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Abstract Persistent precipitation deficits are among the most impactful consequences of global warming.
Here we focus on changes in the annual number of dry days (NDD) and in the annual maximum length of

dry spells due to a quadrupling of atmospheric CO,. We use atmosphere-only simulations to decompose the
projected changes into additive contributions. A fast adjustment leads to a global increase in NDD despite
notable regional exceptions (e.g., South Asia and Sahel). The effect of the uniform component of the surface
ocean warming is model-dependent but shapes the regional distribution of the NDD response in each model.
Finally, the ocean warming pattern also contributes to large uncertainties, likely through contrasting changes
in large-scale circulation. Our results thus highlight the complexity of the NDD response, with policy-relevant
practical implications for mitigation and adaptation strategies.

Plain Language Summary Global warming is expected to intensify the global water cycle,
including the intensity and frequency of precipitation extremes. Yet, the response of the dry side of the daily
precipitation distribution to increased atmospheric CO, has received so far less attention. Here we show

that this response remains highly model-dependent across the latest generation of global climate models.
Furthermore, we use atmosphere-only simulations to isolate different drivers of the precipitation response.

A fast radiative and vegetation adjustment to increased CO, leads to an overall increase in the mean annual
number of dry days (NDD) despite some regional exceptions. The effect of the ocean surface warming is
highly model-dependent, only partly due to the diversity of the simulated patterns of sea surface temperature
anomalies. The regional response of NDD and of the maximum length of dry spells thus does not simply scale
with global warming across the different models.

1. Introduction

The latest generation of coupled ocean-atmosphere global climate models project a global increase in annual
mean precipitation of 1%—3% for every 1°C of warming (Douville et al., 2021). This increase is determined by a
robust response to global mean surface air temperature (2%—3% per 1°C) that is partly offset by fast adjustments
to atmospheric radiative heating by greenhouse gases and aerosols (Allan et al., 2020; Flaschner et al., 2016).
More intense but less frequent precipitation events have been observed across many regions (Donat et al., 2019;
Giorgi et al., 2011), with projections of an increased incidence of extreme precipitation events coupled with
longer dry spells (Sillmann et al., 2013; Thackeray et al., 2018). Yet the projections of regional precipitation
remain highly uncertain, and their total variance is still dominated by model uncertainty rather than emission
scenarios or internal climate variability (Douville et al., 2021; Lehner et al., 2020).

Beyond the fast adjustment due to its radiative effect, increased atmospheric carbon dioxide (CO,) may also trig-
ger a fast vegetation adjustment that is now accounted for in most Earth System Models. In response to high ambi-
ent CO, concentrations, many plants reduce their stomatal conductance and transpiration in order to minimize
water loss, thereby increasing their plant water-use efficiency. This decrease in transpiration, however, may be
partly offset by a CO, fertilization effect that favors photosynthesis and vegetation density. The net physiological
CO, effect can affect the amount and variability of soil moisture and evapotranspiration, which in turn can influ-
ence the frequency, intensity, and duration of precipitation events. It may thus contribute to model uncertainty,
especially in forested areas (Chadwick et al., 2017; Richardson et al., 2018; Skinner et al., 2017).

Projections of dry spells and meteorological droughts (Ukkola et al., 2020) have so far drawn less attention
than projections of heavy precipitation, although they also have large potential impacts on land ecosystems and
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human societies. One interesting exception is the CMIP5 multi-model study by Polade et al. (2014) highlighting
the key role of dry days in changing regional climate and precipitation regimes under a high-emission RCP8.5
scenario. These results have been further supported by a CMIP6 single-model study (Douville & John, 2021)
which examined experiments from the third phase of the Cloud Feedback Model Intercomparison: Project (Webb
et al., 2017). A set of atmosphere-only (AGCM) experiments were used to decompose the AOGCM response
to an idealized abrupt quadrupling of atmospheric CO, into separate contributions from uniform SST warming,
the pattern of SST anomalies, as well as fast radiative and physiological CO, effects. In agreement with a previ-
ous pilot study (Chadwick et al., 2017), the balance between the different components varied strongly between
different regions. The mean annual number of dry days (NDD) (hereafter NDD) and the annual maximum of
consecutive dry days (MCDD) however showed a strong fast adjustment to increased CO,.

As shown by Chadwick et al. (2017), such findings are model-dependent and deserve further investigation within
CEMIP (Webb et al., 2017). The aim of the present study is to analyze changes in dry days/spells and their rela-
tionship with other precipitation responses in idealized abrupt-4xCO, experiments from a large set of CMIP6
models. A smaller subset of AGCM experiments is also explored in order to repeat the decomposition of the
parent AOGCM response proposed by Chadwick et al. (2017) and Douville and John (2021). Although limited in
number, this subset of four state-of-the-art models is shown to be representative of the overall CMIP6 response
of daily precipitation.

2. Data and Methods

The piControl and abrupt-4xCO, experiments from a set of 32 CMIP6 models with daily precipitation outputs
have been considered. In addition, some CFMIP-Tier-2 atmosphere-only simulations (c.f. Table S1 in Support-
ing Information S1) from a subset of 4 available AGCMs have been also analyzed. Their parent AOGCMs are
a representative subset of CMIP6 models: CNRM-CM6-1 (Voldoire et al., 2019), IPSL-CM6A-LR (Boucher
et al., 2020), HadGEM3-GC31-L (Williams et al., 2017), and CESM2 (Danabasoglu et al., 2020). Hereafter,
they will be referred to as the names of the corresponding modeling center (c.f. Table S2 in Supporting Informa-
tion S1). For each model, the abrupt-4xCO, experiment was started from the piControl experiment at year 0 and
climate change was then diagnosed as the difference between the abrupt-4xCO, and piControl experiments from
year 111-140. Before analysis, all model outputs have been regridded to a common medium-resolution (1.4°)
horizontal grid derived from the CNRM-CM6-1 model.

All AGCM experiments are 30-year time-slice simulations after spin-up. The first pair, piSST and a4SSTice-
4xCO,, aims at replicating the piControl and abrupt-4xCO, coupled experiments. This is done by prescribing
the same atmospheric CO, concentrations but also monthly mean annually varying oceanic boundary conditions
derived from the SST and sea-ice concentration (SIC) simulated from year 111-140. It has been verified that,
despite the lack of coupling, these AGCM experiments capture most regional details of the corresponding
AOGCM response, for both annual mean precipitation (Figure S1 in Supporting Information S1) and the mean
annual NDD (Figure S2 in Supporting Information S1). The other intermediate AGCM experiments allow us
to decompose the total AGCM response (a4SSTice-4xCO, minus piSST) into three additive contributions (c.f.
Table S3 in Supporting Information S1): a fast adjustment to increased CO, (a4SSTice-4xCO, minus a4SSTice),
a model-dependent pattern of SST and SIC anomalies (a4SSTice minus piSST-pxK), and a model-dependent
uniform SST warming (piSST-pxK minus piSST). Moreover, the fast adjustment to increased CO, can be also
estimated from an AGCM simulation with preindustrial oceanic boundary conditions (piSST-4xCO,) and has
been thus further decomposed into a purely radiative CO, effect (piSST-4xCO,-rad minus piSST) versus a phys-
iological CO, effect obtained as a residual (piSST-4xCO, minus piSST-4xCO,-rad). All anomalies or differences
are estimated from pairs of 30-year simulations and their statistical significance are assessed using a two-sided
t-test at the 5% level while adjusting the p-values for multiple testing (Wilks, 2016).

3. Results

Before analyzing changes in the NDD (below a 1 mm/day threshold) and their breakdown, Figure 1 shows
how the annual mean precipitation response to an abrupt CO, quadrupling arises from two main contributions:
changes in daily precipitation frequency and intensity. As explained in Douville and John (2021), this breakdown
is only approximate since dry (wet) days are defined as days with intensity less (more) than 1 mm/day which also
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Intensity vs frequency breakdown of relative changes (in %) in mean annual P

b) CNRM - SDII effect - R= 0.63 ¢) CNRM - R1mm effect - R= 0.80

VL g

f) IPSL - Rimm effect - R= 0.69

I |
-50 -40 -30 -20

Figure 1. Breakdown of relative changes (%) in annual mean precipitation into intensity versus frequency components. The total changes (left panels) are split into two
components (see text for details) for each of the four selected models (on each row): the contribution of relative changes in daily precipitation intensity (SDII effect,
middle column) and the contribution of relative changes in daily precipitation frequency (R1mm effect, right column). Stippling highlights areas where changes are
significant at the 10% level. In the left panels, global land average (GLA) denotes the GLA of the total relative changes. In other panels, R denotes the spatial anomaly
correlation coefficient with the corresponding left panels.

contribute to the annual totals. In line with their preliminary results based on longer simulations with the CNRM
AGCM, changes in daily mean precipitation intensity of wet days (SDII) lead to an overall increase in annual
precipitation over land despite some regional exceptions. In the four models, these include Southern Africa and
part of Australia and Amazonia. Yet, there are other regions with a poor model agreement, especially West Africa
where the IPSL and NCAR models show opposite results. In contrast, changes in the wet day frequency (R1mm)
lead to an overall decrease and a more spatially heterogeneous precipitation response.

In agreement with previous CMIPS5 studies (e.g., Polade et al., 2017), all models project a strong drying around
the Mediterranean as well as over most subtropical Mediterranean-like regional climates (e.g., Southern Africa,
Australia, Chile), Amazonia and southeast Asia. Again, there are also regions with a poor model agreement, not
only West Africa but also the western US for instance. Both SDII and R1mm changes contribute to the annual
mean precipitation response. Yet, and as highlighted by Douville and John (2021), the spatial correlations with
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Changes (in days) in mean annual NDD
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Figure 2. Changes in the mean annual number of dry days as simulated by (a) the full CMIP6 ensemble, (b) MME4, the selected subset of four models, (c) CNRM,
(d) IPSL, (e) MOHC, and (f) NCAR. Stippling highlights areas where changes are significant at the 10% level and global land average (GLA) denotes the GLA of the

simulated changes.

changes in SDII and R1mm respectively (R in the middle and right panels) denote that the global distribution of
the precipitation response is mostly shaped by changes in the wet day frequency (and this would be even more the
case if both land and sea were considered). Our results thus confirm that changes in daily precipitation intensity,
while important for understanding the response of precipitation extremes (John et al., 2022), do not necessarily
dominate the regional response of annual mean precipitation, so the NDD is also an important metric to analyze.

Figures 2a and 2b compare the ensemble mean response of the mean annual NDD between the full set (32) and
the selected subset (only 4) of CMIP6 models. As claimed earlier, our subset is quite representative of the full
ensemble with very similar spatial patterns (as revealed by the 0.97 pattern correlation between the full ensemble
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Breakdown of changes (in days) in mean annual NDD

a) CNRM - Uniform SST - R= 0.81 b) CNRM - SST pattern - R=0.38 c) CNRM - Fast adjustment - R= 0.21

.

f) IPSL - Fast adjustment - R= 0.50

B
i) NCAR -

i) MOHC - Fast adjustment - R= 0.33

Figure 3. Breakdown of changes in the mean annual number of dry days. The total changes are split into three contributions for each of the four selected models: the
response to the uniform component of SST warming (left panels), the response to the geographical pattern of the SST change (also including changes in sea-ice cover,
middle column), and the fast adjustment to increased CO, levels (right panels, this fast CO, effect is further split into radiative vs. physiological effects in Figure S3 in
Supporting Information S1). Stippling highlights areas where the difference is significant at the 10% level and R denotes the spatial anomaly correlation coefficient with
the total AGCM response shown in Figure S2 in Supporting Information S1.

mean and sub-ensemble mean) showing a substantial increase of NDD over Amazonia, Mexico, southern Europe,
southeast Asia, South Africa, southern Australia, and Chile. This widespread drying leads to a positive global
land average change despite some significant regional decreases, especially in the northern high-latitudes. Beyond
this apparent multi-model agreement, there is also a substantial inter-model spread as revealed by Figures 2¢c-2f
showing the individual responses of the 4 selected CMIP6 models. Contrasted regional responses are found for
instance over the western US and part of South America, but the spread can be also strong in drying areas where
the models agree about the sign of the anomalies but not about their magnitude (e.g., Southern Africa).

What then may explain these significant disparities across the CMIP6 models? Our CFMIP experiments allow
us to compare different potential drivers for the selected subset of four models (Figure 3). Note that we only
show here the AGCM breakdown since the total AGCM response has already been shown to capture that of
the corresponding CMIP6 models (Figure S2 in Supporting Information S1). The first considered contribution
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(left panels) arises from the uniform SST warming which was prescribed from the individual CMIP6 models
and therefore differs slightly across our four models (although they are all in the upper range of the equilibrium
climate sensitivity). In all of them, this uniform component of the global ocean warming leads to a widespread
drying (except in the northern high-latitudes) that strongly contributes to the total NDD response (as revealed by
the correlation with the corresponding geographical patterns found over land). The IPSL model, however, shows
less consistent changes than the other three models, with many regions showing a wetting response, as well as
a lower correlation (R = 0.38) with the total response. In contrast, it shows a dominant contribution of the SST
warming pattern effect (middle column, R = 0.67), thereby suggesting a key role of large-scale circulation anom-
alies potentially driven by such spatial gradients in four times CO, SST anomalies. This contribution is also large
in the other models, especially in the tropics where the sign of the anomalies differs between different regions
and models. Finally, the last contribution (right panels) from the fast adjustment is reasonably robust across the
four models, with mostly positive anomalies in the northern extratropics and negative anomalies over the African
and South Asian monsoon regions.

While this contribution does not dominate the overall pattern of the total response over land, it plays a key role
in some densely vegetated regions thereby suggesting a possible role for the physiological effect. Reduced plant
transpiration generally makes rainfall less frequent (Figure S3 in Supporting Information S1). Over Amazonia
in particular, the physiological effect strongly contributes to the total NDD increase. This is less clear over the
rainforest of central Africa, where the radiative effect of increased CO, overcomes the physiological effect and
tends to decrease NDD. The balance between the two effects is a source of model disagreement for the total NDD
response, especially over central Africa.

Looking now at changes in the annual maximum length of consecutive dry days over land (MCDD, Figure S4
in Supporting Information S1), the spatial pattern is very varied, resembling to a certain extent both the patterns
of mean precipitation change (Figure 1) and the change in NDD (Figure 2). In particular, there is a consistent
increase in MCDD in most subtropical regions, including the Mediterranean basin itself but also California, Chile,
Southern Africa, and Australia. Changes in MCDD and NDD are likely to be closely related, though MCDD is
more directly linked to changes in dry season length in all tropical and subtropical regions with an absolutely dry
season in which no significant precipitation event (above 1 mm/day) can occur. The dry season length is projected
to expand over Amazonia and Southeast Asia, with potential impacts on widespread rain-forests. Note however
that MCDD is computed based on consecutive dry days during the calendar year, and thus does not account
for the full dry season in the northern tropics where it generally overlaps two consecutive years.

When broken down into different components (Figure S5 in Supporting Information S1), the change in MCDD
also behaves relatively similarly to NDD. The response to uniform SST warming generally shows an increase in
MCDD over tropical and subtropical land (though with substantial regional and inter-model variations), and a
decrease over higher northern latitudes. Patterned SST warming causes strong, regionally diverse changes that
are extremely model dependent. The fast adjustment causes increases in MCDD over a majority of land areas, but
with significant regional exceptions such as in the Sahel region of Africa.

4. Discussion and Conclusions

It is well established that global warming has a widespread but non-uniform influence on daily precipitation
(Allan et al., 2020; Chadwick et al., 2022; Douville & John, 2021; Douville et al., 2021). The water holding
capacity of air increases with temperature by about 7% per °C (Douville, Ribes, & Bock, 2022), which leads
to increased atmospheric water vapor and more intense precipitation under warmer climate conditions. Yet,
the intensification of the global water cycle does not only manifest as more frequent and stronger precipitation
extremes (Douville et al., 2021). Global warming also leads to a reduced frequency of light/moderate precipita-
tion (Chadwick et al., 2022) and to an overall increase in NDD (Polade et al., 2014) in the previous-generation
CMIPS models. In good agreement with these results, the CMIP6 models simulate an overall increase in NDD
and MCDD over land in response to an abrupt CO, quadrupling. This widespread meteorological drying is
particularly strong in the subtropics, but is also found in some tropical (e.g., Amazonia) and extratropical (north-
ern mid-latitudes) areas.

The proposed decomposition of the daily precipitation response highlights that the CMIP6 ensemble mean
response and related inter-model spread is the combination of multiple drivers. Globally averaged over land,
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Figure 4. Global land aggregated responses and their breakdown into three
contributions for (a) relative changes in mean annual precipitation (%) and (b)
absolute changes in the mean annual number of dry days. In the top panel, the
relative contributions (%) of changes in daily precipitation intensity versus
changes in daily precipitation frequency are also shown as dashed and stippled
bars, respectively.

the annual mean precipitation increase (Figure 4a) is mostly explained
by an increase in daily precipitation intensity (also true for the whole set
of CMIP6 models, c.f. Figure S6 in Supporting Information S1) although
partly offset by a decrease in daily precipitation frequency in two out of four
models. This counter effect arises from both the fast vegetation adjustment to
increased CO, (c.f. Figure S3 in Supporting Information S1) and the uniform
SST warming. The land-averaged NDD response (Figure 4b) is even more
model-dependent and is not consistently dominated by any specific driver.
It should be noticed that our four CMIP6 models are in the upper range of
equilibrium climate sensitivity (i.e., above 4.5°C for a CO, doubling). The
model-dependent response to the uniform SST warming is therefore not
explained by contrasted global warming levels. The significant contribution
of the model-dependent patterns in the SST anomalies (in two out of the four
models) and of the fast adjustment to CO, quadrupling (in three out of the
four models) also contribute to a poor scaling of NDD changes with global
warming across the model ensemble. This result is also valid at the regional
scale (c.f. Figure 3) and is consistent with a previous study highlighting that
moisture convergence is poorly constrained by global warming across both
CMIP5 and CMIP6 models (Elbaum et al., 2022).

Moreover, the reported drivers of total NDD changes distinguished in Figures 3
and 4b do not tell the whole story about the underlying physical mechanisms.
For instance, the fast vegetation adjustment (mostly a stomatal closure effect)
is not simply driven by differences in evapotranspiration and recycling rate,
but also involves region-dependent processes in which the related land-surface
warming interacts with the large-scale atmospheric circulation (e.g., Saint-Lu
et al., 2019). Similarly, the fast radiative adjustment involves both regional and
remote processes given the associated changes in atmospheric circulation, espe-
cially in monsoon regions (e.g., Chadwick et al., 2017; Douville & John, 2021;
Mutton et al., 2022). The SST pattern effect also involves changes in large-scale
circulation, especially in the tropics where deep convection and associated
overturning circulations (Hadley and Walker cells) are sensitive to SST anom-
alies. The importance of changes in atmospheric circulation can be also diag-
nosed from a dry static energy (DSE) budget showing that daily precipitation
anomalies are not free to respond only to local changes but are also constrained
by the horizontal vertically integrated DSE transport (Chadwick et al., 2022).

Beyond the key role of atmospheric circulation, changes in dry day frequency
are partly governed by, or at least associated with, local changes in near-surface
relative humidity (e.g., Chadwick et al., 2022; Douville & John, 2021), which
can regulate the convective inhibition over land (Chen et al., 2020). Such
changes are particularly important in the boreal summer midlatitudes, where
a near-surface drying is expected (Byrne & O’Gorman, 2016; Chadwick
et al., 2016) but could be underestimated by most CMIP5 (Douville &
Plazzotta, 2017) and CMIP6 (Douville & Willett, 2023) models. This
near-surface drying is the result of a complex interplay between fast adjust-
ments and slower SST-mediated responses, and between both atmospheric
and land surface processes (Douville et al., 2020). This strong relationship
is also clear in most subtropical areas where the increase in NDD is strongly

correlated with a decrease in near-surface relative humidity across the CMIP6 models (Figure S7 in Supporting
Information S1). It is, however, a two-way interaction since the lack of precipitation can further increase the
near-surface drying, potentially leading to a powerful positive feedback where this ocean-driven drying (Byrne &
O’Gorman, 2016) is further amplified by convective inhibition and a growing NDD.

A wider participation in these CFMIP Tier2 experiments would have been useful to check the robustness of our
results. Additional process-oriented diagnostics (e.g., DSE budget, convective inhibition and convective available
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potential energy) are also needed to assess the proposed physical mechanisms. Better understanding changes
in NDD may also contribute to improved projections of precipitation seasonality and interannual variability
(Douville & John, 2021; Douville et al., 2021). The so-called “hydrological sensitivity” (Flaschner et al., 2016;
Pendergrass, 2020) does not reflect the complexity of the water cycle response to global warming. This number
(2.1%-3.1%/K) is relatively robust across the CMIP6 models, but hides a large variety of model behavior regard-
ing the regional and frequency distribution of the daily precipitation rates at which the impacts of water cycle
changes are mostly felt. There is therefore a need to look for other metrics (e.g., Giorgi et al., 2011) to better
summarize or characterize the overall intensification of the global water cycle.

Finally, we believe the idealized abrupt-4xCO, experiments may also have practical implications for both miti-
gation and adaptation strategies given the increasingly dominant effect of CO, and other well-mixed greenhouse
gases on future climate. The emphasized increase in the number of (consecutive) dry days is indeed consistent
with the projected increase in meteorological droughts which was assessed by the latest IPCC report (Douville
et al., 2021; Seneviratne et al., 2021). Moreover, the distinction between the fast adjustment to increased CO,
versus the slower response to SST changes is also policy-relevant if there is a drastic reduction in atmospheric
CO, due to a large-scale deployment of carbon dioxide removal techniques, and/or a decision to implement solar
radiation modification techniques that would mitigate global warming (but not the whole response of dry days)
without decreasing the atmospheric CO, level. This remark again raises caution about the use of global warming
levels only to assess climate change and advocate for observational constraints on regional hydrological projec-
tions that are not only based on the historical global warming record (Douville, Allan, et al., 2022).

Data Availability Statement

All model outputs from the CMIP6 DECK and the standard CFMIP experiments are freely accessible at https://
pemdi.llnl.gov/CMIP6/ or at https://esgf-node.llnl.gov/projects/esgt-llnl/. All graphics have been produced using
the NCAR NCL software freely accessible at https://www.ncl.ucar.edu/.
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