TRMM (Fig. 7b). Comparing Figs. 3 and 7, we found that 

Fig. 5   Three idealized examples of potential biases found when com-
paring GCM simulated (blue, red, or green) and observed (black) 
precipitation in the ITCZ: a location bias shown by a shift northward 
in the simulated ITCZ, b magnitude bias shown as an intensification 

of precipitation in the simulated ITCZ, and c width bias shown as a 
broadening of the simulated ITCZ, when compared to the observed 
ITCZ
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the width of the ITCZ observed by TRMM is thinner than 
the ITCZ observed by GPCP. The thinner band found in the 
TRMM observations is attributed to two factors: TRMM 
observations have a finer native resolution, and the TRMM 
satellite uses the on-board precipitation radar which is able 
to detect precipitating clouds but is insensitive to non-
precipitating clouds, while the GPCP product is primarily 
derived from satellite infrared brightness measurements 
where the cloud-top temperatures from precipitating and 
non-precipitating clouds are almost the same (Stenz et  al. 
2014, 2015).

Results shown in Fig.  7 show that most of the GCMs 
simulate a wider band of precipitation (above the horizon-
tal black line) in the Pacific ITCZ compared to both GPCP 
(Fig. 7a) and TRMM (Fig. 7b) observations. A few of the 
GCMs simulate the width of the ITCZ relatively close to 
the ITCZ observed from GPCP, such as the ACCESS1-3, 
CMCC-CM, IPSL-CM5A-LR, IPSL-CM5A-MR, MPI-
ESM-LR, MPI-ESM-MR, and the MRI-AGCM3. However, 
these models all simulate wider bands of precipitation more 
frequently when compared to the ITCZ observed from 
TRMM. The IPSL-CM5B-LR is the only model to simulate 
a thinner band of precipitation for nearly all months when 

compared to GPCP and TRMM. It should be noted that the 
precipitation produced by the IPSL-CM5B-LR drops below 
the monthly thresholds for large sections of the ITCZ. The 
differences shown between the French IPSL-CM5A-LR 
and IPSL-CM5B-LR are hypothesized to be a result of the 
changes made to parameterizations in the IPSL-CM5B-LR 
model (Dufresne et  al. 2012; Hourdin et  al. 2013). Inter-
estingly, the BCC-CSM1-1 and the BCC-CSM1-1-m sim-
ulations show opposite results compared to each other in 
Fig.  7, suggesting either a significant change in modeled 
dynamics or that differing spatial resolution of these two 
models may play a role.

4.2 � Magnitude of precipitation in AMIP simulations

Comparisons in the magnitude of precipitation between the 
GCMs and GPCP and TRMM observations are presented 
in Fig.  8a, b, respectively. The tick spacing in Fig.  8 is 
given as 4 mm/day. Monthly values above (below) the hori-
zontal black line represent months where the magnitude of 
precipitation in the ITCZ of the GCM is simulated stronger 
(weaker) than that of the respective observations. It should 
be noted that the biases in the magnitude of precipitation 

Fig. 6   Position of the ITCZ centerline as derived by our algorithm, 
shown as each respective GCM minus observations. Each month is 
color coded as shown in the legend. The horizontal black line found 
near the center of the diagram can be interpreted as the centerline 
derived from GPCP and TRMM observations. As such, if the colored 
bar is above (below) the black line, this suggests the centerline of the 
ITCZ simulated by a GCM is located more northward (southward) 

compared to observations. Each bar is vertically stacked for each 
respective GCM, meaning the bias found in each month should be 
measured as the length of respectively colored bar and not as the dis-
tance from the black line. Bars are stacked with January closest to 
the black bar, and expands outward, stacked vertically, progressing 
by month to December
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are prone to both magnitude and positional errors. Com-
paring GPCP and TRMM observations using the results 
from Fig. 8a, b shows only minor variations from month to 
month between the two comparisons.

It is shown in Fig. 8a, b that most of the GCMs simulated 
stronger precipitation compared to both GPCP and TRMM 
observations. A few models, namely the BCC-CSM1-1 and 
the suite of IPSL GCMs, simulated less precipitation than both 

Fig. 7   As in Fig. 6, except showing the width of the ITCZ as derived 
by our algorithm, calculated as the distance between the upper and 
lower boundaries of the ITCZ (orange lines the in Fig.  4), shown 
as each respective GCM minus a GPCP or b TRMM observations. 

The colored bars above (below) the horizontal black line represent 
months where the vertical width of the simulated ITCZ of the respec-
tive GCM was found to wider (thinner) than the observed ITCZ
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observations. Of the GCMs that were found to be oversimulat-
ing precipitation in the Pacific ITCZ, most of these GCMs had 
higher biases in the northern hemispheric summer months, 
with June showing the highest positive precipitation bias.

Based on our comparisons in Figs. 6, 7, 8, we can con-
clude that the models tend to simulate a stronger, wider 
ITCZ shifted slightly northward compared to the ITCZ in 
GPCP and TRMM observations.

Fig. 8   As in Fig.  6, except showing the magnitude of precipitation 
within the ITCZ as derived by our algorithm, shown as each respec-
tive GCM minus a GPCP or b TRMM observations. The colored bars 

above (below) the horizontal black line represent months where the 
precipitation of the respective GCM was found to simulated stronger 
(weaker) than that of the respective observations
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4.3 � Historical/CMIP versus AMIP simulations

The metrics derived in this study, the ITCZ Centerline, width 
of the ITCZ band, and precipitation magnitude, are prone 
to both positional/dynamic and magnitude/parameterization 
biases. To examine the strength and role of the coupled ocean 
dynamics/positional biases, we compare historical and AMIP 
simulations with identical parameterizations. In detail, the 
precipitation from 20 available historical and AMIP simula-
tions have each been averaged between ±4° latitude of the 
average observed centerline, and their differences are shown 
in Fig. 9 given as the historical simulation (CMIP) minus the 
AMIP simulation. Since the AMIP and CMIP versions of 
each model compared in Fig. 9 use the same parameteriza-
tions, their precipitation differences are highly attributed to 
dynamic/positional influences, which can be used to estimate 
the strength of the potential bias in each GCM. A list is pro-
vided in Table 1 to identify how this study has linked the his-
torical and AMIP simulations between GCMs.

In general, the comparisons of precipitation simulated 
by identical AMIP and CMIP versions of the model are 
nearly equally distributed around the black line (Fig.  9). 
More specifically, there is roughly an even split between 
three different scenarios where: (1) the CMIP version of 
the GCM simulated more precipitation than their AMIP 
counterparts (e.g., ACCESS1-3, CMCC-CM, CanAM4, 
IPSL-CM5, MIRCO5), (2) the CMIP version of the GCM 

simulated less precipitation than their AMIP counterparts 
(e.g., ACCESS1-0, BCC-CSM1-1  m, CSIRO-MK3-6-0, 
GFDL-AM3), or (3) the model showed a monthly split 
between simulating more/less precipitation when compar-
ing CMIP and AMIP simulations (e.g., BCC-CSM1-1, 
BNU-ESM, FGOAL, NorESM1-M). To investigate their 
differences, we examined the vertical upwelling (omega, 
ω) fields at 850 mb and found that there is no significant 
difference between two simulations. Further study is war-
ranted to understand why some of the CMIP models simu-
lated more precipitation, while others simulated less pre-
cipitation compared to their AMIP counterparts. The role of 
SST during the simulations will be examined.

5 � Detailed analysis of select models

In an effort to more thoroughly show the results and dif-
ferences presented in this study, a more detailed analysis 
is discussed for seven of the GCMs presented in this study. 
These models were chosen based on available feedback 
from these modeling groups, interesting metric results, and 
their documentation of convective and stratiform parame-
terizations listed in Table 2. Many of the GCMs were found 
to have particular patterns during the following specified 
seasons: northern hemispheric (NH) winter (DJF), NH 
spring (MAM), NH summer (JJA), NH fall (SON).

Fig. 9   As in Fig. 6, except showing the ITCZ precipitation compari-
son between AMIP and historical ocean-coupled (CMIP) precipita-
tion given as CMIP minus AMIP. The colored bars above (below) 

the horizontal black line represent months where precipitation in the 
respective GCM is found to be greater in the CMIP (AMIP) simula-
tion
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The ITCZ simulated by the BCC-CSM1-1 can be char-
acterized across most months as having a very chaotic pre-
cipitation pattern and ITCZ width (top panel of Fig.  10). 
Based on the analysis above, the BCC-CSM1-1 shows 
moderate agreement across all metrics, however monthly 
analysis of BCC-CSM1-1 results shows a different pic-
ture. In the DJF and MAM seasons, simulated precipita-
tion rates are much lower than the set threshold within the 
western portion of the AOF when compared to the observa-
tions, resulting in the algorithm having to resort to using 
calculated slopes from the eastern portion of the AOF to 
estimate the position of the ITCZ. Overall, however, the 
BCC-CSM1-1 still undersimulates precipitation within the 
eastern portion of the AOF compared to the observations. 
Because of this, the calculated centerline position and 
width of the ITCZ jumps drastically from point to point in 
the winter and spring seasons, balancing in our analysis to 
show a thin undersimulated band of precipitation.

During the JJA and SON seasons, however, the BCC-
CSM1-1 simulated heavy precipitation in the western 
portion of the AOF, while simultaneously simulating very 
little precipitation in the eastern portion of the AOF. The 
oversimulation of precipitation in the west balances with 
the undersimulation of precipitation in the east, causing 
the BCC-CSM1-1 to appear much better in annual pre-
cipitation comparisons. It should be noted as well, that the 
algorithm effectively fails when estimating the position of 
the BCC-CSM1-1 simulated ITCZ in November. The pre-
cipitation simulated by the BCC-CSM1-1 in November 
dropped well below the threshold east of ~140°W, and the 
algorithm attempted to derive a slope from the known but 
chaotic precipitation field west of the drop-off. This results 
in the estimation of the ITCZ well into the southern-hemi-
sphere and causes the algorithm to fail. It should be noted 
that this is the only time the algorithm was found to incor-
rectly estimate the ITCZ centerline when precipitation rates 
dropped below the set threshold for an extended period 
of time. In summation, the BCC-CSM1-1 shows moder-
ate agreement with GPCP and TRMM observations in the 
annually based comparisons, however, extensive seasonal 
analysis has shown that these good agreements are due a 
balancing of biases in a chaotic precipitation field.

As demonstrated in Figs. 6, 7, 8, 9, ITCZ features simulated 
by the BCC-CSM1-1-m are significantly different compared 
to its BCC-CSM1-1 counterpart. For example, the widths of 
the ITCZ simulated by the BCC-CSM1-1-m are larger than 
the BCC-CSM1-1 across all months. While the width of the 
ITCZ does vary slightly across the AOF, the variations are far 
less chaotic than those found in the BCC-CSM1-1. The width 
of ITCZ simulated by the BCC-CSM1-1-m is the noisiest in 
November, which correlates with the greatest northward shift 
of the ITCZ in the BCC-CSM1-1-m. Other than in Novem-
ber, the ITCZ simulated by the BCC-CSM1-1-m is located 

southward compared to the observations. The significant dif-
ferences shown between the BCC-CSM1-1 and the BCC-
CSM1-1-m are unexpected given that these models use iden-
tical convective and stratiform parameterizations. The only 
difference between these two models, as we know, is that the 
horizontal resolution of the BCC-CSM1-1-m is much finer 
compared to BCC-CSM1-1 (Table 1).

ITCZ precipitation simulated by the GFDL-AM3 (bot-
tom panel of Fig. 10) tends to be shifted slightly northward 
across all months other than in the JJA season, with the 
largest shifts found in the SON season. The simulated ITCZ 
is found to be wider than the observations across all months 
with the widest band occurring in the SON season, which 
results in the large shift northward mentioned previously. 
Precipitation intensity shows to be oversimulated nearly 
equally across all months compared to GPCP and TRMM 
observations. The GFDL-HIRAM-C180 (C180) and 
GFDL-HIRAM-C360 (C360) simulated widths of the ITCZ 
are slightly more chaotic than its GFDL-AM3 counterpart. 
This is hypothesized to be a result of the higher resolutions 
in the C180 and C360 GCMs. The ITCZ is simulated north-
ward compared to GPCP and TRMM observations in both 
the C180 and C360 GCMs, with the C180 simulating the 
ITCZ slightly more northward than the C360. Precipitation 
intensity and the width of the ITCZ are stronger and wider 
in the C360 than compared to the C180, while both models 
simulated wider ITCZs of stronger intensity compared to 
both GPCP and TRMM observations.

An interesting split is found when comparing the cen-
terline positions simulated by the MRI-AGCM3-2H (2H) 
and MRI-AGCM3-2S (2S) GCMs (Mizuta et  al. 2012; 
Murakami et  al. 2012). Both simulated ITCZs are north-
ward compared to GPCP and TRMM observations, how-
ever, the 2H simulation tends to simulate the ITCZ slightly 
more northward in the DJF months compared to the 2S, 
while the 2S tends to simulate the ITCZ slightly more 
northward in the MAM season. Both the 2H and 2S mod-
els simulated a slightly wider ITCZ across all months 
compared to the observations. Comparing the width of 
the ITCZ in the 2H and 2S GCMs, the 2S tends to have 
a slightly more chaotic bandwidth, which is again hypoth-
esized to be a result of the higher resolution used in the 2S 
simulation. Both simulations have higher precipitation rates 
across all months when compared to the GPCP observa-
tions, however, the 2H simulated slightly less precipitation 
compared to TRMM observations during the DJF season.

All of the discussions in this section are based the results 
found in this study. It is difficult to identify the physi-
cal reasons behind the similarities, differences, and biases 
of each model without manually running the GCMs and 
examining each GCM on finer temporal scales. Hopefully, 
this study will serve as a guide to identify these differences 
found in the GCM simulations.
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6 � Summary and conclusions

In this study, a new algorithm has been developed to define 
the North Pacific ITCZ through several metrics, including: 
the centerline position of the ITCZ, the width of the ITCZ, 
and the magnitude of precipitation along the defined ITCZ. 
These metrics allow us to quantitatively evaluate magni-
tude-, location-, and width-based precipitation biases over 
the Pacific ITCZ from 29 CMIP5 GCMs using the GPCP 
and TRMM observations as a ground truth. Based on the 
ITCZ metrics derived from our multiyear analysis and the 
comparisons between the model simulations and observa-
tions, the following conclusions have been made:

1.	 The GCMs predominately simulate the centerline of 
the ITCZ northward when compared to GPCP and 
TRMM observations, with the greatest shifts occur-
ring in March. Very few GCMs shift southward, such 
as the BCC-CSM1-1 and the BCC-CSM1-1-m. Some 
of the models show promise, with either low biases 

or by a balancing of northward and southward biases 
such as the ACCESS1-0, ACCESS1-3, CCSM4, 
CESM-CAM5, CanAM4, HadGem2-A, and the MRI-
AGCM3.

2.	 Most of the GCMs simulate a much wider band 
of precipitation in the Pacific ITCZ compared to 
both GPCP and TRMM observations. A few of the 
GCMs simulated ITCZ widths relatively close to the 
observations, such as the ACCESS1-3, CMCC-CM, 
IPSL-CM5A-LR, IPSL-CM5A-MR, MPI-ESM-LR, 
MPI-ESM-MR, and the MRI-AGCM3. The IPSL-
CM5B-LR is the only model to generate a thinner 
band of precipitation.

3.	 The GCMs tend to oversimulate precipitation com-
pared to GPCP and TRMM observations. Of these 
GCMs, most have higher biases in the northern hemi-
spheric summer months, with June showing the highest 
positive precipitation bias. A few of the models, namely 
the BCC-CSM1-1 and the suite of IPSL GCMs, simu-
late less precipitation than the observations.

Fig. 10   Algorithm results using averaged monthly precipitation from 
the BCC-CSM1-1 (top panel) and the GFDL-AM3 (bottom panel) 
GCMs. BCC-CSM1-1 results are shown due to its chaotic pattern 
and undersimulation of precipitation when compared to GPCP and 
TRMM, while the GFDL-AM3 results show the algorithm working 
as intended. As in Fig.  4, the green box is the AOF defined in this 

study, the orange lines represent the upper and lower boundaries of 
the ITCZ using the method described, and the white line represents 
the derived centerline based on upper and lower boundaries. The 
black line represents where the algorithm was forced to interpolate/
extrapolate the centerline position due to precipitation values being 
below the threshold for that given latitudinal band
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4.	 Comparisons of precipitation simulated by identi-
cal AMIP and CMIP versions of the model are nearly 
equally distributed for the 20 available GCMs used in 
this study. In detail, an equal split is found between 
three scenarios. For some of the GCMs, the CMIP 
version of the GCM simulated more precipitation 
than their AMIP counterparts, while in other GCMs 
their AMIP counterpart simulated more precipitation. 
Some of the GCMs show an even split in the number 
of months where precipitation was more heavily simu-
lated in either the CMIP or AMIP simulation, balanc-
ing out to a more neutral net effect overall. Because of 
this, we cannot say with any certainy if more precipita-
tion is present in the either the CMIP or AMIP GCM 
simulations. Analysis of vertical upwelling (omega, 
ω) fields at 850  mb showed no significant difference 
between  the two simulation versions. Further study is 
warranted to understand why some CMIPs simulated 
more precipitation, while others simulated less precipi-
tation than their AMIP counterparts.
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