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Abstract

The role of stratospheric water vapor (SW V) changes, in response to increasing CO,, as a feedback component of quantitative
significance for climate sensitivity has remained controversial. Here, we calculate the SWV climate feedback under abrupt
CO, quadrupling in the CMIP5 ensemble of models. All models robustly show a moistening of the stratosphere, causing a
global mean net stratosphere adjusted radiative perturbation of 0.89 + 0.27 Wm™ at the reference tropopause. The strato-
spheric temperature adjustment is a crucial component of this radiative perturbation. The associated climate feedback is
0.17 + 0.05 Wm~2 K™, with a considerable inter-model range of 0.12-0.28 Wm~2 K~!. Taking into account the rise in tropo-
pause height under 4 X CO, slightly reduces the feedback to 0.15 + 0.04 Wm~2 K=, with a range of 0.10-0.26 Wm™2 K.
The SWYV radiative perturbation peaks in the midlatitudes and not the tropics: this is due primarily to increases in SWV in
the extratropical lowermost stratosphere, which cause the majority (over three quarters) of the global mean feedback. Based
on these results, we suggest an increased focus on understanding drivers of water vapor trends in the extratropical lowermost
stratosphere. We conclude that the SWV feedback is important, being on the same order of magnitude as the global mean
surface albedo and cloud feedbacks in the multi-model mean.

Keywords Stratospheric water vapor - Climate feedback - Climate change - Partial radiative perturbation - Radiative
kernel - CMIP5 models

1 Introduction

The overall sensitivity of the climate system to increases in
CO, depends upon feedbacks that either amplify or diminish
the initial forced warming. The traditional set of feedbacks
commonly considered comprises changes in temperature
(sometimes separated into Planck and lapse rate compo-
nents), water vapor, surface albedo and clouds; a wealth of
studies have focused on quantifying these feedbacks and
understanding their inter-model ranges (e.g. Bony et al.
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2006; Soden et al. 2008; Vial et al. 2013; Chung and Soden
2015). Specific among this large body of literature are a
few studies that have singled out stratospheric water vapor
(SWYV) as a potential positive climate feedback. We first dis-
cuss these studies in detail to contextualize the present work.

Forster and Shine (2002) placed an early upper limit
on the SWV climate feedback of around 1.5 Wm™2 K™,
based on the limited observations available at the time, but
acknowledged that these observations could simply reflect
decadal variability rather than a long-term trend. Indeed,
although interannual variations in SW'V, and their associated
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Table 1 SWV-driven radiative

. Y Model Instantaneous, tropopause Adjusted, tropopause AT,

perturbations (Wm™") at

the tropopause and the LW SW Net Feedback LW SW Net Feedback

associated climate feedbacks

(Wm™2 K", The stratosphere ACCESSI1-0 1.69 —-027 142 026 131 -028 1.03 0.18 5.56

and troposphere are separated ACCESS1-3 125 -0.19 1.06 022 092 -020 072 0.15 4.86

using the piControl tropopause ;¢ ogm-1-m 139 -022 117 023 105 -023 082 016 5.03

definition. The final column

shows the surface temperature bee-csml-1 1.06 -0.17 089 0.19 0.80 —-0.18 0.63 0.13 4.81

change (K) due to 4 x CO, BNU-ESM 1.55 =025 130 021 .17 -026 091 0.15 6.21
CanESM2 146 —-021 124 021 1.06 -023 083 0.14 5.83
CCSM4 099 —-0.16 083 0.17 078 —-0.17 062 0.13 4.78
CNRM-CM5 1.63 -026 137 026 127 -027 099 0.19 5.23
CNRM-CM5-2 1.67 -027 140 027 130 -028 1.02 020 5.20
CSIRO-Mk3-6-0 268 —-044 224 040 200 -046 155 028 5.55
FGOALS-g2 1.00 -0.16 084 0.17 075 —-0.16 059 0.12 4.96
FGOALS-s2 136 -020 1.16 020 1.02 -021 080 0.14 5.77
GFDL-CM3 1.83 -029 154 027 135 -030 1.06 0.18 5.79
GFDL-ESM2G 1.58 —-025 133 036 .19 -025 094 025 3.71
GFDL-ESM2M 1.69 -026 143 037 127 -027 1.00 026 3.83
GISS-E2-H 0.89 -0.13 077 0.19 0.64 -0.13 051 0.13 4.05
GISS-E2-R 0.84 -0.12 072 021 0.60 -—0.12 048 0.14 3.39
HadGEM2-ES .71 —-025 146 023 125 -026 099 0.16 6.24
IPSL-CM5A-MR  2.60 —-041 219 0.38 192 -042 150 026 5.77
IPSL-CM5B-LR 125 -0.18 1.07 025 092 -0.19 074 0.17 4.35
MIROCS 096 —-0.15 081 0.19 073 -0.15 057 0.14 4.18
MIROC-ESM 1.81 -029 152 023 .36 -030 1.06 0.16 6.62
MPI-ESM-LR 194 -031 163 028 145 -032 113 0.19 5.89
MPI-ESM-MR 1.74 —-027 147 026 .30 -028 1.01 0.18 5.64
MPI-ESM-P 191 -030 160 0.28 142 -032 111 0.19 5.70
MRI-CGCM3 1.56 —-0.25 130 0.30 .18 -026 091 021 4.35
NorESM1-M 0.81 —-0.13 0.68 0.16 061 —-0.13 048 0.12 4.14
Mean 1.51 -024 128 0.25 .13 -025 089 0.17 5.09
Std. dev. 0.47 0.08 040 0.07 0.35 0.08 027 0.05 0.86
Min. 0.81 —-044 068 0.16 060 —-046 048 0.12 3.39
Max. 268 —0.12 224 040 200 -0.12 155 028 6.62

climate impacts, can be large (Solomon et al. 2010; Gil-
ford et al. 2016), satellite datasets indicate no long term
trend in SWYV (at least in the lower stratosphere) in recent
decades (Hegglin et al. 2014; Dessler et al. 2014). How-
ever, the possibility of a substantial long-term feedback
remains, since climate models robustly project increasing
SWYV with increasing CO, (Gettelman et al. 2010; Smal-
ley et al. 2017). Stuber et al. (2001a) simulated the SWV
response to a CO, perturbation (equivalent to 1 Wm™)
using a single model (ECHAM4). They calculated an asso-
ciated stratosphere adjusted radiative perturbation at the
tropopause of 0.193 Wm™2, which would imply a climate
feedback of 0.24 Wm™2 K~! (calculated from their Table 1).
Similarly, and more recently, Dessler et al. (2013) simu-
lated the SWV response over the period 2000—2100 under
the A1B greenhouse gas emissions scenario, again using a
single model (GEOSCCM). They calculated an associated
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stratosphere adjusted radiative perturbation at the tropopause
of 0.59 Wm™2, which would imply a climate feedback of
0.29 Wm™2 K. Finally, in a multi-model study, Huang et al.
(2016) calculated the SWV response to abrupt CO, quadru-
pling in an ensemble of the Coupled Model Intercomparison
Project (CMIP5) models. They reported a multi-model mean
feedback of 0.02 + 0.01 Wm™> K~ ! using two instantaneous
top-of-the-atmosphere (ToA) radiative kernels (from the
NCAR and GFDL models). However, these kernel calcula-
tions did not include stratospheric temperature adjustment,
which must be accounted for in order to reliably estimate
the climate impacts of changing stratospheric constituents
(e.g. Forster and Shine 1997; Solomon et al. 2010; Maycock
and Shine 2012). In summary, previous literature suggests a
likely SWV feedback of around 0.24-0.29 Wm™ K~! (Stu-
ber et al. 2001a; Dessler et al. 2013). We stress, however,
that this is based on just two single model studies: these



Stratospheric water vapor: an important climate feedback

results remain to be confirmed and the inter-model range
needs to be quantified. These are the goals of the present
study.

Quantification of the SWV climate feedback has not yet
become a routine part of traditional feedback analysis, being
either implicitly included within other feedbacks or at least
partly excluded. We recall a few examples from the litera-
ture. A common technique in diagnosing climate feedbacks
is the use of radiative kernels (Soden and Held 2006; Soden
et al. 2008), which canonically describe the instantaneous
ToA radiative perturbation' due to incremental changes in
the feedback variable. Several studies integrate kernel-based
feedbacks only up to the tropopause (Soden and Held 2006;
Soden et al. 2008; Previdi 2010; Vial et al. 2013), with a
view to quantify tropospheric feedbacks, thus ostensibly
omitting the SWV feedback®. The potential importance
of including stratospheric contributions is highlighted by
Huang (2013). Sanderson et al. (2010) and Klocke et al.
(2013) integrate through the full atmospheric column for
the water vapor feedback, thereby capturing the portion of
the SWYV feedback resulting from its instantaneous radia-
tive effects. However, the radiative flux change contribution
from the stratospheric temperature adjustment is excluded?.
Radiative kernels have also been combined with the linear
regression approach of Gregory et al. (2004), either integrat-
ing up to the tropopause (Liu et al. 2018) or through the full
atmospheric column (Block and Mauritsen 2013). The latter
method fully captures the SWV feedback: the instantane-
ous and stratosphere adjusted portions are included within
the water vapor and temperature feedbacks, respectively.
Another method of calculating climate feedbacks is by Par-
tial Radiative Perturbation (PRP) (Wetherald and Manabe
1988), in which offline calculations determine the radiative
effects of individual variables. As with the kernels, some
studies (Klocke et al. 2013) capture only the instantaneous
portion of the SWV feedback using PRP. Others (Meraner
et al. 2013; Colman and McAvaney 2011) combine the PRP
and regression methods and thus capture the full SWV feed-
back as part of the water vapor and temperature feedbacks.
Summarizing, we deduce a clear inconsistency among pre-
vious studies in their treatment of the SWV feedback and

' To our knowledge, Solomon et al. (2010) is the only study to
include the effects of stratospheric temperature adjustment in their
(water vapor) kernel.

2 Many of these studies define the tropopause as 100 hPa at the trop-
ics decreasing linearly in latitude to 300 hPa at the poles, so may
include some of the lowermost stratosphere in their vertically inte-
grated feedbacks.

3 Here the stratosphere adjusted portion of the SWV feedback is not
included within the lapse rate feedback, which is integrated only up
to the tropopause, in order to exclude fast stratospheric temperature
changes associated with CO, forcing, as an upgrade upon earlier work
(Shell et al. 2008).

no clear quantification of its overall effects (instantaneous
plus stratosphere adjusted). In the present paper, we provide
a multi-model based quantification of the SWV feedback
using a standard method to highlight its importance in the
context of climate feedback analysis.

In quantifying the SWV feedback, we will distinguish
between SWV in the lowermost stratosphere (LMS, between
the tropopause and 100 hPa), most of which lies in the extra-
tropics, and the stratospheric overworld (above 100 hPa),
owing to their distinct drivers. A primary control on over-
world SWV are the cold point temperatures (CPT) in the
tropical tropopause layer (TTL), which determine entry
mixing ratios into the stratosphere (Holton and Gettelman
2001; Fueglistaler and Haynes 2005). Model studies suggest
that increasing CO, moistens the overworld by warming the
CPT, which results through increases in tropospheric tem-
peratures, offset partially by the effects of a strengthening
Brewer-Dobson circulation (Gettelman et al. 2009; Dessler
et al. 2013; Smalley et al. 2017). Recent work has identified
increases in convectively lofted ice and subsequent evapora-
tion in and above the TTL as another significant contribution
to the moistening of the overworld under increasing CO, in
models (Dessler et al. 2016). In contrast to overworld SWV,
there is limited understanding of the processes controlling
water vapor variability in the extratropical LMS. Broadly
speaking, it is affected by the stratospheric residual circula-
tion, isentropic transport of high water vapor amounts from
the tropical troposphere (Dethof et al. 2000; Pan et al. 2000)
and possibly from the TTL (Gilford et al. 2016), and by
convective moistening (e.g. Sun and Huang 2015). Although
the drivers of water vapor in the extratropical LMS have
received relatively little attention, it is disproportionately
important for the overall stratospheric temperature response
and the radiative perturbation from uniform increases in
SWYV (Solomon et al. 2010; Maycock et al. 2011) and from
interannual SWYV variations (Gilford et al. 2016). Impor-
tantly, Dessler et al. (2013) found that SWV in the LMS is
responsible for the majority (two-thirds) of the total SWV
climate feedback; this single model result ought to validated
against evidence from a variety of models.

Thus, the goal of this study is to quantify the SWV
climate feedback in a multi-model framework and deter-
mine the inter-model range. To this end, we use the abrupt
4 x CO, experiment of the CMIP5 models, which has been
widely used to quantify climate feedbacks (e.g. Vial et al.
2013). The SWV climate feedback is calculated with offline
radiative transfer calculations, broadly following the PRP
methodology, and the effect of the stratospheric temperature
adjustment is quantified.

@ Springer
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2 Models, data and methodology

This study utilises data from 27 CMIP5 models, listed
in Table 1. We analyze monthly mean output from the
pre-industrial control (piControl) and the abrupt 4 X CO,
experiment (first ensemble member only), where an instan-
taneous quadrupling of CO, from piControl conditions is
imposed at the beginning of the run. The last 50 years of
each experiment (out of 150 years for abrupt 4 X CO,) are
analyzed. The zonal and climatological monthly mean of
the water vapor fields is calculated for each experiment
and model. These fields are interpolated to a common grid
(1.9 x 2.5° horizontal resolution with 26 vertical levels)
and input into the offline radiative transfer code, which is
now described.

2.1 Calculation of SWV radiative perturbation
and feedback

We first calculate the all-sky radiative flux change asso-
ciated with the SWV response using the Parallel Offline
Radiative Transfer (PORT) model (Conley et al. 2013).
The methodology broadly follows a Partial Radiative Per-
turbation (PRP) approach (Wetherald and Manabe 1988),
although some differences to the standard procedure will
be noted. For each model, a pair of calculations is per-
formed: (i) a reference calculation that uses the model
specific piControl water vapor field and (ii) a perturbed
calculation that substitutes the abrupt 4 X CO, water vapor
field. In both these calculations, the water vapor perturba-
tion is applied only in the portion of the atmosphere above
the tropopause and below 10 hPa, which is the lowest top
in our ensemble of CMIPS models. The lapse rate tropo-
pause, identified by the lowest level at which the lapse
decreases to 2 K km™ (WMO 1957), is used to separate
the troposphere and stratosphere across all the models, and
is defined using temperatures from piControl conditions
within PORT (Conley et al. 2013). Since the tropopause
rises in response to tropospheric warming under 4 x CO,,
changing the separation between tropospheric and strato-
spheric water vapor, the sensitivity of the results to the
choice of tropopause is also tested.

The radiative perturbation of the SWV response is
measured as the global and annual mean difference in
longwave (LW), shortwave (SW) and net (LW+SW) radia-
tive fluxes between the reference and perturbed calcula-
tions; we take this difference at both the tropopause and
the ToA. Both the instantaneous and stratosphere adjusted
radiative perturbations (R;,, and R, respectively) are cal-
culated. In the latter, stratospheric temperatures are itera-
tively adjusted above the tropopause to attain radiative
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equilibrium using the fixed dynamical heating (FDH)
approximation (e.g. Ramanathan and Dickinson 1979; Fels
et al. 1980), which is described in the Appendix. We thus
calculate four sets of values for each model: R;,; and R,
at the tropopause (Table 1) and at the ToA (Supplementary
Table 1). For R,;;, we calculate two further sets of val-
ues using the PORT abrupt 4 x CO, tropopause definition
(Supplementary Tables 2 and 3). The associated climate
feedback is calculated by normalizing net R, and R,; by
the change in global and annual mean surface air tempera-
ture due to 4xCO, (AT,).

Our methodology of calculating the SWV climate feed-
back is similar to that used by Dessler et al. (2013). It
differs from the traditional PRP procedure (Wetherald and
Manabe 1988; Colman and McAvaney 1997; Klocke et al.
2013; Colman 2015; Rieger et al. 2017) because we here
use a time average of the model output fields (monthly
means rather than sub-sampling instantaneous output)
and, crucially, because we consider the effect of the strato-
spheric temperature adjustment. Furthermore, to facilitate
a direct comparison with Dessler et al. (2013), we will
primarily focus on the radiative feedback calculated at the
tropopause rather than the ToA, noting that for net R,
the values at the tropopause and ToA are almost identi-
cal, with no difference in the multi-model mean feedback
(compare Table 1 and Supplementary Table 1). Note that
we only perform a ‘forward” PRP-like calculation for each
model, in which the abrupt 4 x CO, water vapor field is
substituted into piControl conditions. For ideal results con-
sistent with a canonical PRP feedback analysis, we would
have also needed to perform a ‘backward’ calculation, in
which the piControl water vapor field is substituted into
abrupt 4 X CO, conditions; the average of the forward and
backward calculations should provide a better estimate of
the SWV feedback (Colman and McAvaney 1997). Given
the computational expense, we have only performed this
exercise for the Whole Atmosphere Community Climate
Model (WACCM) chemistry-climate model (CCM). For
this single model, we find that the SWV feedback from
the backward calculation is only 0.2% smaller than for the
forward calculation, suggesting that it is not critical here
to omit the backward calculation.

For comparison with the CMIP study of Huang et al.
(2016), we also compute the SWV climate feedback using an
instantaneous ToA radiative kernel. We use the same kernel
(from the MPI ECHAMS5 GCM) and methodology as Pre-
vidi (2010) and Previdi and Liepert (2012). Briefly, for each
model, we calculate the SWV climate feedback by multiply-
ing the SWV response by the kernel on a 3D monthly mean
basis, and normalizing by AT,. Here we separate the strato-
sphere and troposphere with the lapse rate tropopause cal-
culated from each model’s piControl run as in Huang et al.
(2016) for comparison to that study. The kernel-calculated
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10 (a) ASWV: CMIP5 mean (relative)

10 (b) ASWV: CMIP5 mean (absolute)

10(C)ASWV: CMIP5 standard deviation
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Fig. 1 The a relative (%) and b absolute (ppmv) zonal and climatological annual mean response of SWV to 4 X CO,, averaged across the CMIP5
models. ¢ The standard deviation in the SWV response across the CMIP5 models. Values below the PORT piControl tropopause are masked out

global mean values for the SWV feedback are included in
Supplementary Table 1.

There are caveats to utilising CMIP5 model output from
the abrupt 4 X CO, experiment to quantify the SWV feed-
back. The CMIP5 models generally have coarse vertical
resolution within the TTL, which may limit the representa-
tion of processes (e.g. deep convection, the stratospheric
circulation) that are important to simulating SWV amounts
either via cold-point temperatures (Kim et al. 2013) or direct
injection. It is conceivable that the strength of the contribut-
ing processes, and hence SWV amounts, do not scale lin-
early with increasing CO, concentrations, particularly to the
large effects of CO, quadrupling. Indeed, non-linearities in
the strength of climate feedbacks and the equilibrium cli-
mate sensitivity (ECS) in the magnitude of the forcing have
previously been noted (e.g. Meraner et al. 2013; Vial et al.
2013). However, the aim of the present study is not to assess
the models’ ability to represent SWV nor to investigate non-
linearities in a changing climate. Instead, we simply wish
to quantify the SWV feedback strength in the CMIP abrupt
4 x CO, framework, within which the traditional set of
feedbacks - as well as the ECS - are widely quantified (e.g.
Gregory et al. 2004; Andrews et al. 2012; Vial et al. 2013).

3 Results
3.1 SWVresponse

Figures 1a, b show the response of SWV to 4 x CO, as rela-
tive (%) and absolute (ppmv) changes from the piControl for
the CMIP5 multi-model mean; the respective responses in
each individual model are shown in Figs. 2 and 3. The multi-
model mean shows a moistening throughout the stratosphere;

averaging over the stratosphere gives a response of 3.0 + 1.2
ppmv or 75 + 45 % (multi-model mean +10).

A noticeable hemispheric asymmetry is evident in the
response. The increase is smallest over Antarctica, with
some models even showing a dehydration over this region.
Larger increases are found in the Northern Hemisphere (NH)
than in the Southern Hemisphere (SH), which might reflect
greater increases in the NH in the strength of the strato-
spheric residual circulation or in cross tropopause isentropic
mixing, potentially through intensified NH monsoon circula-
tions (Dethof et al. 2000).

More importantly, we note a clear difference in the SWV
response between the LMS and the overworld, also noted
by Dessler et al. (2013). The multi-model mean, and nearly
all models, show the largest SWV increases within the LMS
(below 100 hPa, i.e. mainly in the extratropics). The LMS
averaged response (6.0 + 2.1 ppmv) is three times the over-
world averaged response (2.1 + 1.1 ppmv), and also larger
on relative terms despite the larger SWV background in the
LMS. Thus, based on the SWV response alone, the LMS
might be expected to exert greater radiative effects than the
overworld; this will be shown in Sect. 3.3.

While there are qualitative similarities in the SWV
response between the models, the inter-model spread is
large, with a standard deviation of 33% (LMS) and 50%
(overworld) relative to the mean response (see also Fig. 1c¢).
The CSIRO-Mk3-6-0 model stands out as having a particu-
larly large response (see Figs. 2 and 3), which is conceiv-
ably due to its very low atmospheric vertical resolution (18
levels, with only one layer representing the tropical tropo-
pause) (Gordon et al. 2002). We show in the next section that
the multi-model spread of the SWV radiative perturbation,
and its climate feedback, are related to the spread in the
SWYV response.

@ Springer
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«Fig. 4 Scatter plot showing the annual mean SWV response (aver-
aged over the entire stratosphere; ASWV in ppmv) against AT, (K) for
the abrupt 4 X CO, simulation each model. The anomalies are with
respect to the climatological annual mean of each model’s piControl
simulation. Note the larger y-axis scale for CSIRO-Mk3-6-0

3.2 Global mean SWV-induced radiative
perturbation and climate feedback

We first show evidence that the long-term SWYV response to
increased CO, is likely to constitute a true climate feedback
process, rather than a rapid adjustment contributing to CO,
forcing. As mentioned in the Introduction, one method to
demonstrate this is through the linear regression approach
of Gregory et al. (2004), which would distinguish the part of
the SWV radiative perturbation that is correlated to chang-
ing T, (i.e. the climate feedback) from the part that is asso-
ciated with rapid adjustment. However, such an exercise
would require an excessive number of PRP calculations (one
for each individual model year) and this is computation-
ally not feasible*. Instead, here we simply show the SWV
response itself (averaged over the entire stratosphere; A
SWYV) against AT, for each model in Fig. 4 over the entire
length of the abrupt 4 x CO, simulation (150 years). The fast
SWY response (by the end of year 1) is only around 5% (up
to 15% at most) of the response by the end of the simula-
tion. Rather, ASWV increases in close correlation with AT,
(linear correlation coefficients, r, range between 0.93 and
0.99). Assuming that the associated SWV radiative perturba-
tion will behave the same way, we conclude that the SWV
changes largely constitute a climate feedback mechanism.
In Figure Sa, it can be seen that net R,;; shows a strong
linear relationship with ASWYV across the CMIP5 ensem-
ble of models. That is, we find a stronger radiative pertur-
bation in models with a larger SWV response, which is
unsurprising given the similar pattern of response across
the models. The multi-model mean value of net R,; at the
tropopause is 0.89 + 0.27 Wm™2, which is 30% smaller than
net R, (1.28 + 0.40 Wm™>). At the ToA, the stratospheric
adjustment has an even larger fractional impact, increas-
ing the radiative perturbation by over a factor of six (see

4 Given the computational expense, the PRP procedure has been
combined with the Gregory et al. (2004) linear regression approach
to diagnose individual feedbacks in very few studies, such as Colman
and McAvaney (2011), Meraner et al. (2013) and Colman (2015).

5 Technically, the fast SWV response should be determined at
AT, = 0. The y-intercepts of the linear regression lines suggest a
negative fast response for many of the models. An initial reduction
in SWV could conceivably arise through CO,-induced cooling of
the stratosphere and TTL. However, some degree of non-linearity
is clearly evident for most models, such that the fast response might
actually be zero or small positive.

Supplementary Table 1). This finding confirms many previ-
ous studies (Forster and Shine 1997; Solomon et al. 2010;
Maycock and Shine 2012) that have shown the importance
of the stratospheric adjustment for SWV’s radiative effects,
and have emphasized that it needs to be accounted for when
assessing the magnitude of the associated climate feedback.
Hereafter, we restrict our discussion to R [at the tropo-
pause, following Dessler et al. (2013)].

The net SWV climate feedback is calculated by normaliz-
ing net R,,; by AT, for each model. This yields a multi-model
mean SWV climate feedback of 0.17 +0.05Wm™ K™,
with an inter-model range spanning 0.12—0.28 Wm~> K.,
Taking into account the higher tropopause under 4 X CO,
conditions lowers the feedback to 0.15 + 0.04 Wm~ K
(range of 0.10—0.26 Wm~2 K~!; Supplementary Table 2).
Interestingly, Fig. 5b demonstrates a linear correlation
between ASWV and the associated climate feedback across
the models. Only two GFDL models, which lie on the lower
end of climate sensitivities (Table 1) but on the higher end of
SWYV responses (Fig. 5), are apparent outliers. The CSIRO-
Mk3-6-0 model, which shows the largest SWV response,
also shows the largest feedback, but nevertheless falls on the
linear relationship. Removing these 3 models, and another
high feedback model (IPSL-CMS5A-MR), from the mean
has little impact on the calculated feedback, decreasing it
t0 0.16 + 0.03 Wm™2 K~!. These results show that the inter-
model spread in the SWV response is strongly related to the
inter-model spread in its climate feedback, and the spread
is large (1o is around 20-30% of the multi-model mean) in
both. Moreover, these results suggest that a model’s long-
term SWV response to increased CO, could be used as a
proxy for the associated climate feedback.

Our calculated multi-model mean feedback - with a full
range of between 0.10 to 0.28 Wm™ K™! - is consistent with
(if slightly lower than) earlier estimates derived, using a sim-
ilar method, with individual models by Dessler et al. (2013)
(0.29 Wm ™ K™') and Stuber et al. (2001a) (0.24 Wm™ K™;
derived from the values in the final row of their Table 1),
thereby broadly confirming their results. Here, we have also
highlighted the large inter-model range in the SWV feed-
back present in the current generation of climate models.
The very small value of the feedback found in Huang et al.
(2016) (0.02 +0.01 Wm™2 K~ !) can be attributed to the
absence of the stratospheric temperature adjustment in their
(instantaneous ToA) radiative kernel: we have been able to
reproduce their small values both with the ToA R;,, calcu-
lations using PORT (0.03 + 0.01 Wm™2 K™!) and with the
ECHAM instantaneous ToA kernel (0.02 + 0.01 Wm™2 K~ h
(see Table 1 in Supplementary Information).

Finally, we note that in comparison to current estimates
of tropospheric feedbacks, the SWV feedback calculated
here is an order of magnitude smaller than the CMIP5
multi-model mean tropospheric water vapor feedback
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Fig.6 The latitudinal variations
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[1.6 £0.3Wm™ K'; Table 9.5 in Flato et al. (2013)]. How-
ever, it is of the same order of magnitude as the multi-model
mean cloud feedback (0.3 + 0.7 Wm™2 K™, though we note
its larger inter-model range) and surface albedo feedback
(0.3 +0.1Wm~2 K™!). We thus deem SWV changes an
important climate feedback.

3.3 Therole of the LMS

Having discussed the overall SWV response and climate
feedback in the CMIPS5 abrupt 4 X CO, simulations, we now
focus on contributions from specific regions of the strato-
sphere. The LMS and stratospheric overworld have distinct
controlling mechansims (see Introduction) and responses
to 4 X CO, (Fig. 1a, b). Therefore, we have separated their
effects by performing a further set of radiative calculations
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wherein SWV perturbations are imposed in the LMS only;
as a reminder, most of this region is extratropical. Global
mean results are shown in Supplementary Table 4.

Figure 6a shows the latitudinal contributions to R,
(under the piControl tropopause definition). The net R,
(LW+SW, black line) is dominated by the LW component
(red line) and peaks in the midlatitudes of both hemispheres.
Figure 6b highlights the LMS as the region of the largest
SWYV radiative perturbation (solid lines), characterized
by two extratropical peaks, while the overworld response
(dashed lines) makes a smaller contribution, characterized
by a tropical peak. Indeed, we find that the LMS represents
77% of global mean R, (and hence, of the climate feed-
back) in the multi-model mean, with an inter-model range of
~60-95% (Supplementary Table 4). This result is an upper
limit, as the relative contribution of the LMS will be smaller
when accounting for the higher 4 X CO, tropopause height.
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Nevertheless, our value is in good agreement with Dessler
et al. (2013), who found a 66% contribution of the LMS in
their single model study. The major role of the LMS can be
explained by the greater underlying temperature sensitiv-
ity of this region (relative to the overworld) to a uniform
SWYV perturbation (Forster and Shine 2002; Maycock et al.
2011), combined with the largest SWV changes in terms
of absorber mass from increased CO, occurring here (see
Sect. 3.1). While most previous studies have delved into
drivers of variability in tropical lower stratospheric SWV
concentrations (Oman et al. 2008; Dessler et al. 2014; Hardi-
man et al. 2015; Smalley et al. 2017), our results add to the
body of literature (Maycock et al. 2011; Dessler et al. 2013;
Gilford et al. 2016; Huang et al. 2016) that motivates further
efforts to understand drivers of extratropical lower strato-
spheric variability, given its importance for radiation and
climate. Indeed, part of the extratropical variability could
be linked to tropical variability through isentropic mixing
(Gilford et al. 2016).

4 Discussion

Our study adds to the limited multi-model evidence in the
literature on the importance of SWV as a climate feedback
(Stuber et al. 2001a; Dessler et al. 2013). Dessler et al.
(2013) employed a CCM and 21st century scenario in their
study, in contrast to the CMIP5 abrupt 4 X CO, framework
employed here. It is conceivable that the feedback calcu-
lated under 4 X CO, conditions is not representative of that
occurring due to the smaller radiative forcing over the 21st
century. In addition, CCMs—as opposed to the majority of
models used here, which do not compute chemistry—might
better simulate the SWV response to increasing CO, due to
their (often) finer vertical resolution around the tropopause
and representation of the complex dynamical and micro-
physical processes (Hardiman et al. 2015) that determine
SWYV amounts. The treatment of ozone under increased CO,
—prescribed as in most climate models versus interactive in
CCMs—has also been shown to modify the SWV radiative
perturbation and climate feedback, but the magnitude of the
effect is strongly model dependent (Dietmiiller et al. 2014;
Nowack et al. 2015; Marsh et al. 2016). We note that the
only three models in our CMIP5 ensemble which are CCMs
(CNRM-CMS5, CNRM-CM5-2 and GFDL-CM3) show no
notable difference in their SWV feedback compared to the
rest of the models (e.g. Table 1). We also find no significant
difference in the feedback between models with high tops
(above the stratopause) versus low tops in the global mean
(0.18 + 0.04 and 0.17 + 0.05 Wm™2 K~! respectively under
the piControl tropopause), nor any particular difference in
the extratropics in contrast to Huang et al. (2016). Whether
the SWYV feedback is sensitive to the choice of model (CCMs

versus classical climate models) and magnitude of CO, forc-
ing warrants future investigation. Despite the model differ-
ences, our value for the SWV climate feedback is broadly
consistent with that found in Dessler et al. (2013) (0.29
Wm~2 K™!) as well as Stuber et al. (2001a) (0.24 Wm 2 K™}).

A few studies have quantified the separate stratospheric
water vapor and/or temperature feedbacks (Chung and
Soden 2015; Zhang and Huang 2014; Huang et al. 2016;
Rieger et al. 2017). Chung and Soden (2015) and Huang
et al. (2016) both find a negligible SWV feedback, which
can be explained by the lack of the crucial stratospheric
temperature adjustment considered as part of the feedback.
Indeed, using PRP-like and radiative kernel techniques, we
derive ToA instantaneous SWYV feedback values of only
0.03 0.0l Wm 2K~ and 0.02 + 0.01 Wm2 K™, respec-
tively. However, these previous studies also find a negligible
stratospheric temperature feedback: this seems somewhat at
odds with our results [and with those of Stuber et al. (2001a)
and Dessler et al. (2013)], which show that the SWV feed-
back is mainly associated with stratospheric temperature
changes. We speculate that factors besides SWV, such as the
stratospheric circulation or clouds, might cancel the effects
of SWYV on the overall stratospheric temperature feedback;
this too requires further investigation.

5 Conclusions

In this study, we have provided an estimate of the climate
feedback of stratospheric water vapor (SWV) under the abrupt
4 x CO, scenario in 27 Coupled Model Intercomparison Pro-
ject (CMIPS) models. The models robustly show a moisten-
ing of the stratosphere. The fast (<1 year) SWV response is
only around 5% of the final response; instead, the transient
SWYV response is closely correlated with the slowly varying
surface temperature response, supporting the role of SWV as
a climate feedback mechanism. Imposing the SWV response
in offline radiative calculations, broadly following a Partial
Radiative Perturbation (PRP) approach, we find an associated
global mean net stratosphere adjusted radiative perturbation
of 0.89 + 0.27 Wm™2. The associated climate feedback is
estimated to be 0.17 + 0.05 Wm™> K~! (ranging from 0.12
to 0.28 Wm=2 K~! across the CMIP5 models). Taking into
account the higher tropopause under 4xCO, conditions lowers
the feedback to 0.15 + 0.04 Wm ™ K~! (ranging from 0.10 to
0.26 Wm™2 K™1). As has long been recognized (Forster and
Shine 1997; Solomon et al. 2010; Maycock and Shine 2012),
the stratospheric temperature adjustment is a crucial part of
the SWV radiative perturbation, and thus also of the associ-
ated climate feedback. We note that we have not assessed the
effects of different model radiation schemes, which will be
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an additional source of inter-model differences in the SWV
feedback (Maycock and Shine 2012).

We have also found that the lowermost stratosphere (LMS),
which is mainly located in the extratropics, is the key region for
the feedback. The LMS response causes around three-quarters
of the total SWV climate feedback in the multi-model mean
(inter-model range of ~60-95%), which quantitatively agrees
well with the single chemistry-climate model result (66%)
of Dessler et al. (2013). While water vapor variability in the
tropical tropopause layer (TTL) has been the subject of much
attention (Oman et al. 2008; Dessler et al. 2014; Smalley et al.
2017), our results underscore the need for future studies to
focus also on the extratropical LMS, e.g. on the importance of
transport from the TTL itself (Gilford et al. 2016) versus trans-
port across the tropopause (Stenke et al. 2008). The LMS—in
addition to its importance for radiation and climate—might
also be a critical region for determining the dynamical impacts
of SWV (Tandon et al. 2011).

Finally, we wish to emphasize that although the SWV
climate feedback calculated here is small compared to
global mean estimates of the tropospheric water vapor
feedback from the CMIP5 models, it is of the same order
of magnitude as the multi-model mean surface albedo
feedback (0.3 +0.1Wm™ K™') and the cloud feedback
0.3+£0.7 Wm™2 K‘l) [see Table 9.5 in Flato et al. (2013)],
though we note the large inter-model range on the latter. As
SWYV represents an individual physical entity (controlled, at
least in part, by essentially different mechanisms than tropo-
spheric water vapor), we conclude that the SWV feedback is
of sufficiently large amplitude to deserve dedicated attention.
Model-to-model variations, as reported in the present paper,
and full understanding of the underlying physical mecha-
nisms need further investigation.
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Appendix

Two calculations are performed for each SWV perturbation
to give the associated instantaneous (R,,,) and stratosphere-

ms
adjusted (R,,;) radiative perturbations. Here we describe
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the calculation of R,;; under the Fixed Dynamical Heating
(FDH) approximation (Ramanathan and Dickinson 1979;
Fels et al. 1980; Forster et al. 1997; Stuber et al. 2001b);
further details of its implementation in PORT can be found
in Conley et al. (2013).

In every grid cell, the temperature tendency that results
from a net heating rate is the sum of radiative (Q,,,) and
dynamical (Q,,,) heating rates, which are functions of tem-
perature (7) and composition (C). In an unperturbed steady-

state, the temperature tendency is equal to zero:

dT [dt = Q,0(T, C) + (T, C) = 0 )

A perturbation to the composition of the stratosphere (in our
case, a change in SWV) can change the radiative heating
rate to result in a non-zero temperature tendency. Under the
FDH approximation, the dynamical heating rate is assumed
to remain at unperturbed values, leading to a purely radia-
tive equation:

dT [dt = Qq(T, C") + 0y (T, C) = Qq(T, C") = Q,q(T, C) # 0

@)
Stratospheric temperatures are iteratively adjusted in the
above equation with a timestep of 30 min, while tropo-
spheric and surface temperatures are held fixed, to reach
another steady-state:

00T, C") = Q,0(T, C) = 0 3)
The model is run for 5 years; the first year is discarded to
allow the stratosphere to reach steady state and results are
averages over the following 4 years. 7’ — T is the overall
stratospheric temperature adjustment. R, is the vertical
net radiative flux (downwards = positive) after stratospheric
adjustment, here, measured at the tropopause and ToA,
which should be equal at steady state. We find that defin-
ing the tropopause on a timestep-by-timestep basis leads to
some instability in the calculation as the adjustment domain
changes, as found by Stuber et al. (2001b), causing a dif-
ference between R,;; measured at the tropopause and ToA.
Instead, we define a monthly varying tropopause that gives
enough stability (tropopause and ToA values differ by at
most 2%; e.g. compare Table 1 and Supplementary Table 1)
as well as a seasonal variation to the calculation.
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