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larger increases in the concentrations of CO2 and N2O by 82 and 0.02 ppm between 2100 and 2150. It has
some compensating decreases in other greenhouse gases, such as CH4, CFCs, and other trace gases to main-
tain the radiative forcing at about 6 W m2. The reductions are larger for other GHGs in the RCP6.0 scenario
compared to RCP4.5 (0.14 ppm for CH4 and 0.12 ppb for CFCs and other trace gases from 2100 to 2150).

The business-as-usual scenario RCP8.5 more than doubles the increase of the CO2 concentration from 936
to 1962 ppm between 2100 and 2250. Small decreases in mixing ratios for CH4, CFCs, and other trace gases
do not play much of a role in the overall warming.

In the climate models with fully interactive composition, calculated CH4 concentrations from emissions and
prognostic chemical sinks are higher by about 0.08, 0.17, 0.4, and 0.71 ppm at the year 2500 for RCP2.6,
RCP4.5, RCP6.0, and RCP8.5, respectively, than for the same RCP scenarios in the NINT configuration. As
noted by Shindell et al. [2013b], the radiative forcing from methane is from 0.05 to 0.18 W m2 higher in the
TCAD and TCADI models than in the prescribed RCP methane radiative forcing estimates.

We carried out an ensemble of five runs for the RCP4.5 scenario using all versions of the GISS climate model,
while for the three other RCP experiments, we conducted single runs for the 21st century and 400 years of
their extensions (Figure 2). For the line plots of the annual mean quantities for each RCP scenario, the data
were averaged for all versions of atmospheric and ocean models. The range of the RCP experiments is given
by different shading for each RCP case. The maps present the means of two models with different oceans
for RCP2.6, RCP 6.0, and RCP8.5, and the means of two five member ensembles of E2-R and E2-H for RCP4.5.
To compare the regional difference between TCAD and NINT, TCADI, and NINT, and E2-H and E2-R, the aver-
ages were made over all versions of E2-R and E2-H simulations for RCP4.5.

4. Global Changes

4.1. Global Temperature and the Planetary Energy Imbalance
Figure 3 shows the simulated global mean surface air temperature (drift-corrected) anomalies relative
to the 1850–1880 base period. During the historical simulation from 1850 to 2005, the global mean
surface air temperature essentially follows the estimated global mean forcing through time, showing
cooling following the short-term forcing by volcanic aerosols and strong warming for a few decades at
the end of the twentieth century due to the dominant positive forcing of the increasing greenhouse
gases. Simulated global warming ranges from 0.9 to 1.3!C between 1880 and 2005 and agrees well
with the observed temperature increase, which is estimated as 0.9!C (see Miller et al. [2014] for more
discussion of the twentieth century changes and comparison to observations).

The RCP experiments begin in 2006. Relative to the 1996–2005 mean temperature in the historical simula-
tions, simulated global warming ranges from 0.4 to 2.0!C at 2050 (Table 1). For both intermediate RCP4.5
and RCP6.0 (Figure 3) scenarios, the warming of the global mean surface air temperature increases and
exceeds 1!C by 2100. In the RCP2.6 scenario, the warming decreases from a 0.4–1.1!C, peak at 2050, to 0.2–
1.0!C by 2100 reflecting the peak of radiative forcing at the midcentury and subsequent decline (Figure 1,
green line). In contrast, the warming in RCP8.5 (Figure 1, solid pink line) approaches 3.7!C by 2100. The
TCADI model generally shows larger warming than the other two models TCAD and NINT (Table 1) that is
partly a consequence of the higher TCADI model climate sensitivity. Some explanations of stronger warm-
ing in the TCADI coupled model are given in the section 4.4 for the regional changes. The E2-H models
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Figure 3. Global annual mean surface air temperature anomalies relative to 1850–1880 base period for all RCP scenarios. Different shad-
ings indicate ranges of the RCP experiments with the NINT, TCAD, and TCADI E2-R and E2-H climate models.
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NASA GISS CMIP5/AR5 Model-E2
Miller et al. (2014), Schmidt et al. (2014), Nazarenko et al. (2015)

• Atmosphere Model
Ø NINT, TCAD,TCADI [tracers of chemistry, aerosols and their direct 

radiative effect and the aerosol indirect effect by CCN]
o 2° latitude x 2.5° longitude
o 40 layers up 60-km height, with 200-m thick lowest layer

• Ocean Models

• Land Cover
Ø Same dataset for all GISS climate models

Ø H = HYCOM
o Sun and Bleck (2006)
o 26 layers; bottom at 5 km
o ⅓° lat at 0° x 1° long
o Florida Current, 40 Sv
o Kuroshio Current, 73 Sv
o Kraus-Turner TKE vertical 

mixing scheme 

Ø R = Russell
o Russell et al. (1995)
o 32 layers; bottom at 5 km
o 1° lat x 1.25° long
o Florida Current, 47 Sv          {~33}
o Kuroshio Current, 65 Sv       {~57}
o Large et al. KPP vertical mixing 

scheme
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heat convergence associated with sinking
of surface water into the deep ocean. In
contrast, the E2-R ensembles transfer heat
into the deep ocean to a greater extent,
slowing the warming at the surface.

Observations of the global heat content of
the upper ocean extend back to the mid-
twentieth century. Figure 19b shows the
heat content of the upper 700 m, accord-
ing to analysis of subsurface temperature
measurements by Domingues et al. [2008],
extended to the present by Church et al.
[2011]. The uncertainty, indicated by pur-
ple shading, is largest early in the record,
and arises from a combination of measure-
ment error and limited spatial coverage,
especially within the Southern Ocean.
Other global estimates of heat content

within the upper ocean are based upon different treatments of the measurement limitations, but yield trends
that are consistent, given the uncertainty [e.g., Levitus et al., 2005]. During the past decade, global coverage of
the ocean has been achieved with more accurate profilers, resulting in more confident estimates of the
observed global trend. Figure 19b shows the estimate during the past two decades by Lyman et al. [2010],
with gray shading denoting error bars that are small compared to estimates during previous decades. The
warming associated with the E2-R ensembles is in agreement with the trend inferred by both observational
analyses. In contrast, the E2-H ensembles warm excessively, possibly because of insufficient heat export to the
deep ocean below 700 m.

The reduction of heat export to the deep ocean when an isopycnal OGCM is replaced with a model based
upon height coordinates is consistent with behavior exhibited by the Geophysical Fluid Dynamics Labora-
tory coupled model [Hallberg et al., 2012]. Measuring heat export and the sensitivity of model export to sub-
grid mixing remains an important challenge.
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Figure 18. Net radiative flux at TOA (Wm22) for the ensemble averages. The
black line shows instantaneous radiative forcing at the tropopause (‘‘iRF’’) for
the E2-R NINT ensemble. Ensemble values are global and annual averages.
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Figure 19. (a) Increase in ocean heat content since 1850 in the NINT and TCADI ensembles. Red and blue lines indicate heat content
summed over all depths; light red and blue lines indicate heat within the upper 776 and 700 m of the ocean for the E2-R and E2-H ensem-
bles, respectively. Pink and light pink shading shows the intraensemble uncertainty in the E2-R NINT ensemble (equal to plus or minus two
standard deviations) for the total and upper ocean heat content. (b) Trends in upper ocean heat content compared to measurements in
the upper 700 m analyzed by Church et al. [2011] and Lyman et al. [2010], whose uncertainties are denoted by purple and gray shading,
respectively. Observed anomalies are adjusted so that their time average matches the E2-R NINT average over the same period. Vertical
lines mark major eruptions of tropical volcanoes.
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for all the ensembles, suggesting similar OLR, despite different rates of surface warming. This similarity
could result from compensation between the lapse-rate and water vapor feedbacks that is a consistent fea-
ture of climate models [Soden and Held 2006; Held and Shell 2012].

Warming of the ocean is indicated by an increase in the ocean heat content, shown for the historical period
in Figure 19a. This heat content is a sum over all depths, and increases gradually with the forcing for all
ensembles, despite temporary interruptions following major volcanic eruptions. Shading shows the range
of variability among the members of the E2-R NINT ensemble, measured here by plus or minus twice the
standard deviation of the intraensemble variations. The heat content of the E2-H ensembles fall below this
range, indicating that ocean heat uptake is significantly smaller in these ensembles.

While the entire ocean column in the E2-R ensembles takes up more heat compared to the E2-H ensembles,
the latter store more heat in the upper ocean (Figure 19a), the layer extending to depths of 776 and 700 m
in the E2-R and E2-H ensembles, respectively. This depth is roughly the extent of the gyre circulations, and
heat penetrates below this level mainly in regions of deepwater formation by ocean deep convection. Thus,
the E2-H TCADI ensemble accumulates more heat in the upper ocean compared to the corresponding E2-R
model, despite taking up less heat when summed over all depths. This is consistent with the more rapid
warming at the surface in the E2-H TCADI ensemble (Figure 7a). It is also consistent with the reduced rate of
warming in the Labrador Sea in this ensemble compared to E2-R (Figure 10f) that indicates a reduction of
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Figure 16. Model sea-ice area compared to passive microwave retrievals from the National Snow & Ice Data Center for the (a) Northern
Hemisphere and (b) Southern Hemisphere. Plotted area is an annual average and hemispheric sum expressed as a percentage of the total
hemispheric area.

Decadal Loss of Sea-Ice Area (% of NH Area) 1979-2005

Annual March September
0.0

0.1

0.2

0.3

0.4

N
H

 D
ec

ad
al

 L
os

s 
(%

)

E2-R NINT
E2-R TCAD
E2-R TCADI
E2-H NINT
E2-H TCAD
E2-H TCADI
NSIDC Obs

Figure 17. Change in NH sea-ice area (per decade and as a percentage of total hemispheric area) between 1979 and 2005. The observed
value from the NSIDC is in purple with its uncertainty in black (corresponding to two standard deviations of interannual variability). Ensem-
ble average change is shown as triangles (NINT), diamonds (TCAD), and circles (TCADI), with change for individual ensemble members
plotted as small triangles.
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E2-H and E2-R Sensitivities to Model Formulation
Miller et al. (2014)

E2-R was more  

representative of global 

and regional ocean 

observations than E2-H.
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GISS Model-E2 Control Run With H and R Oceans 
23-Decade Mean EUC and NECC at 140°W
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Transport
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U > 0                        U > 0  
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[15.4-17.1 Sv]        [5.5-7.1Sv]
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[ ] = Range of 23 Decadal Means
{ } = Std Dev of 23 Decadal Means

1991-1999 Observations 
(Johnson et al., 2001)

28 Sv                     14 Sv

R

12.2 Sv

18.4 Sv
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R EUC Transport Decadal Variations, 2010-2100
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Decadal Variations of R EUC Transports, 2010-2100
Centennial Variations of R EUC Transports, 2100-2400
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Summary

• NASA GISS CMIP5 Climate Models E2: 3 atmospheres, 2 oceans, 1 land
Ø Chose TCADI atmosphere + R ocean

• EUC Transport
Ø Control run at 140°W was stable, with standard deviation of 23 decades 

equal to about 10% of “measured” uncertainty of 5.5 Sv
Ø RCP4.5 produced 1.9 Sv increase from 1850 to 2010 at 150°W-140°W 
Ø RCP4.5 produced 1.7 Sv decrease from 2010 to 2100 at 140°W
Ø RCP4.5 produced 0.3 Sv decreased from 2100 to 2400 at 140°W
Ø Longitude of maximum time variations was 125°W

o EUC transport displayed an approximate 400-year fluctuations
Ø Decadal and centennial variations were smaller than measurement 

capability

• Next Step
Ø Analyze CMIP6 H and R ocean models   

Thank you
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