LETTERS

https://doi.org/10.1038/541558-019-0401-4

nature
climate change

Enhanced land-sea warming contrast elevates
aerosol pollution in a warmer world

Robert J. Allen

Many climate models simulate an increase in anthropogenic
aerosol species in response to warming', particularly over
the Northern Hemisphere mid-latitudes during June, July
and August. Recently, it has been argued that this increase
in anthropogenic aerosols can be linked to a decrease in
wet removal associated with reduced precipitation?, but the
mechanisms remain uncertain. Here, using a state-of-the-art
climate model (the Community Atmosphere Model version 5),
we expand on this notion to demonstrate that the enhanced
aerosol burden and hydrological changes are related to a
robust climate change phenomenon—the land-sea warming
contrast®“. Enhanced land warming is associated with conti-
nental reductions in lower-tropospheric humidity that drive
decreases in low clouds—particularly large scale (stratus)
clouds—which, in turn, lead to reduced large-scale precipi-
tation and aerosol wet removal. Idealized model simulations
further show that muting the land-sea warming contrast
weakens these hydrological changes, thereby suppressing
the aerosol increase. Moreover, idealized simulations that
only feature land warming yield enhanced continental arid-
ity and an increase in aerosol burden. Thus, unless anthropo-
genic emission reductions occur, our results add confidence
that a warmer world will be associated with enhanced aero-
sol pollution.

Since the pre-industrial era, anthropogenic activities have
resulted in a significant increase in anthropogenic aerosol burden’,
which in turn has affected Earth’s radiative balance. According to
the Fifth Assessment Report of the IPCC, the total effective aero-
sol radiative forcing is —0.9W m™ (90% uncertainty range: —1.9
to —0.1 W m~2)°, indicating that aerosols cause a net cooling effect,
which has probably offset ~40% of GHG warming’. Aerosols can
also adversely affect air quality and human health, with a recent
study attributing 3.3 million premature deaths each year to aggra-
vated aerosol pollution, led by fine particulate matter (PM,;)’,
particularly in heavily polluted areas such as India and China.
Continued GHG-induced global warming is expected to be associ-
ated with changes in the physical, chemical and biological factors
that control the lifetime, transport, chemistry and atmospheric bur-
den of aerosols®'’. Considering the climatic and societal importance
of aerosol pollution, an improved understanding of how future cli-
mate change can influence the amount of aerosol is needed for cli-
mate and air pollution policy decisions.

Studies show a mixed aerosol response to GHG-induced warm-
ing, with some analyses yielding a decrease in aerosol burden, par-
ticularly SO,'"">. However, more recent studies show an increase
in aerosols under warming">". State-of-the-art Atmospheric
Chemistry Climate Model Intercomparison Project (ACCMIP)*
models yield robust increases in most aerosol species, particularly
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over the Northern Hemisphere mid-latitudes during summer,
which are largely due to a decrease in wet removal from reductions
in large-scale precipitation (LSP)2 This results in a negative aerosol
climate feedback, ranging from —0.21 to —0.46 W m~2K™". Similarly,
these same ACCMIP models yield a robust increase in PM, ; and, in
turn, an increase in premature mortality™.

Uncertainty in the aerosol response to future warming is related
to several factors, including uncertainty in the simulation of aero-
sol processes'®”, including transport, removal and chemistry.
Furthermore, models must accurately simulate how GHG-induced
warming impacts the climate system and, in turn, how these warm-
ing perturbations affect the important physical processes control-
ling aerosol burden. However, some climate warming responses are
more robust than others. The land-sea warming contrast (LSWC),
where continents warm more than the ocean>*'®", is a robust fea-
ture found in both observations and climate model simulations.
This phenomenon is caused by contrasts in surface sensible and
latent fluxes over land’, land-ocean contrasts in boundary-layer
lapse rate changes”, boundary-layer relative humidity and associ-
ated low-level cloud cover changes over land*, and soil moisture
reductions”. Thus, enhanced continental warming is associated
with an increase in land aridity, which in turn may affect the burden
of anthropogenic aerosols. Here, we demonstrate, using novel simu-
lations, that the LSWC is a dominant driver of the anthropogenic
aerosol increase under future warming.

Figure 1a,d,g,j shows that the Community Atmosphere Model
version 5 (CAM5)* simulates a significant increase in all anthro-
pogenic aerosol species in response to warming. Responses are
estimated from the difference between a ten-year control simula-
tion, based on the year 2000 climate and aerosol emissions, and a
ten-year warming simulation, based on the year 2100 climate and
year 2000 aerosol emissions (Methods). The significance of all of
the responses was determined by Student’s t-test for the difference
of means, using the pooled variance. In all cases, the annual mean
aerosol burden increases globally, with the maximum increase over
the Northern Hemisphere mid-latitudes (30-60° N)—more specifi-
cally, over the Northern Hemisphere mid-latitude continents dur-
ing summer (June through August (JJA)). For example, the annual
mean sulphate (SO,) burden increases 3.5% globally, 3.8% over
the Northern Hemisphere mid-latitude land, and 9.8% over the
Northern Hemisphere mid-latitude continents during JJA.

A similar sequence in decreasing wet deposition (Fig. 1b,e,h,k)
is found from global annual to Northern Hemisphere mid-latitude
continents during JJA. Wet deposition is the primary removal
mechanism for atmospheric aerosols and soluble gases®. Hence,
the increase in burden is consistent with a reduction in wet depo-
sition, and moreover, the maximum increase in aerosol burden
over Northern Hemisphere mid-latitude continents during JJA is
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Fig. 1| CAM5 seasonal and annual mean aerosol burden and wet deposition response to climate change. a-1, Changes in aerosol burden (a, d, g and j),
and wet deposition due to total precipitation (b, e, h and k) and LSP (¢, f, i and I) over the Northern Hemisphere mid-latitudes for SO, (a-c), black carbon
(d-f), POA (g-i) and SOA (j-1) stratified by all grid points (turquoise), land only (maroon) and ocean only (purple). Annual mean responses for the globe
(black), Northern Hemisphere mid-latitudes (turquoise) and Northern Hemisphere mid-latitude continents (maroon) are shown to the right of each
panel. Error bars represent the 99% confidence interval based on a Student's t-test for the difference of means, using the pooled variance. DJF, December

through February; SON, September through November.

consistent with a corresponding maximum reduction in wet
removal. Furthermore, most of this reduction in aerosol wet removal
is driven by a decrease in wet deposition due to LSP (Fig. 1c,fil).
Over the oceans, the weaker decreases and increases in wet depo-
sition, respectively, are consistent with: (1) the increase in aerosol
burden over the continents, some of which gets transported over
the ocean, leading to an increase in wet removal; and (2) increases
in LSP (Supplementary Fig. 1). These results agree with earlier find-
ings based on ACCMIP models™.

We now focus on what contributes to the reduction in aero-
sol wet deposition, most of which occurs over the continents of
the Northern Hemisphere mid-latitudes during JJA. A decrease
in wet deposition is in contrast with the expected global mean
precipitation increase in response to warming'’. CAMS5 supports
previous findings and simulates a 2.5% increase in global annual
mean total precipitation, which becomes larger over the Northern
Hemisphere mid-latitude continents (9.4% annual increase).
Most of this annual mean increase over the Northern Hemisphere
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mid-latitude continents is driven by convective precipitation (a
21% annual increase) as opposed to LSP (a 2% annual increase;
Supplementary Fig. 1). During JJA, Northern Hemisphere mid-
latitude total precipitation increases slightly, which is decom-
posed into a 14% increase in convective precipitation, but an
18% decrease in LSP (Fig. 2a). Similar results exist across the
CMIP5 models®. Despite this increase in convective precipita-
tion, the change in wet deposition due to convective precipita-
tion is negligible over the Northern Hemisphere mid-latitudes
during JJA under warming (Supplementary Fig. 2). The decrease
in LSP is consistent with a maximum reduction in wet deposi-
tion due to large-scale (and total) precipitation over the Northern
Hemisphere mid-latitude continents during JJA. Although the
dominant role of LSP, and the corresponding wet removal, is con-
sistent with ACCMIP models’, we acknowledge relatively large
model diversity in terms of the proportion of wet removal due
to convective precipitation'®, as well as additional uncertainties in
aerosol simulations (Methods).
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Fig. 2 | CAM5 seasonal mean hydrology response for default warming
and muted land warming simulations. a-f, Changes for the Northern
Hemisphere mid-latitudes over land for LSP (a), lower tropospheric relative
humidity (b), 10 cm soil moisture (¢), low cloud cover (d), surface runoff
(e) and snow depth (). Responses are shown for 0% nudging (that is,
default warming; black), 1.0% nudging (maroon), 2.5% nudging (purple)
and 5.0% nudging simulations (turquoise). Error bars represent the 99%
confidence interval based on a Student's t-test for the difference of means,
using the pooled variance. The low cloud cover response in d is nearly
identical to the low-level, large-scale (stratus) cloud response.

Reductions in relative humidity and soil moisture are important
components of the projected summer drying over the Northern
Hemisphere mid-latitudes™. To a large extent, land moisture is dic-
tated by the transport of moisture from the oceans®. When the con-
tinental lower tropospheric temperature warms more than that over
the ocean, the air can hold more moisture relative to the amount of
moisture advected from the oceans”. As a result, the relative humid-
ity over the continents decreases. This relative humidity reduction
promotes low-level cloud (CLOW) reductions over the land, caus-
ing further land warming, thus constituting a positive feedback that
acts to further warm and dry out the land*"**. Soil moisture is also a
crucial factor for the positive land-drying feedback during the sum-
mer. Less soil moisture has been associated with less precipitation
through atmospheric feedbacks™.

CAMS5 captures this summertime drying over the Northern
Hemisphere mid-latitude continents (Supplementary Fig. 3),
including the reduction in relative humidity and CLOW, as well
as a reduction in soil moisture, all of which are largest during JJA
(Fig. 3). The CLOW reduction is largely due to decreases in low-
level large-scale (stratus) cloud (SCLOW; Methods). Furthermore,
snow depth exhibits a maximum decrease during March through
May (MAM), which implies less snow melt during the late spring
and early summer, probably contributing to the decrease in soil
moisture. Also consistent with the enhanced continental aridity is
a decrease in surface runoff. These CAMS5 hydrological changes are
generally consistent across CMIP5 models (Supplementary Fig. 4).
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However, some exceptions do exist, including the seasonal cycle of
runoff and the magnitude of the snow depth response.

To evaluate the importance of enhanced land warming to the
aforementioned hydrological responses, and the increase in aero-
sol burden under warming, a set of idealized simulations were
performed to mute the land warming. These were identical to
the default warming simulation, but the near-surface land tem-
perature was nudged to the control simulation’s near-surface land
temperature (Methods). Three separate nudging simulations were
performed, with nudging strengths of 1.0, 2.5 and 5.0%. These
simulations successfully muted the enhanced land warming, with
larger nudging producing a larger LSWC reduction (Supplementary
Fig. 5 and Supplementary Table 1). The LSWC amplitude can be
measured in terms of the warming ratio, defined as the lower-tro-
pospheric continental warming relative to that over the ocean®. In
CAMS5 simulations with 5.0% nudging, the global annual warming
ratio drops from 1.46 to 1.08 (26% decrease). This warming ratio
reduction occurs at all latitudes, but the largest decrease (~41%)
occurs over the Northern Hemisphere mid-latitudes during JJA.
Hence, these nudging simulations successfully weaken the LSWC.

The importance of muted land warming was explored in two
steps: (1) by analysing the hydrology changes; and (2) by investigat-
ing the aerosol burden and wet deposition changes. The muted land
warming simulations weaken the decrease in all hydrology vari-
ables, particularly during JJA, including lower tropospheric relative
humidity, soil moisture, surface runoff, low clouds and LSP (Fig. 2).
The decrease in MAM snow depth is also weakened. Thus, with a
weaker LSWC, less Northern Hemisphere mid-latitude continental
drying occurs, and this response generally scales with the magni-
tude of the nudging. However, we note possible nonlinearities with
some aspects of the response, as the changes in LSP, soil moisture
and runoff are similar for the 2.5 and 5.0% nudging experiments,
despite clear separation of the change in aerosol burdens.

Figure 3 shows that muted land warming results in a weaker
increase (or decrease) in anthropogenic aerosol species over the
Northern Hemisphere mid-latitude continents, particularly during
JJA. Consistently, the decrease in wet deposition due to LSP is also
weakened. This weakening is consistent with the changes in hydrol-
ogy and strength of the nudging—1.0% nudging yields the smallest
reduction during JJA, and 5.0% nudging yields the largest reduction.

Climate change may also affect aerosol burden through modifi-
cation of chemical production pathways, particularly in the context
of SO, and secondary organic aerosols (SOA). In CAMS5, changes in
chemical production act to mute the increase in SO, and SOA bur-
den over the Northern Hemisphere mid-latitude continents, espe-
cially during JJA (Supplementary Figs. 6 and 7). The two primary
chemical production pathways of SO, are aqueous and gaseous
production (Methods). In response to warming, CAM5 exhibits a
decrease in aqueous SO, production, consistent with the decrease in
low clouds (Fig. 2). This, in turn, results in more of the SO, gaseous
precursor SO, (not shown), and a corresponding increase in SO,
gaseous production. However, the decrease in aqueous production
dominates, and the total chemical production of SO, decreases in
response to warming (Supplementary Fig. 6).

In CAMS, a relatively simple treatment of SOA is assumed
(Methods). A gaseous precursor for SOA formation (SOAG) requires
oversaturation to condense and form SOA. The SOAG partial pres-
sure increases with enhanced warming, which decreases the con-
densation of SOAG to SOA under warming, resulting in less SOA
(Supplementary Fig. 7). Hence, changes in chemical production are
not responsible for the increase in SO, or SOA burden under warm-
ing—in fact, they act to weaken the increase. Furthermore, these
conclusions are consistent across the muted warming simulations
(Supplementary Figs. 6 and 7).

Finally, a third set of simulations were performed to investigate
the impact of increasing the LSWC. They were identical to the
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Fig. 3 | CAM5 seasonal mean response of aerosol burden and wet
deposition due to LSP for default warming and muted land warming
simulations. a-h, Changes in aerosol burden (a, ¢, e and g), and wet
deposition due to LSP (b, d, f and h), for the Northern Hemisphere mid-
latitudes over land for SO, (a and b), black carbon (¢ and d), POA (e and f)
and SOA (g and h). Responses are shown for 0% nudging (that is, default
warming; black), 1.0% nudging (maroon), 2.5% nudging (purple) and 5.0%
nudging simulations (turquoise). Error bars represent the 99% confidence
interval based on a Student's t-test for the difference of means, using the
pooled variance.

control simulation, but the near-surface land temperature was
nudged to that based on a future warming simulation, based on
the year 2150 Representative Concentration Pathway (RCP) 8.5 cli-
mate conditions (Methods). Three different nudging strengths of
1.0, 2.5 and 5.0% were used. These simulations therefore enhance
the LSWC (Supplementary Fig. 8), and a larger contrast is obtained
with a larger nudging strength. These simulations, which only fea-
ture enhanced land warming, yield an increase in all anthropogenic
aerosol species, in addition to a decrease in wet removal by LSP, over
the Northern Hemisphere mid-latitude continents (Fig. 4). These
simulations also show the expected hydrological changes, includ-
ing decreases in lower-tropospheric relative humidity, soil mois-
ture, low clouds and LSP, particularly during JJA (Supplementary
Fig. 9). Thus, land warming alone causes continental drying and
an increase in aerosol burden, with more land warming yielding a
larger response.

Now, we further elucidate the cause of the JJA LSP decrease over
the Northern Hemisphere mid-latitude continents. Extratropical
storm tracks play an important role in mid-latitude precipitation,
and global warming may lead to a decrease in extratropical storm
track activity’*>. CAMS5 simulations support this finding, yielding
a decrease in JJA Northern Hemisphere mid-latitude storm track
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Fig. 4 | CAMS5 seasonal mean response of aerosol burden and wet
deposition due to LSP for enhanced land warming simulations.

a-h, Changes in aerosol burden (a, ¢, e and g), and wet deposition due to
LSP (b, d, f and h), are shown for the Northern Hemisphere mid-latitudes
over land for SO, (a and b), black carbon (¢ and d), POA (e and f) and SOA
(g and h). Responses are shown for 1.0% nudging (maroon), 2.5% nudging
(purple) and 5.0% nudging simulations (turquoise). Error bars represent
the 99% confidence interval based on a Student’s t-test for the difference
of means, using the pooled variance.

activity (Supplementary Fig. 10). However, the decrease in JJA storm
track activity occurs over both land and ocean, with similar magni-
tude, in opposition to the land-sea contrast in LSP, low cloud and
other hydrological variables (for example, Supplementary Fig. 3).
Additional analyses also suggest that a decrease in storm track activ-
ity is not the dominant cause of the LSP decrease (Supplementary
Information).

Instead, the LSP decrease is largely consistent with decreases
in SCLOW. As with most models, CAM5 parameterizes large-
scale cloud cover based on relative humidity*. The JJA Northern
Hemisphere mid-latitude decrease in continental relative humidity
under warming is consistent with the decrease in large-scale cloud
cover, particularly in the lower troposphere. Moreover, the net con-
densation rate of water vapour into liquid stratus droplets depends
on the stratus cloud cover. This implies that a decrease in large-
scale cloud cover should be associated with a decrease in LSP. Thus,
we suggest that the decrease in LSP is a direct consequence of the
decrease in large-scale cloud cover.

Statistical analyses support this conclusion. The spatial (grid box)
JJA Northern Hemisphere mid-latitude land correlation between
SCLOW and low-level relative humidity (LSP) is 0.72 (0.55) in the
control simulation. The corresponding correlation between the
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change in SCLOW and the change in low-level relative humidity
(LSP) is 0.52 (0.43). In contrast, the corresponding correlations
between LSP and storm track activity are much weaker, at 0.16 in
the control simulation and 0.19 based on responses. Similar results
are obtained in CMIP5 models (Supplementary Information).
Furthermore, a regression model comprising SCLOW versus LSP
values from the CAMS5 control simulation predicts reasonably well
the actual change in JJA Northern Hemisphere mid-latitude conti-
nental LSP (Supplementary Fig. 11).

To further test the importance of SCLOW to LSP, we performed
additional perturbed parameter experiments with CAMS5 that
involved reducing the sensitivity of SCLOW to relative humidity
(Methods). When decreasing the sensitivity of SCLOW to relative
humidity, smaller (relative) decreases in SCLOW under warming
are expected. Furthermore, if decreases in SCLOW drive decreases
in LSP under warming, smaller (relative) decreases in LSP would
also be expected. In the default warming simulation, the Northern
Hemisphere mid-latitude JJA continental decrease in SCLOW
is —3.7% and the decrease in LSP is —3.3 mmmonth~'. The cor-
responding percentage changes are —33.9 and —13.3%, respec-
tively. In our sensitivity experiment, the corresponding decreases
in SCLOW and LSP were —2.5% and —2.6 mmmonth~’, respec-
tively. More importantly, the percentage changes exhibited weaker
decreases, at —30.5 and —10.7%, respectively. Thus, as we reduce
the sensitivity of SCLOW to relative humidity over land, warm-
ing results in a smaller SCLOW decrease, and a correspondingly
smaller LSP decrease.

Similar to state-of-the-art ACCMIP models, CAM5 simu-
lates a global annual mean increase in anthropogenic aerosols in
response to GHG-induced warming, with a maximum increase
over the Northern Hemisphere mid-latitude continents during JJA.
Targeted CAM5 simulations show that this response is related to
the LSWC and associated increases in continental aridity, which
result in less aerosol wet removal. Muting the LSWC weakens the
increase in aerosol burden, as well as the decrease in soil mois-
ture, runoff, snow depth, lower tropospheric relative humidity,
LSP and associated aerosol wet removal. Furthermore, land warm-
ing alone yields an increase in aerosol burden and the opposite
hydrological changes. Additional analyses suggest that the reduc-
tion in LSP is largely due to decreases in SCLOW, which is con-
sistent with reductions in continental relative humidity. Although
aerosol simulations have uncertainty, we have related the increase
in aerosol burden under warming to a robust climate change phe-
nomenon—the land warms more than the ocean, which leads to
enhanced continental aridity, and less LSP and aerosol wet removal.
Furthermore, although our results are based on a single climate
model, a larger suite of CMIP5 models yields similar hydrological
changes to CAM5. ACCMIP models also support the importance
of reduced LSP and aerosol wet removal under warming. Since our
default warming responses are (1) based on a business-as-usual
warming scenario and (2) assume no reductions in anthropogenic
aerosol emissions, they represent an upper bound on future aerosol
increases in response to climate change. Unless emission reductions
occur, our results add confidence that a warmer world will be asso-
ciated with enhanced anthropogenic aerosol pollution, or alterna-
tively, that larger emission reductions will be necessary to obtain a
desired level of air quality.
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Methods

All simulations for this study were performed with the state-of-the-art CAM5

(ref. #)—the atmospheric component of the Community Earth System Model
version 1.2.2, developed primarily at the National Center for Atmospheric
Research. CAMS5 incorporates the three-mode modal aerosol model (MAM3)*,
which provides internally mixed representations of number concentrations and
mass for Aitken, accumulation and coarse aerosol modes. The simulated aerosols
were composed of SO,, black carbon, primary organic aerosols (POA), SOA,

sea salt and mineral dust. Aerosol wet removal was based on ref. **, but with
modifications for the consistency with cloud macrophysics and microphysics.

The routine treats both in-cloud and below-cloud scavenging. For in-cloud
scavenging, cloud water first-order loss rates (based on cloud water mixing ratios
and precipitation production rates) were multiplied by ‘solubility factors’ to obtain
aerosol first-order loss rates. The solubility factors can be interpreted as the aerosol
fraction in cloud drops multiplied by the tuning factor. The stratiform in-cloud
scavenging only affects the stratiform-cloud-borne aerosol particles, and these have
solubility factors of 1.0 (0 for interstitial aerosols).

In CAMS5 (and most models), two types of clouds were diagnosed: large-scale
(stratus) and convective (cumulus). The large-scale cloud cover is derived from
the assumed triangular distribution of total relative humidity. The cumulus cloud
cover is a function of the convective mass flux from both the deep and shallow
convection schemes.

The spatial correlation (JJA Northern Hemisphere mid-latitude land)
between the change in CLOW and SCLOW is 0.98. Furthermore, the JJA
Northern Hemisphere mid-latitude continental decreases in CLOW and SCLOW
are —4.1 and —3.7%, respectively (significant at the 99% confidence level). The
corresponding decrease in low-level convective cloud cover is much weaker at —
0.4%. In terms of percentage changes, CLOW and SCLOW exhibit large responses
at —28.8 and —33.9%, respectively (—11.5% for low-level convective cloud cover).
Thus, the bulk of the CLOW decrease is due to decreases in SCLOW, and the
spatial patterns of the responses are very similar. Using CLOW as a surrogate for
SCLOW is a reasonable approximation.

Furthermore, the change in SCLOW, as for most hydrological variables
including LSP, exhibits a land-sea contrast (for example, Supplementary
Fig. 3). During JJA in the Northern Hemisphere mid-latitudes, SCLOW
decreases by —3.7% over land, but increases by 1.5% over sea (both significant at
the 99% confidence level). This is consistent with the land-sea contrast in low-level
relative humidity, which decreases by —4.5% (significant at the 99% confidence
level) over land, but increases by 0.5% (significant at the 95% confidence level)
over the sea.

Uncertainty in the aerosol response to future warming is related to several
factors, including uncertainty in the simulation of aerosol processes. For example,
models parameterize aerosol removal processes differently, including both wet
and dry removal. Based on AeroCom models, relatively large diversity exists in
terms of the proportion of wet removal due to convective precipitation versus LSP.
Across AeroCom models and aerosol species, the percentage of convective wet
removal (relative to the total) ranges from ~10-80%'°. CAMS5 falls in the middle of
this relatively large range, with a percentage of removal by convective precipitation
ranging from 43-52%, depending on the aerosol species. Over the Northern
Hemisphere midlatitude continents during JJA, the numbers are a bit larger than
the global annual mean values, with approximately 50-60% of wet removal due to
convective precipitation. Thus, CAM5 does not lack a sensitivity of wet removal by
convective precipitation.

Another source of uncertainty is how changes in precipitation intensity
versus frequency impact aerosol wet removal®. During JJA, the CMIP5 multi-
model mean shows a 6-7% decrease in the LSP frequency rate in the Northern
Hemisphere mid-latitudes. The corresponding decrease in the intensity of
precipitation is 13-14%. This indicates that a decrease in the intensity of LSP, as
opposed to the frequency, is probably the most important driver of the decrease
in LSP and the associated wet removal’. However, we note that models tend to
overestimate the frequency of precipitation (rain almost every day), implying that
they may underestimate the role of precipitation frequency in wet scavenging.

Similar results are obtained with CAMS5, as the frequency of JJA LSP decreases
by —3.5% in the default warming simulation over Northern Hemisphere mid-
latitude continents, whereas the intensity decreases by —13.8%. Furthermore,
the changes in LSP in the nudged simulations are driven by changes in the
intensity, as opposed to the frequency, of LSP. For example, the frequency of JJA
LSP decreases by —3.5, —4.2, —3.1 and —2.7% over the Northern Hemisphere
mid-latitude continents in the default warming and 1.0, 2.5 and 5.0% nudged
(muted land warming) simulations, respectively. The corresponding intensity of
LSP decreases by —13.8, —4.6, —1.0 and —0.6%. Similarly, in the enhanced land-
warming simulations, the frequency of LSP decreases by —1.4, —1.3 and —1.8% in
the 1.0, 2.5 and 5.0% nudged (enhanced land warming) simulations, respectively.
The corresponding intensity of LSP decreases by —6.5, —15.5 and —17.3%. Thus,
changes in the intensity, as opposed to the frequency, of LSP are driving the bulk
of the LSP signal. We note that changes in precipitation frequency are probably
more related to dynamics (for example, changes in the frequency of storm tracks),
whereas changes in precipitation intensity are probably more related to changes
in thermodynamics (for example, enhanced land warming and aridity). Thus, the
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dominant role of the LSP intensity decrease in the overall LSP reduction supports
the importance of thermodynamics, as opposed to dynamics.

Although we did not use the full chemistry version of CAM5 (CAM5-chem),
simple on-line chemistry is included in CAMS5. In terms of SOA, the most
straightforward representation (which is used in many climate models) is to
assume fixed mass yields for precursor volatile organic compounds and then emit
this mass as primary aerosol particles. MAM adds one level of sophistication by
simulating a single lumped gas phase SOA species (SOAG). MAM then simulates
condensation or evaporation of the SOAG to or from several aerosol modes. This
provides a realistic method for estimating the distribution of SOA among different
modes, and a minimal representation of the temperature dependence of the gas/
aerosol partitioning.

Simple gas-phase chemistry is included for SO,. This includes: dimethyl
sulfide oxidation with OH and NO, to form SO,; SO, oxidation with OH to form
H,SO, (gas); H,O, production; and H,0, loss. Rate coefficients and oxidant
concentrations (O,, OH, HO, and NO,) are provided from the Model for Ozone
and Related chemical Tracers™.

CAMS5 time-slice simulations were integrated for ten years and were based
on climatological sea-surface temperatures and sea-ice concentrations, along
with anthropogenic aerosol and precursor gas emissions. Nearly identical results
were obtained with a longer, 20-year integration. Sea-surface temperatures and
sea-ice concentration anomalies (2090-2099 relative to 2006-2015) from CMIP5
RCP 8.5 models were added to the default warming simulation, along with end-
of-the-century RCP 8.5 GHG concentrations. The control and default warming
simulations both have identical aerosol and precursor gas emissions, based on the
year 2000. We note that our simulations lack additional climate warming-land
feedbacks, including prognostic wildfire emissions and changes in vegetation that
may be important for changes in aerosol burden under future warming.

Additional idealized ten-year time-slice simulations were performed to
investigate the effect of the LSWC on aerosol burden. Muted land warming
simulations are identical to the default warming simulation, but near-surface
land temperatures are nudged to the control simulation. The simulated
meteorological field (near-surface land temperature) T,,4.q is calculated in the
following manner:

Tnudged = (l_a) Twarming + aT;:omrol (1)

where T, ing a0d Ty are the near-surface land temperatures from the default
warming simulation and control simulation, respectively. T, is fed every 6 h and
the nudging is applied at every model time step (that is, every 30 min). The fraction
a denotes the strength of the nudging, which varies between 0.010, 0.025 and 0.050
(that is, 1.0, 2.5 and 5.0% nudging, respectively).

A series of ten-year time-slice simulations with enhanced land warming was
also performed. These simulations are identical to the control simulation, but near-
surface land temperatures are relaxed to a warming simulation, which is based on
RCP 8.5 climate conditions in the year 2150. Thus, these simulations only feature
enhanced land warming.

Similar to most climate models, CAMS5 diagnoses the liquid stratus cloud cover
as a function of the grid box mean relative the humidity over water. There is also a
critical relative humidity (U,) that must be exceeded for liquid stratus cloud cover
to form (that is, stratus cloud only exists when the grid mean relative humidity
exceeds U,). In CAM5, U, is an externally specified function of height and
surface properties. U, is specified at 0.8875 in the layers below 700 hPa (SCLOW).
However, for SCLOW over land with a water-equivalent snow depth less than
10~°m, U,=0.7875. Similarly, U,=0.80 in the layers above 400 hPa (high-level
stratus). Between 700 and 400 hPa (mid-level stratus), a linearly interpolated U,
value is used.

Sensitivity experiments were performed by increasing Uy, in the layers
below 700 hPa over land with a water-equivalent snow depth of less than 10 m,
from 0.7875 to 0.8875 (both a new control and a new warming simulation). By
increasing U, the amount of SCLOW over land is reduced, particularly during
the summer months when the snow depth is low. The JJA Northern Hemisphere
mid-latitude climatological SCLOW over land decreases from 10.9% in the default
simulation (U,=0.7875) to 8.4% in the sensitivity simulation (U,=0.8875).
Corresponding values over the sea remain relatively unchanged at 32.3% (32.7%)
in the default (sensitivity) simulation.

More importantly, the sensitivity of SCLOW to relative humidity is reduced.
This is confirmed by regressing SCLOW versus low-level relative humidity using
values from each control simulation. With U,=0.7875, the regression slope
(ACLOW/ARH (where RH stands for relative humidity); that is, the sensitivity
of SCLOW to relative humidity) is 0.51, implying that a 1% decrease in relative
humidity yields a 0.5% decrease in SCLOW (significant at the 99% confidence
level). With U,=0.8875, the regression slope decreases to 0.41, implying that a
1% decrease in relative humidity yields a 0.4% decrease in SCLOW (significant
at the 99% confidence level). Thus, this perturbed parameter experiment reduces
the sensitivity of SCLOW to relative humidity by 20%. Similar results are obtained
using relative humidity at other levels (for example, 700 hPa).

In addition to smaller reductions in JJA Northern Hemisphere mid-latitude
continental SCLOW and LSP in our sensitivity simulation, other hydrological
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variables change in a consistent way, which supports the idea that feedbacks Data availability

exist between the hydrological variables. For example, there is less JJA Northern CAMS5 data and simulations are available from R.J.A.
Hemisphere mid-latitude land warming (6.0 to 5.6 K), a smaller decrease in low-

level relative humidity (—4.5 to —4.3%) and a smaller decrease in soil moisture

(—0.85 to —0.46 kg m~2). Similar conclusions exist based on percentage changes. References
Thus, with reduced sensitivity of SCLOW to relative humidity, there is reduced 33. Liu, X. et al. Toward a minimal representation of aerosols in climate models:
land warming, as well as smaller decreases in low-level relative humidity and soil description and evaluation in the Community Atmosphere Model CAMS5.
moisture. In other words, there is a smaller increase in continental aridity. Geosci. Model Dev. 5, 709-739 (2012).

Consistent with our default warming and nudged simulations, the decrease in 34. Rasch, P. et al. A comparison of scavenging and deposition processes in
LSP (as U, is increased) is entirely dominated by decreases in LSP intensity. The global models: results from the WCRP Cambridge Workshop of 1995.
change in the frequency of LSP remains essentially unchanged at —3.5%. However, Tellus B 52, 1025-1056 (2000).
the intensity of LSP changes from —13.8 to —6.8% as U, is increased from 0.7875 35. Hou, P, Wu, S., McCarty, J. L. & Gao, Y. Sensitivity of atmospheric aerosol
to 0.8875. scavenging to precipitation intensity and frequency in the context of global

climate change. Atmos. Chem. Phys. 18, 8173-8182 (2018).
36. Emmons, L. K. et al. Description and evaluation of the Model for Ozone and
Code availability Related chemical Tracers, version 4 (MOZART-4). Geosci. Model Dev. 3,
The codes used to process the CAM5 simulations are available from R.J.A. 43-67 (2010).
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