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CMIP6 models project a shrinking
precipitation area

Check for updates

Andreas Dobler , Rasmus E. Benestad , Cristian Lussana & Oskar Landgren

Reanalysis and satellite data indicate a decreasing precipitation area in recent decades, affecting local
water resources and precipitation intensities. We have used CMIP6 simulations to test the hypothesis
of a shrinking precipitation area in a warming climate. Our analyses reveal that SSP5-8.5 projections
show a robust decrease in the precipitation area between 50 °S and 50 °N, and globally in 75% of the
simulations. The new findings support the observed relationship, although to a lesser extent than
earlier found in reanalysis and satellite data. We find a poleward shift of precipitation, increasing the
daily precipitation area in the Arctic from 18% to 28%. At lower latitudes the precipitation area is
reduced due to a decreasing occurrence of precipitation. These changes are related to the expansion
of low relative humidity zones in the lower-to-mid troposphere, specifically at the poleward edges of
the subtropics.

Traditionally, there have been only few climate indicators that describe the
state of the global hydrological cycle1. Such indicators need to assess the
movement of water within the whole planetary system, subject to global
constraints such as evaporation and precipitation. They are thus limited by
the extent of global observational networks. However, the maturation of
satellite-borne observations after decades of operation, as well as state-of-
the-art global reanalyses suchas ERA52,NCEP13 andERA-20C4, havemade
it possible to address new questions about our global climate system, and to
formulate new indicators describing the state of the global hydrological
cycle, suchas i) the total dailymass of precipitation falling onEarth’s surface,
ii) the global surface area receiving precipitation each day, and iii) the global
mean daily precipitation intensity1.

The three indicators are directly interrelated, as the global mean daily
precipitation intensity can be calculated as the ratio of the total daily pre-
cipitation mass to the daily precipitation area. The intensity can thus
increase either due to an increased global precipitation mass or a reduced
precipitation area. The 6th assessment report5 (AR6) of the Intergovern-
mental Panel onClimateChange (IPCC) states a virtually certain increase in
global precipitation and high confidence in increasing precipitation inten-
sities for most areas under global warming. Although the number of wet-
days is shown to decrease overmany land areas from the tropics to themid-
latitudes and to increase at higher latitudes5, the complete surface area (land
+ocean) receiving precipitation on a daily basis has not been given much
consideration in literature.

One analysis6 based on satellite data from the Tropical Rainfall Mea-
suring Mission7 has suggested that the fraction of Earth’s surface receiving
daily rainfall between 50 °S and 50 °N has decreased by 7% over the period
1998–2016, while at the same time the total precipitation amount and the
precipitation intensity have increased. A more recent study8 based on

reanalysis data has estimated that increases in the globalmean precipitation
intensity in ERA5 are to 48.5% due to an increased total mass of pre-
cipitation and to 51.5% due to a decreased surface area on which it falls.

The contribution of a reduced precipitation occurrence to intensified
precipitation aligns with other findings9 reporting that if the atmospheric
concentration of water vapor increases by 7% per degree of warming,
while global precipitation increases by approximately 2% per degree10,11,
the average speed of the circulation moving water vapor must decrease
and the atmospheric residence time increase12. Similar observations were
made in a recent review study13, highlighting the impact of climate change
on atmospheric circulations with respect to water resources. The study
identified key issues such as the global circulation slowdown, changes in
planetary circulations (including Hadley and Walker cells), and the
development of anomalous regional circulations. Additionally, it critically
assessed the commonly used assertion that “wet areas will become wetter
and dry areas will become drier,” concluding that while this pattern holds
more accurately over oceans, it should not be universally applied to land.
Instead, it is more accurate to state that the wet seasons are likely to
become wetter and dry seasons drier under the influence of greenhouse
gas (GHG) warming. This differential intensification of seasonal pre-
cipitation has been corroborated by multiple studies14–17, showing the
most significant increases in already wet regions18 and attributing these
changes to enhanced water vapor transport into precipitation zones
during seasons predisposed to convergence.

Such changes will have profound implications for nature and society,
since a reduced precipitation area leads not only to more dry regions on
average but also, assuming an increase in the total amount, to more intense
precipitation in places it actually falls, and hence potentially more floods. A
trend towards a diminishing global area of precipitation combined with an
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increased total amount is therefore a serious concernwhen it comes to global
warming.

There is a caveat with the analysis of temporal trends in satellite data.
With differentmissions and instruments introduced at different times, they
have limitations concerning long-term temporal consistency. Although
decreases have been found in the ERA5, NOAA 20CRv3, ERA20C and
NCEP1 reanalysis data aswell1, the precipitationpatterns simulated by these
modelling systems may also be affected by changes in the amount of data
assimilated into the systems. This is especially true when the amount of data
is significantly changing throughout the simulation period, as it is the case
with satellite data in the ERA5 andNCEP1 reanalysis. Hence, there is some
uncertainty as to whether long-term changes indicated in these datasets
reflect real changes in Earth’s global hydrological cycle or whether they are
artifacts from the synthesis of changing data sources19.

In the present study, we address this question by examining state-of-
the-art global climate and Earth system model (GCM) simulations under
scenarios of increasing GHG concentration. To find robust signals, we
analyse a multi-model ensemble from the latest World Climate Research
Programme’s Coupled Model Intercomparison Project (CMIP)20,21 simu-
lations, CMIP6. These model simulations provide daily global precipitation
patterns without the use of data assimilation and are thus independent of
changes in the observational system. A potential lack of a robust response
within the multi-model ensemble would be a strong indication that the
trends found in satellite1 and reanalysis data6 are artifacts, whereas a clear
common signal would suggest that the reduction in the precipitation area is
indeed a consequence of increased GHG concentrations.

We further investigate how vertical distributions of atmospheric
relative humidity (RH) in the ERA5 reanalysis and CMIP6 models are
related to changes in the global precipitation area. For CMIP5 model pro-
jections, it has been shown22 that changes in the atmospheric RH are
associated with a Hadley Cell expansion under global warming and are
leading to a drying of the surface at (sub-)tropical latitudes. The IPCCAR65

states a likely poleward expansion of the Hadley Cells in recent decades.

Such an atmospheric (relative) drying may be a cause for a reduction in the
global precipitation area.

Results
Precipitation area
Wehave calculated the surface fractionwithdaily precipitationofmore than
1mmfroman ensemble of global climate andEarth systemmodels (GCMs)
and the ERA5, ERA-20C and NCEP1 reanalyses. Figure 1 presents time-
series of the annually aggregated fractions between 50 °S and 50 °N from 27
CMIP6 model runs and the reanalyses.

The ERA5 and NCEP1 reanalyses show a step-wise decrease in the
precipitation area in the 20th century and a continuing decrease since the
beginningof the 21st century (Fig. 1a). ERA-20C,whichdoesnot involve the
assimilation of satellite data, suggested little changes over time with only a
slight increase at the beginning and a small decrease at the end of the 20th
century. The numbers and changes shown here are in agreement with what
is shown and discussed in earlier studies1,19, revealing some uncertainty in
the changes proposed by the different reanalyses datasets, and stresses the
importance of caution when studying trends in them.

Looking at the GCM time-series, there is a substantial spread among
the GCMs for the current climate, roughly within the range of 35%–55%.
Models with low resolution tend to show a larger precipitation area than
models with higher resolution, but there are several exceptions. For instance
the FGOALS-g3 and NESM3 models show a relatively low precipitation
area compared to other models of similar resolution. A scatter plot of
precipitation area against model resolution (Fig. S1) supports the general
tendency but does not show a statistically significant linear relation. In
agreement with the ERA5 data, a decrease in the precipitation area is also
apparent for the GCMs during the 21st century, with the exception of
FGOALS-g3. However, the drop in ERA5 from about 44% to 42% during
the period 1940–2020 is not reproduced in the GCM data.

A clearer comparison between the models is given in Fig. 1b after
subtracting the precipitation area for the reference period (1991–2020) from

Fig. 1 |Annualmean precipitation area between 50 °S and 50 °N.The precipitation
area is shown for 27 CMIP6 models following SSP5-8.5, the ERA5, ERA-20C and
NCEP1 reanalysis. The CMIP6 models have been sorted by increasing mean zonal
resolution, where blue denotes the lowest and red the highest spatial resolution. The
numbers to the right of the coloured lines refer to the single models where the
ordinate indicates the precipitation area in the last year of the corresponding

simulation. a shows the precipitation area and (b) the 30-year running mean
deviations (in percentage points) from themodels' precipitation area in the reference
period (1991–2020, 1981–2010 for ERA-20C). The box-plot on the right in (b)
shows the inter-quartile (box) and 0.05–0.95 quantile range (dotted line) of the
CMIP6 model deviations for the period 2071-2100.
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each model and calculating 30-year running means. A striking observation
is a grouping of 18 GCMs showing decreases between 1.25 and 2.25 per-
centage points (pp). The only model showing an increase (FGOALS-g3)
stands out evenmore clearly. Five of the remainingGCMs (models 2, 8, 9, 10
and 19) indicate a weaker, but still negative changewhile threemoremodels
(1, 24 and 25) show a decrease of about 1 pp and are close to the dominating
group of 18 GCMs. The resultingmedian of the precipitation area anomaly
at the end of the simulations is clearly negative with−1.5 pp and the inter-
quartile-range (IQR) spans from −1.1 to −2 pp. The estimated 90% con-
fidence interval from the 27 simulations ranges from −0.2 to −2.3 pp, i.e.
there is a large agreement among the models on a decreasing precipitation
area. For ERA5, the 30-year running mean precipitation area at the
beginning of the dataset (1940–1969) is 2.4 pp higher than in the period
1991-2020.

Extending the calculation of the precipitation area to the whole globe
does not change the general picture (Fig. S2). Although globally more
models project a small increase or no clear change, the median (−0.6 pp)
and IQR (−0.03 to−0.9 pp) are still below zero, showing an agreement on a
decrease in the precipitation area also on the global scale. Further, the group
of 18 GCMs that show similar decreases in the precipitation area between
50 °S and 50 °N (Fig. 1) also agree on a decrease in the global precipitation
area and the FGOALS-g3 remains an outlier with a marked increase
(Fig. S1).

The agreement of all analysed GCMs (except the FGOALS-g3 model)
on a decreasing precipitation area between 50 °S and 50 °N in the 21st
century (Fig. 1) is convincing. To our knowledge, this behaviour has not
been reported before. However, the contrast between ERA5’s step-like
temporal response and the GCM’s smoother temporal trend, as well as the
distinctly different behaviour of the FGOALS-g3, model are intriguing and
suggest a more detailed analysis of possible reasons.

Some further insights can be gainedby analysing how the precipitation
area is distributedonEarth’s surface alongdifferent latitudes. Figure 2 shows
the zonal precipitation area climatologies and their changes in time for the
multi-model median (MMM) of the 27 CMIP6 simulations, the FGOALS-
g3model (to highlight the outlier) and ERA5. In all three datasets the zonal
precipitation area shows a double peak in the tropics, a poleward decline
until 20°–25°, an increase thereafter until 60° and another decline afterwards
towards the poles. These latitudes are roughly reflecting the position of the
inter-tropical convergence zone (ITCZ), the tropics, the subtropics and
mid-latitudes, and the high latitudes. We note that in the FGOALS-g3
model the extension of the tropics is slightly narrowed. The latitudinal band
with the largest areal fraction receiving precipitation on an average day is
located at around 55 °S in the MMM and FGOALS-g3 with a fraction of
about 70%.ERA5 shows the samepeak at 55 °S, but has its overallmaximum
at 5 °N which is significantly larger than the MMM value at the same
location. Note that these numbers are fractions of Earth’s circumference at
the specific latitudes. At 55° this is about 0.6 times the circumference at the

equator. Thus, the largest absolute zonal area receiving precipitation on an
average day is located at about 5 °N for all datasets.

Changes in the zonal precipitation area (Fig. 2) show that the area is
mostly decreasing in a band between 5° and 50° on both hemispheres. The
decreases are more clear and pronounced in the Southern Hemisphere,
where the strongest decrease canbe seen around35 °S in theMMM.Close to
the Equator, there is a slight increase in the MMM, a more pronounced
increase in FGOALS-g3 and a decrease in ERA5. A common agreement
among all three datasets is an increase polewards of 55°, especially in the
Arctic. Although less pronounced, ERA5 and the MMM already show this
increase when comparing the recent climate (1991–2020) to an earlier
period (1941–1970). The increase is continuing in the GCM future pro-
jections and theMMM shows an increase in the average daily precipitation
area in theArctic from about 18% in the current climate to about 28% in the
projected future climate. The actual size of this area is relatively small (due to
its high latitude) and the regional increase has only little impact on the
overall global precipitation area. Nevertheless, it can explain the small dif-
ference in the changes of the global precipitation area and changes between
50 °S to 50 °Nnoted above. Compared to theMMM, theFGOALS-g3model
shows small or almost no decreases between 10° and 50° on both hemi-
spheres. Together with the more pronounced increase in FGOALS-g3
around the Equator, this yields an overall increase in the global precipitation
area. Another outstanding difference is a decrease between about 5 °S and
30 °N in ERA5 which is not apparent in the GCM projections.

While only theMMMand the FGOALS-g3model are shown in Fig. 2,
the latitudinal patterns of the precipitation area and its changes are quali-
tatively similar for all otherGCMs (Fig. S3). The large agreement among the
GCMs on the changes between 50 °S and 50 °N explains the robustness of
the shrinking precipitation area simulated in this region (Fig. 1) and the
differences shown for ERA5 and FGOALS-g3 can explain their deviations.
The partly less robust decrease for the global precipitation area is caused by
larger variations over the polar regions among the GCMs, especially for the
Arctic (Fig. S3), as the magnitude and extent of the increases in the single
models in this region can counteract the common decrease at lower
latitudes.

Precipitation frequency and relative humidity
While most GCMs and the ERA5 reanalysis show a decrease in the global
precipitation area, a decrease between 5 °S and 25 °N is only apparent in
ERA5. This suggests that different processes lead to the reductions in ERA5
and the GCMs. Likewise, the significantly different behaviour of the
FGOALS-g3 model requires an explanation. One possible explanation is
suppressed precipitation related to changes in the tropospheric relative
humidity (RH) due to modifications in the Hadley Circulation22.

Figures 3a and b show a latitude-vertical cross-section of zonal average
RHchanges from theMMMfor the past (1941–1970 to 1991–2020) and the
future (1991–2020 to 2071–2100), respectively. A strong increase in RH is

Fig. 2 | Zonal precipitation fraction.The fraction of
a zonal sector of Earth which is receiving more than
1 mm precipitation per day. Colours refer to dif-
ferent time periods and line types indicate different
data sources (MMM=multi-model median). The
light green lines show past changes from 1941–1970
(light blue) to 1991–2020 (dark blue). Dark green
lines show future changes between the GCM refer-
ence period 1991–2020 (dark blue) and the far future
period 2071–2100 (red).
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apparent near the top of the troposphere. An increase is also present in the
lower troposphere in the proximity of the Poles, as well as in the lower and
middle troposphere around the Equator. Decreases in RH are happening
throughout most of the troposphere from about 25°–55° and around the
Equator in the upper troposphere, expanding areas of already relatively low
RH values. Further, there is a narrowing and upward expansion of the zone
with relatively high RH amounts just around the equator. The change
patterns in the past and in the future period highly resemble each other, but
the future changes are about four times as large as the past changes.

The future RH changes from the different GCMs show some varia-
tions, but the general pattern is similar (Fig. S4). They resemble changes
for CMIP522 and CMIP323 GCMs, indicating a robust model response to
global warming not only within but also over different CMIP generations.
However, for the FGOALS-g3 model, the pattern of RH changes differs
substantially (Fig. 3c).While a weak drying is also apparent in themid-to-
lower troposphere around 25 °S, no drying is detectable in the Northern
Hemisphere with the exception of a small near-surface area in the Arctic.
Most strikingly, and contrary to the MMM and all the other GCMs, the
FGOALS-g3 model shows an increase of RH throughout the whole tro-
posphere around the Equator. This area is locally coinciding with the
anomalously large increase in the FGOALS-g3 zonal precipitation area
(Fig. 2).

A decrease around 25 °S, an increase in the polar regions, as well as at
the top of the troposphere around the equator are also present in the ERA5
data (Fig. 3d). However, in ERA5 a decrease in RH in the lower troposphere
is visible from 5 °S to about 30 °N. Again, this area corresponds well to the
area where ERA5 shows an outstanding decrease in the zonal precipitation
area not detectable in the GCMs (Fig. 2).

The results above show that the latitudinal positions and the signofRH
changes in the lower-to-mid troposphere correspond to the changes in the
zonal precipitation area. This is true for the MMM, ERA5 and also the
FGOALS-g3model, indicating that theseRHchanges are directly connected
to the precipitation area. This connection can also be found in time-series of
RH averaged over an area showing high temporal correlations with time-
series of the precipitation area (Fig. 4). From the time-series it becomes clear
that not only the climatological changes inRHand the precipitation area are
related, but also the temporal development of RH and the precipitation area
(Fig. 1) throughout the simulation periods are similar in all models, i.e.
showing a general decrease in the GCMs, an increase in FGOALS-g3 and a
step change in ERA5.

The smooth changes in the GCMprojections of RH (Fig. 4) align with
gradual changes associated with GHG warming, which are evident both in
GCM projections22 and in recent historical data24. However, the abrupt
decline in ERA5 in the precipitation area (Fig. 1) and RH (Fig. 4) during
the 1980s is challenging to explain through physical processes, and the
discrepancy between the GCMs and ERA5 is striking.

The drop in ERA5 happens around the assimilation of the first satellite
microwave imager data in 19872. While a detailed investigation into the
causes of this is beyond the scope of the present study, additional analyses of
hourly RH data from ERA5 (Fig. 5) show that the major RH drops start to
appear in the year 1987 at the beginning of each data assimilation window
(09:00 and 21:00UTC). Although the RH is gradually increasing during the
12hours of assimilation in theperiod 1991–2020, it is continuously reset to a
lower level (approx. 62% to 63%) by new assimilation cycles starting every
12 hours.

Nine hours into the 09:00 assimilation cycle (i.e. at 18:00 UTC) in
the 1991–2020 period, RH remains noticeably lower than at the end of the
previous assimilation cycle (Fig. 5). This drier state is then used to initialize
the subsequent forecast, starting at 18:00 UTC, followed by a drop in
the hourly precipitation area during the first forecast hour (Fig. S5). In other
words, the decrease in the precipitation area follows one hour after the
humidity reduction at initialization.

Regional implications
The temporarily averaged zonalmeanprecipitation areas shown inFig. 2 are
equivalent to the zonal mean wet-day frequencies for the same time periods
(see Methods). Thus, maps of wet-day frequency changes can reveal how
different regions are affected by the expansion of the dry regions in themid-
latitudes and the poleward shift of precipitation.

Figure 6a shows the spatial distribution of changes in the number of
wet-days per year from the reference period 1991–2020 to the future period
2071–2100 based on the multi-model median (MMM). The wet-day fre-
quency decreases in large areas between 50 °S and 50 °N, especially in the
Southern Hemisphere, as can be expected from Fig. 2. The GCMs highly
agree on a decrease in the SouthernHemisphere between 5° and 50° and on
an increase at latitudes above50° to60°onbothhemispheres.Regionally, the
number of wet-days shows the largest increase in the eastern equatorial
Pacific Ocean and the Eurasian part of the Arctic Ocean. Smaller increases
are shown in eastern equatorial Africa, India, north-eastern Russia, north-
ern America, Greenland and Antarctica. Decreases in the number of

Fig. 3 | Latitude-height profiles of relative
humidity. The coloured areas show relative
humidity (RH) changes (in percentage points) from
the reference state which is given as contours. In (a)
and (d), the reference period is 1941–1970 and
changes are shown for the period 1991–2020, i.e. the
past. Note the different colour scale used in (a). In
(b) and (c), the reference period is 1991–2020 and
changes are shown for the future period 2071–2100
following the SSP5-8.5 scenario. The dotted lines
mark an area where the RH averages show a high
temporal correlation with the MMM and ERA5
precipitation area, respectively.
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wet-days are most pronounced in Central America, including the Amazon,
and over the south-east Indian Ocean. Slightly weaker decrease can be seen
formost of Europe (except theNordic andBaltic countries) andmanyocean
basins, including theMediterranean, North Atlantic and south-east Pacific.
Maps showing the number ofwet-days per year for the reference period and

relative changes are provided as supplementary information (Fig. S6),
highlighting large relative increases in the eastern equatorial Pacific Ocean
and over Antarctica.

While wet-day frequency and intensity are generally positively
correlated25, changes in dynamics and thermodynamics due to global

Fig. 4 | Time-series of averaged tropospheric
relative humidity. The lines correspond to the
annual mean relative humidity averaged over the
areas shown in Fig. 3. Note that the ERA5 region is
different from the GCM region as the regions reflect
the area of the most pronounced RH changes in the
corresponding data. Therefore, the RH values in
ERA5 have a different magnitude than the GCM
values.

Fig. 5 | Diurnal cycle of relative humidity in ERA5.
Mean diurnal cycle of relative humidity at 850 hPa
between 50 °S and 50 °N from ERA5 for the time
periods 1941–1970 (light blue) and 1991-2020 (dark
blue). The grey boxes indicate the start of new data
assimilation windows at 09:00 and 21:00 UTC.
Initial states for the subsequent forecasts at 18:00
and 06:00 UTC are indicated with a cross.
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warming may alter these correlations. Figure 6b shows the relative changes
in daily precipitation intensities in theMMM.Maps for the reference period
and absolute changes are provided as supplementary information (Fig. S7).
There is an increase inwet-day intensities formost areas in agreementwith a
faster hydrological cycle in awarming climate. The largest increase is (again)
found in the eastern equatorial Pacific Ocean. Decreases are limited to
regions over the south-eastern parts of the Pacific, the Indian and Atlantic
Ocean, as well as a band from the Caribbean extending across the Atlantic
towards the Canary Islands. Notably, these are regions with very few wet-
days in the current climate (Fig. S6). Further, Fig. 6 reveals areas showing a
decreasing frequency but increased intensity, i.e. fewer but more intense
precipitation events on average, namely the Mediterranean, south-eastern
Africa and the north Atlantic Ocean.

Relative precipitation changes from the reference period 1991–2020 to
the future period 2071–2100 are shown in Fig. 6c. Maps for the reference
period and absolute changes are provided as supplementary information
(Fig. S8). The largest decreases are found in the eastern parts of the oceans in
the SouthernHemisphere, aswell as a band fromCentralAmerica across the
Atlantic and into the Mediterranean region. Generally, the change patterns
in total precipitation are similar to the frequency changes but with smaller
areas of decrease as a result of the decreasing frequency being compensated
by an increasing intensity.

Figure 6 shows that more total precipitation is related to more intense
precipitation almost everywhere. This can either be less frequent pre-
cipitation, projectedmostly over ocean areas around50° (S andN), or,much
more commonly, more frequent precipitation, as for instance in the polar
regions. Less total precipitation, on the other hand, is related to less frequent
precipitation. Over a few ocean areas (west of Chile, South-Africa and
Australia and south of theGulf Stream) less precipitation is accompanied by

less intense mean precipitation, but mostly it goes along with more intense
average precipitation, as for instance in the Mediterranean region.

Overall, the total global amount of precipitation in the MMM is
increasing from 1407 Gt/d to 1488 Gt/d, i.e. showing an increase of about
6%. The precipitation area in theMMM is decreasing from 39.3% to 38.8%
of Earth’s surface at the same time (1.3% decrease), resulting in a global
meanwet-day intensity increase from7mm/d to 7.5mm/d. In other words,
the intensity increase in the MMM (by about 7%) is to 82% due to an
increase in the total precipitation mass and to 18% due to a decrease in the
precipitation area. These numbers significantly differ from the more equal
numbers found for ERA5 (48.5% and 51.5%, respectively) but still indicate a
substantial contribution of a shrinking precipitation area to the increasing
wet-day intensity.

Discussion
First of all, our results confirm an earlier study1 showing that the daily
precipitation area estimated from ERA5 drops abruptly between 1980 and
1990 andcontinues todecrease afterwards.However, thedecreases apparent
in ERA5 may be a spurious feature due to a changing observation system
being assimilated into the reanalysis system1,19. Thus, we have repeated the
analysiswithdata fromGCMprojectionsunderglobalwarming, as these are
not affected by changing observational inputs or data assimilation. Our
results reveal a decrease in the global precipitation area in the GCM pro-
jections as well, although of a smaller magnitude than in ERA5. This sug-
gests that the ERA5 reanalysis indeed shows a spurious artificial trend in the
daily precipitation area. However, on top of this, there is possibly an
emerging shrinking effect of a warming climate on the global precipitation
area which, to our knowledge, has not been reported before. A shrinking of
the global precipitation area would be relevant both in terms of regionally
reducing water resources, and increasing precipitation intensities due to
precipitation falling on a smaller area.

Our further analyses have shown that the precipitation area changes in
the GCMs are a result of a poleward shift of precipitation events. On both
hemispheres we have found a robust decrease in the precipitation area from
about 5° to 50°, aswell as increases at high latitudes and around the Equator.
The latitudinal positions of the precipitation area changesmatch closely the
positions of changes in relative humidity (RH) in the lower-to-mid tropo-
sphere. This is valid for the ERA5 reanalysis and the GCMs, but also for the
FGOALS-g3 model which shows an unusual increase in the precipitation
area together with an uncommon RH change pattern, highlighting the
linkage between RH and precipitation occurrence. The RH changes in
GCMs (other than FGOALS-g3) are similar to changes in CMIP5models22.
They have previously been related to changes in the Hadley Circulation
together with an increase in dynamic convergence at the equator and an
increase in subsiding dry air poleward of the subtropics22. This iswell known
to lead to awideningof the zoneswith lowRHlocated in the subtropics5, and
the so-called “deep-tropics squeeze”22 to a moistening in the core of the
ITCZ5. Our results additionally reveal that the expansion of the low RH
zones are associated with local decreases in the precipitation frequency, a
behaviour also shown for climate model simulations over the Mediterra-
nean region26.

The correlation between atmospheric RH and the precipitation area
does not imply that RH is the driving factor; it could be a consequence of the
later, or both could stem from a common driver (e.g. changes in low-level
moisture convergence). However, the correlation highlights the value of
analyzing atmospheric RH fields to differentiate and better understand how
changes in temperature, general circulation, and moisture transport influ-
ence precipitation, its intensity and the precipitation area. Additionally,
while the mechanisms in ERA5 and the GCMs that lead to the reduced
precipitation areamaydiffer, the analysis of hourly ERA5data have revealed
that the areal reduction follows a decrease in RH in the lower atmosphere.
Notably, the RH is not directly affected by the sudden decrease in the
precipitation area but rather by the initiation of data assimilation. This
shows that, at least in ERA5, the reduced RH in the lower atmosphere is not
caused by decreased precipitation.

Fig. 6 | Changes in wet-day frequency, intensity and precipitation. Changes from
the reference to the future period 2071–2100 following SSP5-8.5 for (a) the annual
number of wet-days, (b) daily precipitation intensities and (c) the annual pre-
cipitation amounts. The changes are shown for the ensemblemedian and only where
more than 75% of the models agree on the sign of change.
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Based on our results we conclude that the gradual and steady decline in
the precipitation area in the GCMs, and underlying in the reanalysis data, is
caused by GHG warming. The more abrupt reductions observed in ERA5
are linked to the introductionof satellite data assimilation.Note that a recent
study19 came to similar conclusions regarding the shift of ERA5 precipita-
tion towards smaller scales, stating that “assimilation of satellite data looks
like the most convincing explanation.”

Maps of wet-day frequency, intensity and total precipitation changes
show that mean intensities increase nearly everywhere. However, the total
precipitation may be reduced due to fewer precipitation days. The geo-
graphical patterns of these changes are similar to those from simulations
used in the IPCC 4th assessment report27. Interestingly, the changes in wet-
day frequency also resemble changes in the dynamic contribution and
vertical velocities for annual maximum precipitation28, indicating that wet-
day frequencymay be used as a relatively easy to derive proxy for changes in
atmospheric dynamics. Although we only show changes in mean values
here, we note that the patterns are similar to changes in annual maximum
precipitation and precipitation extremes scaling28. Thus, there seems to be a
linkage between changes in themeanwet-day frequency, intensity and local
heavy precipitation that may also be used to statistically derive robust
estimates of the latter8.

All results shown in this study represent the whole year and do not
resolve different seasons, which potentially would change the results in
different directions or todifferent degrees. Themain objective herewas 1) to
show to what extent reductions in daily precipitation areas found earlier in
satellite observations and reanalyses, are apparent in GCM simulations and
2) to provide possible reasons for the changes and their differences. The
GCM simulations we have used are following the SSP5-8.5 scenario. Time-
series for other scenarios (SSP3-7.0, SSP2-4.5, RCP8.5 and RCP4.5) and
from a larger ensemble of SSP5-8.5 simulations are provided in the sup-
plementary information (Figs. S9–S13) and support our main findings on a
shrinking daily precipitation area in a warming climate with increasing
GHG concentrations.

We have found no clear effect of any model specification or compo-
nents on the simulated precipitation area, apart froma partial relation to the
horizontal spatial resolution. A preliminary analysis (not shown) indicates
that the specification of the atmosphere top and aerosol components may
have a weak effect on the trends, but the model sample was not sufficiently
large to yield statistically significant results. A more detailed factorial
regression analysis based on the GCM metadata is out of the scope of this
study and left to future work.

As a last point, we want to mention that the calculation of wet-day
frequencies and intensities from ERA5 and CMIP6 runs requires the
handling of relatively large daily, in case of ERA5 even hourly, precipitation
data sets. To reduce the data transfer amount, we have used server-side data
processing facilities. Nevertheless, a significant computational effort was
required to process the data. Our results show that an analysis of wet-day
frequency and intensity can provide more detailed insights than merely
looking at mean precipitation. Thus, it would be desirable to provide
(monthly) wet-day frequency and intensity as a standard output variable in
reanalyses and GCM simulations. The calculation of wet-day frequencies
(typically above 1mm) could evenbe implemented as a counting variable in
the code of the models, making a subsequent calculation unnecessary.

Methods
Rain area calculation
The global and 50 °S to 50 °N precipitation area has been calculated from
daily fields of precipitation on a regular latitude-longitude grid. At a specific
latitude j, the zonalmean precipitation fraction over the longitudes i = 1,…,
i = ni at time t is given by

Fðj; tÞ ¼ 1
ni

Xi¼ni

i¼1

ðPrði; j; tÞ > 1mmÞ:

Averaging the zonal mean precipitation fraction in time, e.g., over the
30 years reference period, the equation becomes

Fref ðjÞ ¼
1
N

Xt¼N

t¼1

1
ni

Xi¼ni

i¼1

ðPrði; j; tÞ > 1mmÞ:

This is equivalent to the zonal mean of the wet-day frequencies for the
same time period

FREref ðjÞ ¼
1
ni

Xi¼ni

i¼1

FREref ði; jÞ ¼
1
ni

Xi¼ni

i¼1

1
N

Xt¼N

t¼1

ðPrði; j; tÞ > 1mmÞ:

Thus, temporal means of the precipitation area can be derived from
wet-day frequencies for the same time period. To calculate the global pre-
cipitation area (or fraction), the zonal means need to be weighted with the
cosine of the corresponding latitude to take into account the shrinking grid
cell size towards the poles, i.e.

Fref ¼
1
N

Xt¼N

t¼1

Xj¼nj

j¼1

cosðjÞ
ni

Xi¼ni

i¼1

ðPrði; j; tÞ > 1mmÞ=
Xj¼nj

j¼1

cosðjÞ:

Data availability
The analysed ERA5 data is available in the Copernicus Climate Change
Service (C3S) Climate Data Store (CDS) repositories. Precipitation is
available in ERA5 hourly data on single levels from 1940 to present, https://
doi.org/10.24381/cds.adbb2d47. Relative humidity is hosted in the
ERA5 monthly averaged data on pressure levels from 1940 to present repo-
sitory, https://doi.org/10.24381/cds.6860a573. Daily precipitation and
monthly relative humidity fromCMIP5 andCMIP6GCMs analysed in this
study are available from https://esgf-data.dkrz.de/search/cmip5-dkrz/or
https://esgf-data.dkrz.de/search/cmip6-dkrz/. For a subset of 27 CMIP6
models (see Table S1), pre-calculated annual wet-day precipitation, inten-
sity and frequency data is available in the Climate extreme indices and heat
stress indicators derived from CMIP6 global climate projections C3S CDS
repository, https://doi.org/10.24381/cds.776e08bd. Our main results are
based on these 27 models to facilitate the reproduction of our results by
omitting the necessity to recalculate the indices for the complete ensemble.
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