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Rapid adjustments and precipitation  

1.  What are rapid adjustments? 
2.  Global precipitation response 

3.  Regional precipitation response 

4.  Observing changes in reality 

 

Rapid adjustments of precipitation are probably real but 
observing them could be hard 
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2. WHAT ARE RAPID 
ADJUSTMENTS? 
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Effective 
radiative 
forcing ΔF=  
RF +adjustments 

Adjustments – missing 
component of energy budget 

Feedback terms =   
( λPlanck + λWV/LS +  
  λsurface + λcloud     ) ΔTs 

Change in ocean heat content ΔQ 

+ 
= 
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Clouds and Aerosols Chapter 7
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Figure 7.1 |  Overview of forcing and feedback pathways involving greenhouse gases, aerosols and clouds. Forcing agents are in the green and dark blue boxes, with forcing 
mechanisms indicated by the straight green and dark blue arrows. The forcing is modified by rapid adjustments whose pathways are independent of changes in the globally aver-
aged surface temperature and are denoted by brown dashed arrows. Feedback loops, which are ultimately rooted in changes ensuing from changes in the surface temperature, 
are represented by curving arrows (blue denotes cloud feedbacks; green denotes aerosol feedbacks; and orange denotes other feedback loops such as those involving the lapse 
rate, water vapour and surface albedo). The final temperature response depends on the effective radiative forcing (ERF) that is felt by the system, that is, after accounting for rapid 
adjustments, and the feedbacks.

and  vegetation effects. Measures of ERF and rapid adjustments have 
existed in the literature for more than a decade, with a number of 
different terminologies and calculation methods adopted. These were 
principally aimed to help quantify the effects of aerosols on clouds 
(Rotstayn and Penner, 2001; Lohmann et al., 2010) and understand 
different forcing agent responses (Hansen et al., 2005), but it is now 
realized that there are rapid adjustments in response to the CO2 forcing 
itself (Section 7.2.5.6).

In principle rapid adjustments are independent of 6T, while feedbacks 
operate purely through 6T. Thus, within this framework adjustments 
are not another type of ‘feedback’ but rather a non-feedback phenom-
enon, required in the analysis by the fact that a single scalar 6T cannot 
fully characterize the system. This framework brings most efficacies 
close to unity although they are not necessarily exactly 1 (Hansen et al., 
2005; Bond et al., 2013). There is also no clean separation in time scale 
between rapid adjustments and warming. Although the former occur 
mostly within a few days of applying a forcing (Dong et al., 2009), 
some adjustments such as those that occur within the stratosphere 
and snowpack can take several months or longer. Meanwhile the land 
surface warms quickly so that a small part of 6T occurs within days to 
weeks of an applied forcing. This makes the two phenomena difficult to 
isolate in model runs. Other drawbacks are that adjustments are diffi-
cult to observe, and typically more model-dependent than RF. However, 
recent work is beginning to meet the challenges of quantifying the 
adjustments, and has noted advantages of the new framework (e.g., 
Vial et al., 2013; Zelinka et al., 2013).

There is no perfect method to determine ERF. Two common meth-
ods are to regress the net energy imbalance onto 6T in a transient 

Figure 7.2 | Radiative forcing (RF) and effective radiative forcing (ERF) estimates 
derived by two methods, for the example of 4 × CO2 experiments in one climate model. 
N is the net energy imbalance at the top of the atmosphere and 6T the global mean 
surface temperature change. The fixed sea surface temperature ERF estimate is from an 
atmosphere–land model averaged over 30 years. The regression estimate is from 150 
years of a coupled model simulation after an instantaneous quadrupling of CO2, with 
the N from individual years in this regression shown as black diamonds. The strato-
spherically adjusted RF is the tropopause energy imbalance from otherwise identical 
radiation calculations at 1 × and 4 × CO2 concentrations. (Figure follows Andrews et al., 
2012.) See also Figure 8.1.
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2. GLOBAL PRECIP RESPONSE 
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Rapid adjustment of global precipitation scales 
with atmospheric forcing  

  
 (Fatm = Ftoa - Fsurface) 

 
  

Andrews et al., 2010, 
Geophys. Res. Lett 

Fatm (Wm-2) 

Δ
P
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Fatm =  

Ftoa - Fsurface 
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Rapid adjustment of global precipitation scales 
with atmospheric forcing  

  
 (Fatm = Ftoa - Fsurface) 
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3. REGIONAL PRECIP 
RESPONSE 
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Fig. 4. Rapid development of the CO2-induced precipitation response (units mm day−1)
as simulated by the ECMWF-IFS (Integrated Forecast System) model for October 2011
upon instantaneous quadrupling of CO2. The adjustment response reduces precipitation
over oceans but increases it over most land areas. Adapted from Bony et al. (2013).
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Rapid land warming: How fast is fast? 
Dong et al. (2008) used 6 member 4xCO2 fixed-SST HadSM3 ensemble with daily diagnostics 
to look at timescale of adjustments: 

Global-mean temperature change (K) 

Day 1: Land warms due to increased LW 
Days 2-5: Processes adjust (e.g. clouds, precip) 
Days 6-20: Troposphere approaches eqm 

Land warming spreads 
upwards from surface  

Over sea, warming 
increases boundary 

layer stability – 
suppressing 
convection  

Ties is nicely with process-based understanding 



4 Wyant et al.

Table 1: Tropical means for the control simulation and changes due to the 4xCO2 perturbation. (*Note: for ω500, the
percentage change is normalized with the tropical-mean absolute value of the control ω500.)

Control ∆4xCO2

Ocean Land Total Ocean Land Total Total %
ω500 0.93 -1.98 0.20 0.71 -2.98 -0.22 * -0.8
Low Cloud Fraction 0.303 0.154 0.265 -0.0011 0.0056 0.0006 0.2
Middle Cloud Fraction 0.060 0.095 0.069 -0.0032 0.0057 -0.0010 -1.4
High Cloud Fraction 0.173 0.168 0.172 -0.0042 0.0203 0.0020 1.2
Total Cloud Fraction 0.433 0.310 0.402 -0.0038 0.0184 0.0018 0.4
LWP (g m−2) 82.3 64.3 77.8 -2.9 3.9 -1.2 -1.6
IWP (g m−2) 24.7 25.5 24.9 -0.8 3.1 0.1 0.6
Rainfall (mm day−1) 3.61 2.39 3.30 -0.25 0.25 -0.13 -3.8
LH Flux (W m−2) 135.1 46.1 112.7 -5.8 1.5 -3.9 -3.5
SH Flux (W m−2) 13.9 58.8 25.2 -1.0 0.0 -0.7 -3.0
SWCF (W m−2) -63.9 -44.3 -59.0 1.3 -2.5 0.3 0.6
LWCF (W m−2) 30.8 28.1 30.1 -2.2 1.5 -1.2 -4.1
Net LW up TOA (W m−2) 253.6 257.4 254.6 -7.0 -10.9 -8.0 -3.1
Net LW up Surf.(W m−2) 53.5 81.8 60.6 -2.7 -5.3 -3.3 -5.5
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Figure 1: Annual mean change in surface temperature for SP-CAM due to 4xCO2.

JAMES-D

Circulation changes 
Wyant et al. (2011) use a superparameterized climate model, SP-CAM (2D cloud 
resolving model in each grid column), with 4 x CO2 and fixed-SSTs over the tropics 
to investigate tropical cloud adjustment 

Find that land surface warming leads to more convection, with the opposite happening 
over the oceans (which dominates global-mean change) 

Courtesy	  of	  C.	  Bretherton	  



4xCO2 AMIP regional precip changes 



Circulation changes 



Ocean coupling? 
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Fig. 5. Adjustment of precipitation to a quadrupling of CO2 estimated three ways, using
a single climate model (IPSL-CM5A). (Top) Difference between first year after quadrupling
and control climatology, from a single coupled-model realization. (Middle) same but averaged
over an ensemble of 12 realizations. (Bottom) Change in precipitation with CO2 quadrupled
and SST held fixed, averaged over 12 years.
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Muller & O’Gorman, Nat CC, 2011 
Bony et al. (2013), Nature Geo Sci 
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Figure 1 |Multi-model mean projection of tropical precipitation changes at the end of the twenty-first century. a, Climatological multi-model mean
annual precipitation simulated by sixteen CMIP5 climate models in the pre-industrial climate. b–d, Multi-model mean change in annual precipitation (in
mm d�1) projected by the same models (b) and its decomposition (1P = 1Pther +1Pdyn) into thermodynamic (1Pther; c) and dynamic (1Pdyn; d)
components at the end of the twenty-first century in a climate-change scenario without mitigation (RCP8.5).
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Figure 2 | Interpretation of the multi-model mean regional pattern of tropical precipitation changes induced by a CO2 increase. a–h, Decomposition into
thermodynamic (1Pther; a–d) and dynamic (1Pdyn; e–h) components of the annual-mean precipitation change predicted by CMIP5 coupled
ocean–atmosphere models at different stages of an experiment in which CO2 is abruptly quadrupled: for the first year after CO2 quadrupling (a,e), and for
a tropical surface warming of 2 K (b,f), 3 K (c,g) and 4 K (d,h). Note the resemblance between the patterns simulated for a 4 K surface warming in this
experiment and those projected by the end of the twenty-first century in the RCP 8.5 scenario (Fig. 1c,d).

dry regions, whereas it mostly decreases in regions of high present-
day precipitation. Over land, 1Pdyn weakens with surface warming
in wet areas, and even changes sign in some regions (for example,
central Africa and South America). Over ocean, on the contrary,
1Pdyn evolvesmuch less with surfacewarming, and the fast response

pattern exhibitsmany similarities to the long-termpattern of1Pdyn.
It also forces an El Niño-like precipitation pattern.

To interpret the behaviour of 1Pdyn, we analyse the response of
large-scale atmospheric vertical motions to increased CO2 and sur-
face warming. For this purpose, we compute the monthly average
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Figure 4 |Annual and multimodel-mean thermodynamic and dynamic contributions to the change in the vertical-advective component of the dry static
energy flux divergence. a, Thermodynamic contribution. b, Dynamic contribution. c, Approximation for the thermodynamic contribution given by
equation (5). d, Approximation for the dynamic contribution given by equation (6). e, Zonal averages for the thermodynamic contributions of a and c
together with an approximation �Pamp for the thermodynamic contribution in terms of the mean precipitation distribution (see Methods). f, Zonal averages
for the dynamic contributions of b and d. As in Fig. 1, all values are in mm day�1.

The change in dry static energy flux divergence by the mean
circulation may be decomposed into components associated with
advection across horizontal and vertical gradients of mean dry
static energy
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where ū is the mean horizontal velocity, !̄ is the mean vertical
velocity in pressure coordinates, s̄ is the mean dry static energy,
and the integral sign denotes a mass-weighted integral over
the atmospheric column (see Methods). The vertical advective
component is dominant in the zonal mean because the horizontal
advective component has a wave-like character, and it is also
dominant in the tropics because of small horizontal gradients of
dry static energy there (Supplementary Fig. S3). We focus on the
vertical-advective component and decompose it into a dynamic
component related to changes inmean vertical velocities (�[!̄]) and
a thermodynamic component related to changes in mean dry static
stability (�[@ s̄/@p]),
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Similar decompositions into dynamic and thermodynamic
changes have been made previously14,15,26–28. The thermodynamic
component used here depends on changes in the mean thermal
stratification and does not assume unchanged relative humidity.
It primarily contributes in the tropics, but the dynamical
component is important globally and is of a similar magnitude
(Fig. 4a,b). Simple approximations are derived that relate the
thermodynamic component to the change in temperature (through
the change in dry static stability) and the dynamic component
to the change in vertical velocity in the mid-troposphere
(Methods; Fig. 4c,d). Specifically, the thermodynamic contribution
is proportional to the mean vertical advection of dry static
energy in the current climate and the dynamic contribution
is proportional to the change in mid-tropospheric vertical
velocity. The approximation for the dynamic component is
particularly simple and accurate; it involves only the change
in mean vertical velocity and a scaling constant that may be
estimated from the global average dry static stability in the
present climate.

The energetic approach to local precipitation is complementary
to the conventional water vapour budget approach and links closely
to our understanding of changes in global average precipitation
and the impacts of radiative forcing. There are several implications
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CO2 compared to aerosol 



4. OBSERVING CHANGES IN 
REALITY 
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Role of forcing? 
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Conclusions 

•  Rapid adjustments useful diagnostic in models 
•  Global adjustment in precip scales with atmospheric forcing 

•  Regional adjustment: increase over land, with dynamical 
response 

•  Adjustment may prove difficult to finger in observations?   
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Figure 1 |Multi-model mean projection of tropical precipitation changes at the end of the twenty-first century. a, Climatological multi-model mean
annual precipitation simulated by sixteen CMIP5 climate models in the pre-industrial climate. b–d, Multi-model mean change in annual precipitation (in
mm d�1) projected by the same models (b) and its decomposition (1P = 1Pther +1Pdyn) into thermodynamic (1Pther; c) and dynamic (1Pdyn; d)
components at the end of the twenty-first century in a climate-change scenario without mitigation (RCP8.5).
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Figure 2 | Interpretation of the multi-model mean regional pattern of tropical precipitation changes induced by a CO2 increase. a–h, Decomposition into
thermodynamic (1Pther; a–d) and dynamic (1Pdyn; e–h) components of the annual-mean precipitation change predicted by CMIP5 coupled
ocean–atmosphere models at different stages of an experiment in which CO2 is abruptly quadrupled: for the first year after CO2 quadrupling (a,e), and for
a tropical surface warming of 2 K (b,f), 3 K (c,g) and 4 K (d,h). Note the resemblance between the patterns simulated for a 4 K surface warming in this
experiment and those projected by the end of the twenty-first century in the RCP 8.5 scenario (Fig. 1c,d).

dry regions, whereas it mostly decreases in regions of high present-
day precipitation. Over land, 1Pdyn weakens with surface warming
in wet areas, and even changes sign in some regions (for example,
central Africa and South America). Over ocean, on the contrary,
1Pdyn evolvesmuch less with surfacewarming, and the fast response

pattern exhibitsmany similarities to the long-termpattern of1Pdyn.
It also forces an El Niño-like precipitation pattern.

To interpret the behaviour of 1Pdyn, we analyse the response of
large-scale atmospheric vertical motions to increased CO2 and sur-
face warming. For this purpose, we compute the monthly average
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Rapid adjustment of global precipitation scales 
with atmospheric forcing  

  
 (Fatm = Ftoa - Fsurface) 

 
  

Fatm (Wm-2) 

PDRMIP 
Precipitation Driver Response Model Intercomparison Project 

PDRMIP 
Precipitation Driver Response Model 
Intercomparison Project 

Example analysis 
• Fast precipitation responses to each forcing 

agent are diagnosed from fSST runs, total 
responses from slab/full ocean runs. 

• Radiative forcing is extracted at TOA and 
surface. 

• HadGEM and CESM both show correllations 
between (left) fast precipitation response and 
atmospheric absorption, and (right) TOA 
forcing and slow (total-fast) precipitation 
response. 

• Details for each forcing agent, underlying 
physics and total hydrological sensitivity differ 
between models. 

• A similar analysis will be done based on 
PDRMIP results. Process level information will 
be used to understand intermodel 
differences.  Kv
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PDRMIP will include several dedicated analysis 
including  a  better  understanding  of  the  drivers’  
importance for differences in precipitation 
changes, energy budget analysis and extremes 
related to precipitation.  


