
VNU HANOI UNIVERSITY OF SCIENCE 
REGIONAL CLIMATE MODELING AND CLIMATE CHANGE 

----------------------------------------------------------- 
Phan Van Tan 

phanvantan@hus.edu.vn 

CƠ SỞ KHOA HỌC  
CỦA BIẾN ĐỔI KHÍ HẬU 

(Đại cương về BĐKH) 
Phần II 



B07: Tác động bức xạ và BĐKH 

Bài 1: Các thành phần của hệ thống khí hậu 
Bài 2: Sự truyền bức xạ và khí hậu 
Bài 3: Hoàn lưu khí quyển và khí hậu 
Bài 4: Bề mặt đất, Đại dương và khí hậu 
Bài 5: Lịch sử và sự tiến triển của khí hậu Trái đất 
Bài 6: Khái niệm về Biến đổi khí hậu 
Bài 7: Tác động bức xạ và BĐKH 
Bài 8: Biến đổi trong các thành phần của hệ thống khí hậu 
Bài 9: Biến đổi của các hiện tượng cực đoan 
Bài 10: Giới thiệu về khí hậu Việt Nam  
Bài 11: Biến đổi khí hậu ở Việt Nam 
Bài 12: Mô hình hóa khí hậu 
Bài 13: Dự tính khí hậu 
Bài 14: Xây dựng kịch bản BĐKH 
Bài 15: Tác động của BĐKH và tính dễ bị tổn thương do BĐKH 



Khái niệm tác động bức xạ 
|  Tác động bức xạ: Radiative Forcing (RF) 
|  IPCC AR5, Chap. 8: 

{  “Alternative definitions of RF have been developed, each with 
its own advantages and limitations. The instantaneous RF 
refers to an instantaneous change in net (down minus up) 
radiative flux (shortwave plus longwave; in Wm–2) due to an 
imposed change. This forcing is usually defined in terms of 
flux changes at the top of the atmosphere (TOA) or at the 
climatological tropopause, with the latter being a better 
indicator of the global mean surface temperature response in 
cases when they differ” 



Tác động bức xạ 
|  RF là thước đo ảnh hưởng của một nhân tố trong việc làm 

thay đổi cân bằng năng lượng đến và đi của hệ thống Trái đất 
– khí quyển 

|  RF được xác định so với điều kiện khí hậu thời kỳ tiền công 
nghiệp 1750 

|  Trong bối cảnh BĐKH, khái niệm “tác động” (forcing) được 
hạn chế đối với những biến đổi trong cân bằng bức xạ của hệ 
thống bề mặt – tầng đối lưu gây nên bởi các nhân tố bên 
ngoài 
{  không có biến đổi trong động lực tầng bình lưu,  
{  không có hồi tiếp từ bề mặt và tầng đối lưu (tức là không có ảnh 

hưởng gián tiếp do sự biến đổi trong chuyển động ở tầng đối lưu 
hoặc trạng thái nhiệt động của nó),  

{  và về động lực học không có những biến đổi về lượng và sự phân bố 
nước trong khí quyển (các trạng thái hơi, lỏng và rắn của nước).  



Tác động bức xạ 
|  Định lượng tác động bức xạ (RF) là thước đo trực tiếp tốc độ đốt 

nóng trung bình do sự hiện diện của một lượng KNK cho trước 
trong khí quyển 

|  Tuy nhiên, tiềm năng của một chất khí làm gia tăng hiệu ứng nhà 
kính trong tương lai phụ thuộc vào sự biến đổi hàm lượng của chất 
khí đó 

RF=0 RF>0 RF<0 

Đỉnh tầng đối lưu Đỉnh tầng đối lưu Đỉnh tầng đối lưu 



Cân bằng năng lượng bức xạ toàn cầu 

Điều gì xảy ra 
nếu hàm lượng 
các chất khí nhà 
kính tăng lên? 



Tiềm năng nóng lên toàn cầu 
|  Tiềm năng nóng lên toàn cầu (global warming 

potential - GWP) là lượng được tính đến gồm 4 yếu tố: 
{  RF đối với một lượng chất khí đã biết (W m-2);  
{  Nguồn phát thải của chất khí; 
{  Tuổi thọ của chất khí trong khí quyển (đo bằng số năm); 
{  Hiệu ứng gián tiếp của chất khí đến RF 

|  GWP là RF dự báo (dự tính) của một chất khí trong một 
khoảng thời gian cho trước, chẳng hạn 20, 100 hay 500 năm 
tính từ thời điểm hiện tại 

|  Như vậy, với một chất khí cho trước có các thuộc tính bức xạ 
nào đó, nguồn phát thải nào đó và tuổi thọ nào đó trong khí 
quyển thì RF sẽ là bao nhiêu trong 20, 100 hay 500 năm tới? 

|  Đây là con số cơ bản để dự báo RF trong tương lai  



Tiềm năng nóng lên toàn cầu 

Species Chemical 
formula 

Lifetime 
(yr) 

Global Warming 
Potential 

20 yr 100 yr 500 yr 

Carbon dioxide CO2 Variable 1 1 1 

Methane * CH4 12±3 56 21 6.5 

Nitrous oxide N2O 120 280 310 170 

HFC-23 CHF3 264 9100 11700 9800 

HFC-32 CH2F2 5.6 2100 650 200 

HFC-43-10mee C5H2F10 17.1 3000 1300 400 

HFC-125 C2HF5 32.6 4600 2800 920 

Perfluoropentane C5F12 4100 5100 7500 11000 



Ảnh hưởng của tác động bức xạ 
|  Effective Radiative Forcing (ERF) is the change in net 

TOA downward radiative flux after allowing for 
atmospheric temperatures, water vapour and clouds to 
adjust, but with surface temperature or a portion of 
surface conditions unchanged  



Hiểu biết của con người về RF 
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Evidence is robust for several of the RF agents because of long term 
observations of trends over the industrial era and well defined links 
between atmospheric or land surfaced changes and their radiative 
effects. Evidence is medium for a few agents where the anthropogenic 
changes or the link between the forcing agent and its radiative effect 
are less certain. Medium evidence can be assigned in cases where 
observations or modelling provide a diversity of information and thus 
not a consistent picture for a given forcing agent. We assess the evi-
dence to be limited only for rapid adjusment associated with aerosol–
cloud interaction where model studies in some cases indicate changes 
but direct observations of cloud alterations are scarce. High agreement 
is given only for the WMGHG where the relative uncertainties in the RF 
estimates are much smaller than for the other RF agents. Low agree-
ment can either be due to large diversity in estimates of the magnitude 
of the forcing or from the fact that the method to estimate the forcing 
has a large uncertainty. Stratospheric water vapour is an example of 
the latter with modest difference in the few available estimates but 
a known large uncertainty in the radiative transfer calculations (see 
further description in Section 8.3.1).

Figure 8.14 shows the development of the confidence level over the 
last four IPCC assessments for the various RF mechanisms. In the pre-
vious IPCC reports level of scientific understanding (LOSU) has been 

used instead of confidence level. For comparison with previous IPCC 
assessments the LOSU is converted approximately to confidence level. 
Note that LOSU and confidence level use different terms for their rank-
ings. The figure shows generally increasing confidence levels but also 
that more RF mechanisms have been included over time. The confi-
dence levels for the RF due to aerosol–radiation interactions, surface 
albedo due to land use and volcanic aerosols have been raised and 
are now at the same ranking as those for change in stratospheric and 
tropospheric ozone. This is due to an increased understanding of key 
parameteres and their uncertainties for the elevated RF agents. For 
tropospheric and stratospheric ozone changes, research has shown fur-
ther complexities with changes primarily influencing the troposphere 
or the stratosphere being linked to some extent (see Section 8.3.3). The 
rapid adjustment associated with aerosol–cloud interactions is given 
the confidence level very low and had a similar level in AR4. For rapid 
adjustment associated with aerosol–radiation interactions (previously 
denoted as semi-direct effect) the confidence level is low and is raised 
compared to AR4, as the evidence is improved and is now medium (see 
Section 7.5.2).

Table 8.6 shows the best estimate of the RF and ERF (for AR5 only) 
for the various RF agents from the various IPCC assessments. The RF 
due to WMGHG has increased by 16% and 8% since TAR and AR4, 

Figure 8.14 |  Confidence level of the forcing mechanisms in the 4 last IPCC assessments. In the previous IPCC assessments the level of scientific understanding (LOSU) has been 
adopted instead of confidence level, but for comparison with previous IPCC assessments the LOSU is converted approximately to confidence level. The thickness of the bars repre-
sents the relative magnitude of the current forcing (with a minimum value for clarity of presentation). LOSU for the RF mechanisms was not available in the first IPCC Assessment 
(Houghton et al., 1990). Rapid adjustments associated with aerosol–cloud interactions (shown as RA aero. –cloud interac.) which include what was previously referred to as the 
second indirect aerosol effect or cloud lifetime effect whereas rapid adjustments associated with aerosol–radiation interactions (shown as RA aero.-rad. interac.) were previously 
referred to as the semi-direct effect (see Figure 7.3). In AR4 the confidence level for aerosol–cloud interaction was given both for RF due to aerosol–cloud interaction and rapid 
adjustment associated with aerosol–cloud interaction. Generally the aerosol–cloud interaction is not separated into various components in AR5, hence the confidence levels for 
ERF due to aerosol–cloud interaction in AR5 and for RF due to aerosol–cloud interaction from previous IPCC reports are compared. The confidence level for the rapid adjustment 
associated with aerosol–cloud interaction is comparable for AR4 and AR5. The colours are adopted based on the evidence and agreement shown in Figure 1.11. Dark green is “High 
agreement and Robust evidence”, light green is either “High agreement and Medium evidence” or “Medium agreement and Robust evidence”, yellow is either “High agreement 
and limited evidence” or “Medium agreement and Medium evidence” or “Low agreement and Robust evidence”, orange is either “Medium agreement and Limited evidence” or 
“Low agreement and Medium evidence” and finally red is “Low agreement and Limited evidence”.
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Figure 8.15 |  Bar chart for RF (hatched) and ERF (solid) for the period 1750–2011, where the total ERF is derived from Figure 8.16. Uncertainties (5 to 95% confidence range) 
are given for RF (dotted lines) and ERF (solid lines).

Figure 8.16 |  Probability density function (PDF) of ERF due to total GHG, aerosol 
forcing and total anthropogenic forcing. The GHG consists of WMGHG, ozone and 
stratospheric water vapour. The PDFs are generated based on uncertainties provided in 
Table 8.6. The combination of the individual RF agents to derive total forcing over the 
Industrial Era are done by Monte Carlo simulations and based on the method in Boucher 
and Haywood (2001). PDF of the ERF from surface albedo changes and combined con-
trails and contrail-induced cirrus are included in the total anthropogenic forcing, but 
not shown as a separate PDF. We currently do not have ERF estimates for some forcing 
mechanisms: ozone, land use, solar, etc. For these forcings we assume that the RF is 
representative of the ERF and for the ERF uncertainty an additional uncertainty of 17% 
has been included in quadrature to the RF uncertainty. See Supplementary Material Sec-
tion 8.SM.7 and Table 8.SM.4 for further description on method and values used in the 
calculations. Lines at the top of the figure compare the best estimates and uncertainty 
ranges (5 to 95% confidence range) with RF estimates from AR4.

Therefore, the large uncertainty in the aerosol forcing is the main 
cause of the large uncertainty in the total anthropogenic ERF. The total 
anthropogenic forcing is virtually certain to be positive with the prob-
ability for a negative value less than 0.1%. Compared to AR4 the total 
anthropogenic ERF is more strongly positive with an increase of 43%. 
This is caused by a combination of growth in GHG concentration, and 
thus strengthening in forcing of WMGHG, and weaker ERF estimates of 
aerosols (aerosol–radiation and aerosol–cloud interactions) as a result 
of new assessments of these effects.

Figure 8.17 shows the forcing over the Industrial Era by emitted com-
pounds (see Supplementary Material Tables 8.SM.6 and 8.SM.7 for 
actual numbers and references). It is more complex to view the RF 
by emitted species than by change in atmospheric abundance (Figure 
8.15) since the number of emitted compounds and changes leading to 
RF is larger than the number of compounds causing RF directly (see 
Section 8.3.3). The main reason for this is the indirect effect of sever-
al compounds and in particular components involved in atmospheric 
chemistry (see Section 8.2). To estimate the RF by the emitted com-
pounds in some cases the emission over the entire Industrial Era is 
needed (e.g., for CO2) whereas for other compounds (such as ozone 
and CH4) quite complex simulations are required (see Section 8.3.3). 
CO2 is the dominant positive forcing both by abundance and by emit-
ted compound. Emissions of CH4, CO, and NMVOC all lead to excess 
CO2 as one end product if the carbon is of fossil origin and is the reason 
why the RF of direct CO2 emissions is slightly lower than the RF of 
abundance change of CO2. For CH4 the contribution from emission is 
estimated to be almost twice as large as that from the CH4 concen-
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stratospheric water vapour. The PDFs are generated based on uncertainties provided in 
Table 8.6. The combination of the individual RF agents to derive total forcing over the 
Industrial Era are done by Monte Carlo simulations and based on the method in Boucher 
and Haywood (2001). PDF of the ERF from surface albedo changes and combined con-
trails and contrail-induced cirrus are included in the total anthropogenic forcing, but 
not shown as a separate PDF. We currently do not have ERF estimates for some forcing 
mechanisms: ozone, land use, solar, etc. For these forcings we assume that the RF is 
representative of the ERF and for the ERF uncertainty an additional uncertainty of 17% 
has been included in quadrature to the RF uncertainty. See Supplementary Material Sec-
tion 8.SM.7 and Table 8.SM.4 for further description on method and values used in the 
calculations. Lines at the top of the figure compare the best estimates and uncertainty 
ranges (5 to 95% confidence range) with RF estimates from AR4.

Therefore, the large uncertainty in the aerosol forcing is the main 
cause of the large uncertainty in the total anthropogenic ERF. The total 
anthropogenic forcing is virtually certain to be positive with the prob-
ability for a negative value less than 0.1%. Compared to AR4 the total 
anthropogenic ERF is more strongly positive with an increase of 43%. 
This is caused by a combination of growth in GHG concentration, and 
thus strengthening in forcing of WMGHG, and weaker ERF estimates of 
aerosols (aerosol–radiation and aerosol–cloud interactions) as a result 
of new assessments of these effects.

Figure 8.17 shows the forcing over the Industrial Era by emitted com-
pounds (see Supplementary Material Tables 8.SM.6 and 8.SM.7 for 
actual numbers and references). It is more complex to view the RF 
by emitted species than by change in atmospheric abundance (Figure 
8.15) since the number of emitted compounds and changes leading to 
RF is larger than the number of compounds causing RF directly (see 
Section 8.3.3). The main reason for this is the indirect effect of sever-
al compounds and in particular components involved in atmospheric 
chemistry (see Section 8.2). To estimate the RF by the emitted com-
pounds in some cases the emission over the entire Industrial Era is 
needed (e.g., for CO2) whereas for other compounds (such as ozone 
and CH4) quite complex simulations are required (see Section 8.3.3). 
CO2 is the dominant positive forcing both by abundance and by emit-
ted compound. Emissions of CH4, CO, and NMVOC all lead to excess 
CO2 as one end product if the carbon is of fossil origin and is the reason 
why the RF of direct CO2 emissions is slightly lower than the RF of 
abundance change of CO2. For CH4 the contribution from emission is 
estimated to be almost twice as large as that from the CH4 concen-
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 emissions (see Section 2.2.3), and there are some uncertainties in these 
emissions (Granier et al., 2011). In addition to the regional changes in 
the aerosol forcing there is also likely a competition between various 
aerosol effects. Emission data indicate a small increase in the BC emis-
sions (Granier et al., 2011) but model studies also indicate a weak 
enhancement of other aerosol types. Therefore, the net aerosol forc-
ing depends on the balance between absorbing and scattering aero-
sols for aerosol–radiation interaction as well as balance between the 
changes in aerosol–radiation and aerosol–cloud interactions. In the 
ACCMIP models, for example, the RF due to aerosol–radiation inter-
action becomes less negative during 1980 to 2000, but total aerosol 
ERF becomes more negative (Shindell et al., 2013c). There is a very low 
confidence for the trend in the total aerosol forcing during the past two 
to three decades, even the sign; however, there is high confidence that 
the offset from aerosol forcing to WMGHG forcing during this period 
was much smaller than over the 1950–1980 period.

The volcanic RF has a very irregular temporal pattern and for certain 
years has a strongly negative RF. There has not been a major volcanic 
eruption in the past decade, but some weaker eruptions give a current 
RF that is slightly negative relative to 1750 and slightly stronger in 
magnitude compared to 1999–2002 (see Section 8.4.2).

Figure 8.19 shows linear trends in forcing (anthropogenic, natural and 
total) over four different time periods. Three of the periods are the 
same as chosen in Box 9.2 (1984–1998, 1998–2011 and 1951–2011) 
and the period 1970–2011 is shown in Box 13.1. Monte Carlo sim-
ulations are performed to derive uncertainties in the forcing based 
on ranges given in Table 8.6 and the derived linear trends. Further, 
these uncertainties are combined with uncertainties derived from 
shifting time periods ±2 years and the full 90% confidence range is 
shown in Figure 8.19 (in Box 9.2 only the total forcing is shown with 
uncertainties derived from the forcing uncertainty without sensitivity 
to time period). For the anthropogenic forcing sensitivity to the selec-
tion of time periods is very small with a maximum contribution to the 
uncertainties shown in Figure 8.19 of 2%. However, for the natural 
forcing the sensitivity to time periods is the dominant contributor to 
the overall uncertainty (see Supplementary Material Figure 8.SM.3) for 
the relatively short periods 1998–2011 and 1984–1998, whereas this 
is not the case for the longer periods. For the 1998–2011 period the 
natural forcing is very likely negative and has offset 2 to 89% of the 
anthropogenic forcing. It is likely that the natural forcing change has 
offset at least 30% of the anthropogenic forcing increase and very 
likely that it has offset at least 10% of the anthropogenic increase. For 
the 1998–2011 period both the volcanic and solar forcings contribute 
to this negative natural forcing, with the latter dominating. For the 
other periods shown in Figure 8.19 the best estimate of the natural is 
much smaller in magnitude than the anthropogenic forcing, but note 
that the natural forcing is very dependent on the selection of time 
period near the 1984–1998 interval. Over the period 1951–2011 the 
trend in anthropogenic forcing is almost 0.3 W m–2 per decade and 
thus anthropogenic forcing over this period is more than 1.5 W m–2. The 
anthropogenic forcing for 1998–2011 is 30% higher and with smaller 
uncertainty than for the 1951–2011 period. Note that due to large 
WMGHG forcing (Section 8.3.2) the anthropogenic forcing was similar 
in the late 1970s and early 1980s to the 1998–2011 period. The reason 
for the reduced uncertainty in the 1998–2011 anthropogenic forcing 

is the larger domination of WMGHG forcing and smaller contribution 
from aerosol forcing compared to previous periods. Similar to the 
results for 1970–2011 in Figure 8.19, Box 13.1 shows that the global 
energy budget is dominated by anthropogenic forcing compared to 
the natural forcing, except for the two major volcanic eruption in this 
period as can be easily seen in Figure 8.18.

Figure 8.20 shows the forcing between 1980 and 2011. Compared 
to the whole Industrial Era the dominance of the CO2 is larger for 
this recent period both with respect to other WMGHG and the total 
 anthropogenic RF. The forcing due to aerosols is rather weak leading 

(                              )

(  
   

   
)

Figure 8.18 |  Time evolution of forcing for anthropogenic and natural forcing mecha-
nisms. Bars with the forcing and uncertainty ranges (5 to 95% confidence range) at 
present are given in the right part of the figure. For aerosol the ERF due to aerosol–
radiation interaction and total aerosol ERF are shown. The uncertainty ranges are for 
present (2011 versus 1750) and are given in Table 8.6. For aerosols, only the uncertainty 
in the total aerosol ERF is given. For several of the forcing agents the relative uncertainty 
may be larger for certain time periods compared to present. See Supplementary Material 
Table 8.SM.8 for further information on the forcing time evolutions. Forcing numbers 
provided in Annex II. The total antropogenic forcing was 0.57 (0.29 to 0.85) W m–2 
in 1950, 1.25 (0.64 to 1.86) W m–2 in 1980 and 2.29 (1.13 to 3.33) W m–2 in 2011.

Figure 8.19 |  Linear trend in anthropogenic, natural and total forcing for the indicated 
time periods. The uncertainty ranges (5 to 95% confidence range) are combined from 
uncertainties in the forcing values (from Table 8.6) and the uncertainties in selection 
of time period. Monte Carlo simulations were performed to derive uncertainties in the 
forcing based on ranges given in Table 8.6 and linear trends in forcing. The sensitivity to 
time periods has been derived from changing the time periods by ±2 years.
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Figure 8.20 |  Bar chart for RF (hatched) and ERF (solid) for the period 1980–2011, 
where the total anthropogenic ERF are derived from Monte-Carlo simulations similar to 
Figure 8.16. Uncertainties (5 to 95% confidence range) are given for RF (dotted lines) 
and ERF (solid lines).

to a very strong net positive ERF for the 1980–2011 period. More than 
40% of the total anthropogenic ERF has occurred over the 1980–2011 
period with a value close to 1.0 (0.7 to 1.3) W m–2. The major contri-
bution to the uncertainties in the time evolution of the anthropogenic 
forcing is associated with the aerosols (see Section 8.5.1). Despite this, 
anthropogenic ERF is very likely considerably more positive than the 
natural RF over the decadal time periods since 1950. This is in par-
ticular the case after 1980, where satellite data are available that pro-
vide important measurements to constrain the natural RF mechanisms 
(e.g., the volcanic RF change between 2007–2011 and 1978–1982 is 
0.06 W m–2 and the representative change in solar irradiance over the 
1980–2011 period is –0.06 W m–2) with total natural RF of 0.0 (-0.1 to 
+0.1) W m–2.

8.5.3 Future Radiative Forcing

Projections of global mean RF are assessed based on results from mul-
tiple sources examining the RF due to RCP emissions: the ACCMIP ini-
tiative (see Section 8.2) provides analysis of the RF or ERF due to aer-
osols and ozone (Shindell et al., 2013c), while WMGHG, land use and 
stratospheric water RFs are taken from the results of calculations with 
the reduced-complexity Model for the Assessment of Greenhouse-gas 
Induced Climate Change 6 (MAGICC6) driven by the RCP emissions 
and land use (Meinshausen et al., 2011a). While MAGICC6 also esti-
mated ozone and aerosol RF, those values differ substantially from the 
ACCMIP values and are considered less realistic. Additional discussion 
of biases in the MAGICC6 results due to the simplified representations 
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of atmospheric chemistry and the carbon cycle, along with further dis-
cussion on the representativeness of the RCP projections in context 
with the broader set of scenarios in the literature, is presented in Sec-
tion 11.3.5 and Section 12.3 (also see Section 8.2). As the ACCMIP 
project provided projected forcings primarily at 2030 and 2100, we 
hereafter highlight those times. Although understanding the relative 
contributions of various processes to the overall effect of aerosols on 
forcing is useful, we emphasize the total aerosol ERF, which includes 
all aerosol–radiation and aerosol–cloud interactions, as this is the 
most indicative of the aerosol forcing driving climate change. We also 
present traditional RF due to aerosol–radiation interaction (previously 
called direct aerosol effect) but do not examine further the various 
components of aerosol ERF. Aerosol forcing estimates, both mean and 
uncertainty ranges, are derived from the 10 ACCMIP models, 8 of which 
are also CMIP5 models. We analyze forcing during the 21st century 
(relative to 2000), and hence the WMGHG forcing changes are in addi-
tion to persistent forcing from historical WMGHG increases.

Analysis of forcing at 2030 relative to 2000 shows that under RCP2.6, 
total ozone (tropospheric and stratospheric) forcing is near zero, RF 
due to aerosol–radiation interaction is positive but small, and hence 
WMGHG forcing dominates changes over this time period (Figure 8.21). 
WMGHG forcing is dominated by increasing CO2, as declining CH4 and 
increasing N2O have nearly offsetting small contributions to forcing. 
Aerosol ERF was not evaluated for this RCP under ACCMIP, and values 
cannot be readily inferred from RF due to aerosol–radiation interaction 
as these are not directly proportional. Under RCP8.5, RF due to aerosol–
radiation interaction in 2030 is weakly negative, aerosol ERF is positive 
with a fairly small value and large uncertainty range, total ozone forc-
ing is positive but small (~0.1 W m–2), and thus WMGHG forcing again 
dominates with a value exceeding 1 W m–2. As with RCP2.6, WMGHG 
forcing is dominated by CO2, but under this scenario the other WMGHGs 
all contribute additional positive forcing. Going to 2100, ozone forcing 
diverges in sign between the two scenarios, consistent with changes in 
the tropospheric ozone burden (Figure 8.4) which are largely attribut-
able to projected CH4 emissions, but is small in either case. Ozone RF 
is the net impact of a positive forcing from stratospheric ozone recov-
ery owing to reductions in anthropogenic ozone-depleting halocarbon 
emissions in both scenarios and a larger impact from changes in tropo-
spheric precursors (Shindell et al., 2013c) which have a negative forcing 
in RCP2.6 and a positive forcing in RCP8.5.

The two scenarios are fairly consistent in their trends in RF due to aero-
sol–radiation interaction by component (Figure 8.21). There is positive 
RF due to aerosol–radiation interaction due to reductions in sulfate 
aerosol. This is largely offset by negative RF due to aerosol–radiation 
interaction by primary carbonaceous aerosols and especially by nitrate 
(though nearly all CMIP5 models did not include nitrate), leaving net 
aerosol RF due to aerosol–radiation interaction values that are very 
small, 0.1 W m–2 or less in magnitude, in either scenario at 2030 and 
2100. Nitrate aerosols continue to increase through 2100 as ammo-
nia emissions rise steadily due to increased use of agricultural ferti-
lizer even as all other aerosol precursor emissions decrease (Figure 
8.2), including sulphur dioxide which drives the reduction in sulphate 
 aerosol that also contributes to additional formation of nitrate aerosols 
in the future (Bauer et al., 2007; Bellouin et al., 2011). Aerosol ERF is 
likely similar at this time in all scenarios given that they all have greatly 


