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7 - The observed Saharan warming since 1979 is largely a result of the SST change rather
8 than direct anthropogenic GHG radiative forcing,.

9 - The dominant factor driving Saharan warming is the anomalous atmospheric energy
10 transport from the warming ocean.

1 - Lapse rate and water vapor feedbacks both amplify Saharan warming relative to the
2 average tropical land in response to the SST forcing.
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Abstract

The surface air temperature (SAT) over the Sahara Desert has increased at a much faster
rate than average tropical land in recent decades. This study examines the relative roles of
anthropogenic greenhouse gas (GHG) forcing and sea surface temperature (SST) change in
the observed Saharan temperature increase during boreal warm season from 1979 to 2020
using atmospheric general circulation model simulations. It is found that the SST forcing
dominates the observed Saharan warming. Further analysis shows that the warming ocean
forces the Saharan SAT increase by moving more energy to the Sahara Desert, while the
water vapor feedback plays a secondary role. The reason for the stronger Saharan warming
than the average tropical land given the same SST forcing is also explored. We found
that the largest contributor to the warming contrast is the lapse-rate feedback, which is
attributable to the difference in the vertical warming profile.

Plain Language Summary

Sahara Desert has experienced a stronger warming than the tropical land on average since
1979. Debates continue on whether the amplified Saharan warming is a response to the
remote SST change or the radiative forcing brought about by the increasing anthropogenic
GHG. In this study, we quantify the relative contributions of these two forcing agents to the
observed Saharan temperature increase. It is found that the observed Saharan warming is
largely controlled by the remote SST forcing. As the ocean warms up, it acts to transport
more energy to the Sahara Desert and warms the surface. The warming contrast between
the Sahara Desert and the average tropical land is found to be dominated by the lapse-
rate feedback, which favors the Saharan warming but suppresses the average tropical land
warming. The difference in lapse-rate feedback is a result of the different vertical warming
structure over the Sahara Desert and average tropical land.

1 Introduction

The increase of surface air temperature (SAT) over the Sahara Desert, one of the world’s
largest deserts, has been proceeding at a much faster rate than the average tropical land
since 1979 (Cook & Vizy (2015); Lavaysse et al. (2016); Vizy & Cook (2017)), which is
termed “Desert Amplification” (hereafter DA). The amplified Saharan warming is most
pronounced during the boreal warm season (JJASON) and features a bottom-heavy vertical
profile (Cook & Vizy (2015); Wei et al. (2017); Zhou (2021)).

Many studies have suggested that the amplified Saharan warming is a local response to
the radiative forcing driven by escalating anthropogenic greenhouse gas (GHG) emissions
(Cook & Vizy (2015); Liu et al. (2001); Liu et al. (2002); Zhou et al. (2015); Zhou et
al. (2016)). For instance, through the analysis of a set of model outputs from the Coupled
Model Intercomparison Project phase 5 (CMIP5) archive, Zhou et al. (2015) showed that the
simulations with only natural forcings fail to reproduce the major features of the observed
Saharan warming and DA. Similarly, in the future projection studies, the surface elevated
radiative forcing resulting from the anthropogenic GHG is argued to be responsible for DA
in the 21st century (Liu et al. (2001); Liu et al. (2002)).

A contrary view was advanced by Skinner et al. (2012), who showed that sea surface tem-
perature (SST) change plays a dominant role in shaping the temperature increase over the
Sahara Desert in the 21st century, while the influence of the change in GHG is negligible.
The result from Skinner et al. (2012) highlights the dominance of SST forcing in determining
the Saharan warming, which is consistent with previous work on land sea warming contrast
(Andrews et al. (2009); Byrne & O’Gorman (2013); Byrne & O’Gorman (2018); Compo &
Sardeshmukh (2009); Dommenget (2009); Lambert & Chiang (2007)). However, Skinner et
al. (2012) did not examine the mechanism driving the SST-induced Saharan temperature
response. The key role of SST forcing is also evidenced in studies highlighting the strong
water vapor feedback over the Sahara Desert (Evan et al. (2015); Zhou et al. (2016); Zhuo
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& Zhou (2022)), as most of the increased moisture over the land originates from the ocean
(Trenberth et al. (2007)).

According to Compo & Sardeshmukh (2009), the oceanic warming forces the land temper-
ature increase by moving extra energy from the ocean to the land. The key role of heat
transport anomaly between land and ocean in maintaining a constant land sea warming
ratio has also been reported by Lambert et al. (2011) and Toda et al. (2021). Without
the anthropogenic GHG forcing, it is expected that the heat transport anomaly acts as the
external forcing and increases the surface temperature over the Sahara Desert (Lambert
et al. (2011)). However, the SST-induced Saharan temperature increase is also subject to
local climate feedbacks, such as the water vapor and lapse-rate feedbacks (Colman & Soden
(2021)). The relative contributions of heat transport anomaly and climate feedbacks to the
observed Saharan temperature increase is still unclear.

In this study, we make use of an atmospheric general circulation model (AGCM) to quantify
the relative contributions of anthropogenic GHG radiative forcing and remote SST forcing
to the observed amplified Saharan warming in the boreal warm season since 1979. Note
that the SST forcing defined in our study denotes the net effects of the observed SST
change over the globe (Deser & Phillips (2009); Folland et al. (1998)). 1979 is chosen as
the beginning year for consistency with previous studies (Cook & Vizy (2015); Zhou et
al. (2015)) and availability of the satellite-derived SST (Deser et al. (2010)). As will be
shown later, SST forcing yields a much larger contribution to the recent observed Saharan
temperature increase than the direct anthropogenic GHG radiative forcing. To explore the
process whereby the SST forcing induces the Saharan warming, we isolate the effects of
the SST change in one experiment and perform a decomposition analysis of the observed
Saharan temperature increase, similar to previous studies on Arctic Amplification (Pithan
& Mauritsen (2014)). This decomposition allows us to assess the impacts of each physical
process on the observed temperature increase over the Sahara Desert, and the stronger
Saharan warming than the average tropical land given the same oceanic forcing. We focus
on the warming contrast between the Sahara Desert (20°N-30°N; 10°W-30°E) and the
average tropical land (30°S-30°N) as SST is prescribed in our simulations.

2 Model simulations and datasets

We utilize the NCAR Community Atmosphere Model version 4 (CAM4) in this study.
CAM4 is the atmospheric component of the Community Earth System Model (CESM)
(Hurrell et al. (2013)). CAM4 used here has 26 vertical levels and is run on a finite-volume
grid with a horizontal resolution of approximately 1.9 latitude and 2.5 longitude (Gent et
al. (2011)).

To isolate the SST effects from the anthropogenic GHG radiative forcing, here we force
the CAM4 model with different forcing combinations, following previous studies (Deser &
Phillips (2009); Folland et al. (1998); He & Soden (2015); Li et al. (2020); Shaw & Voigt
(2015); Shen et al. (2020)). In the ALL experiment, the model is forced with the observed
evolution of monthly SST, GHG and other forcings (ozone, solar variation, anthropogenic
and natural aerosols). In the NOSST experiment, the atmospheric forcings are prescribed
as in ALL but the SST is fixed to the annual cycle in 1979. In the NOGHG experiment, the
model is forced with the same SST and other forcings as in ALL but with the GHG fixed to
the annual cycle in 1979. Note that these two mechanism-denial experiments only enable
the examination of the net effects of certain types of forcing, not their operating mechanism.
In order to isolate and elucidate the mechanism associated with the SST forcing, here we
conduct another process-oriented experiment in which only the year-to-year observed SST is
prescribed while the atmospheric forcings are fixed to the annual cycle in 1979 (SSTONLY).
All of these simulations start from 1st January 1979 and end on 31st December 2020.

The SST and sea ice concentration dataset used in this study is described in Hurrell et
al. (2008). The historical and Representative Concentration Pathway 8.5 (RCP8.5) atmo-
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spheric forcings are used before and after December 2005, respectively. We utilize the fifth
major global reanalysis produced by European Centre for Medium-Range Weather Forecasts
(ERAS5; Hersbach et al. (2020)) as the benchmark for the Saharan temperature response in
all simulations. The radiative kernel dataset by Pendergrass et al. (2018) is employed in
this study to perform the climate feedback and temperature decomposition analysis.

3 Saharan warming and DA in model simulations

The interannual variability and linear trends of the Saharan and average tropical land SAT

in the boreal warm season are shown in Figure 1. We calculate the trends via ordinary
least-squares regression and the uncertainty bounds denote the 95 % confidence interval.
In ERA5, the Saharan temperature features a rapid increase at a rate of 0.43+0.08 K

per decade, which is close to the corresponding trend in ALL (0.47+0.11 K per decade)
(Figure 1b). The Pearson correlation coefficient between ERA5 and ALL is 0.77 (calculated
without smoothing) and statistically significant at the 99 % level of confidence (Figure 1a).

The spatial warming pattern over the Sahara Desert in ALL also bears close resemblance
with that in ERA5 (Figures 2a, b). Comparison between ERA5 and ALL indicates that

ALL has reliably reproduced the surface warming over the Sahara Desert to a large extent
(Figure 1 and Figures 2a-b).
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Figure 1. (a) Interannual variability of the SAT anomalies (K) over the Sahara Desert in the
boreal warm season from ALL (black), ERA5 (red), NOSST (green), NOGHG (gold) and SSTONLY
(cyan). All time series are smoothed with a 3-year running average. (b) corresponding linear trends
(K/decade) of the SAT in (a). Error bars denote the 95 % confidence intervals. (c) and (d): same
as (a) and (b) but for the average tropical land (30°S-30°N).

In NOSST with the SST forcing turned off, the Saharan warming trend is reduced to
0.15+0.12 K per decade (Figure 1b). In comparison, when the GHG forcing is deacti-
vated, the trend of the Saharan temperature is about 0.37+0.11 K per decade, which still
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accounts for 79 % of ALL (Figure 1b). Comparison between NOSST and NOGHG high-
lights the dominant role of SST forcing in the observed Saharan temperature increase. The
discrepancy in the spatial warming pattern between different experiments also supports
that the SST forcing makes a much larger contribution to the Saharan temperature increase
than the anthropogenic GHG forcing (Figures 2a-d). Without the SST forcing, the Saharan
warming is strongly dampened and a large portion of the temperature trend is statistically
insignificant (Figure 2c), consistent with Skinner et al. (2012). Note that the sum of the
trend in SSTONLY (0.31 K per decade) and NOSST (0.15 K per decade) is close to that in
ALL (0.47 K per decade) (Figure 1b), indicating the Saharan temperature response to the
SST forcing and atmospheric radiative forcing are approximately linear and additive, which
is in agreement with previous studies (Deser & Phillips (2009); Shen et al. (2020); Skinner
et al. (2012)).

In comparison to the Sahara Desert, the average tropical land warms at a slower rate in
ERA5 (0.29+0.05 K per decade) and ALL (0.25+0.05 K per decade) (Figure 1d). The
average tropical land warming are weakened in both NOGHG and NOSST compared to
ALL. However, the warming rate in NOSST (0.08+0.05 K per decade) is less than half that
of NOGHG (0.19+0.05 K per decade) (Figure 1d), highlighting the dominant control of
oceanic warming on the tropical land warming (Byrne & O’Gorman (2018); Byrne (2021)).
DA is also evident in SSTONLY as the temperature trend over the Sahara Desert (0.31+0.12

K per decade) is about twice the average tropical land (0.17+0.04 K per decade) (Figures
1b, d).

4 Surface temperature change attribution

In this section, we will decompose the surface temperature change over the Sahara Desert
and average tropical land in SSTONLY using a conventional surface temperature change
attribution method (Goosse et al. (2018); Henry et al. (2021); Pithan & Mauritsen (2014);
Stuecker et al. (2018)). By conducting such a decomposition, we aim to address these two
questions: (i) how does the SST forcing force the Sahara Desert to warm up? (ii) With
the same oceanic forcing, what drives the faster Saharan warming than the average tropical
land?

We take the change as the difference of the variable averaged between the first (1979-1988)

and last (2011-2020) decades of the simulation. One can decompose the SAT change A Ts
over a specific area as follows (Goosse et al. (2018); Henry et al. (2021)):

1 .
ATs = (—i)(F + ARp;, + ARwv + ARLrR + ARcp + ARaL + Qs + AAET), (1)

where Ao is the global mean Planck feedback parameter (W m2K -'), F is the radiative
forcing, ARp, ARwv, ARLr, ARcp, ARar represents the radiative energy flux anomaly
(W m ) at the top of atmosphere (TOA) induced by the local deviation of Planck feedback
(PL), water vapor feedback (WV), lapse-rate feedback (LR), cloud feedback (Cloud) and
albedo feedback (Albedo), respectively. WV can be further decomposed into the longwave
(LW_WYV) and shortwave (SW WV) components. Qs is the surface heat source (SHEAT;
Wm ) AAETisthe change in atmospheric horizontal energy transport (AHET; W m™2).
The calculation for each term is described in detail in Appendix A. All energy fluxes in
Equation 1 are positive towards the atmosphere.

Figure 3a shows the result of the surface temperature change decomposition for the Sahara
Desert and average tropical land. Note that in SSTONLY, the atmospheric forcings are
turned off (F = 0) and are not shown in the figure. The residuals (Res) for the Sahara
Desert (-0.03 K) and average tropical land (-0.04 K) are two and one orders of magnitude
smaller than the corresponding modeled temperature change (Dts), indicating that the
decomposition explains most of the Saharan and average tropical land warming (Figure 3a).
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Figure 2. Spatial patterns of the SAT trends (K/decade) in the boreal warm season from (a)
ERAS5, (b) ALL, (c) NOSST, (d) NOGHG and (e) SSTONLY. The area dotted denotes the region
with SAT trends that are statistically significant at the 99% level of confidence.

Figure 3a highlights the dominant role of the change in AHET (0.67 K) in the Saharan
temperature increase. Change in AHET also dominates the temperature increase over the

average tropical land (0.64 K). This indicates that as the ocean warms up, more energy is
transported from the warming ocean to the land and warms the surface (Compo & Sardesh-
mukh (2009); Lambert et al. (2011); Toda et al. (2021)). It is interesting to note secondary
contribution comes from the water vapor feedback, with the longwave and shortwave wa-

ter vapor feedback in total explains about 0.58 K temperature increase (Figure 3a). This

agrees well with previous work highlighting the strongest water vapor feedback over the

driest regions on Earth (Vizy & Cook (2017); Zhou et al. (2016); Zhou (2016)). The dom-
inant contributions of change in AHET and water vapor feedback suggests that without
the anthropogenic GHG radiative forcing, AHET anomaly brought about by the warming
ocean acts as the external forcing and increases the Saharan surface temperature (Lambert
et al. (2011)). In the meantime, the temperature increase driven by the AHET anomaly is
strongly amplified by the local water vapor feedback (Figure 3a).

It is noteworthy that the lapse-rate feedback favors the Saharan warming while hampering
the temperature increase over the average tropical land (Figure 3a). The difference in lapse-
rate feedback makes the largest contribution to the warming contrast between the Sahara
Desert and average tropical land (Figure 3b). The discrepancy in lapse-rate feedback can
be attributed to the different vertical warming profile between the average tropical land
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Figure 3. (a) Decomposition of the surface temperature change in boreal warm season for the
Sahara Desert (blue) and average tropical land (red) in SSTONLY. Small figure inserted shows
the left term (Dts), sum of the right terms (Sum), and the residual (Res) of Equation 1. (b)
The difference for each term in (a) between Sahara Desert and the average tropical land. The
transparent light blue bar denotes the total water vapor feedback difference (LW WV+SW.WYV).

Positive values denote that the term favors DA.

and Sahara Desert (Figure 4a). In SSTONLY, the average tropical land is characterized
by a top-heavy warming profile, which dampens the surface warming (Figure 4a; Colman
& Soden (2021); Soden et al. (2008)). In contrast to the average tropical land, Sahara
Desert is characterized by a bottom-heavy warming profile, with the maximum temperature
increase in the lower troposphere (Figure 4a). As a result, the lapse-rate feedback over
the Sahara Desert acts to enhance the local temperature increase (Figure 3a). The unique
bottom-heavy warming profile over the Sahara Desert has also been reported by previous
studies based on observational (Wei et al. (2017)) and reanalysis datasets (Cook & Vizy
(2015)). The Saharan bottom-heavy warming profile has also been found in ERA5 (Figure
S1a). It is tempting to explain the top-heavy warming profile over the average tropical land
in SSTONLY as a result of radiative-convective adjustment (Emanuel (2007); Holloway
& Neelin (2007); Jeevanjee et al. (2022)). However, a recent result from Wang & Huang
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(2021) shows that the circulation adjustment also plays an important role in shaping the
lapse rate change over the tropics in response to SST increase. Previous work has also
reported larger deviation of the tropical land from moist adiabatic than the tropical ocean
(Byrne & O’Gorman (2013); Chiang & Lintner (2005); Jakob et al. (2019)), suggesting that
the lapse rate change over the land in the tropics is more sensitive to processes other than
radiative-convective adjustment relative to the tropical ocean. For this reason, we refrain
from explaining the lapse-rate change over the average tropical land in SSTONLY from the
moist adiabatic perspective solely. The relative contributions of radiation, convection and
circulation adjustment to the change in the lapse rate over the Sahara Desert and average
tropical land in response to the oceanic forcing needs further in-depth research in the future.

Apart from the lapse-rate feedback, water vapor feedback also favors DA (Figure 3b). The
contribution of longwave and shortwave water vapor feedback in total to the warming con-
trast between Sahara Desert and the average tropical land is close to that of lapse-rate
feedback (Figure 3b). The stronger water vapor feedback over the Sahara Desert is likely a
result of the stronger Saharan moistening in comparison to the average tropical land (Figure
4b), which has also been highlighted in previous studies (Wei et al., 2017). However, the
difference in the radiative kernel over the Sahara Desert and the average tropical land could
also factor into the water vapor feedback discrepancy (Previdi et al. (2021)). Decomposi-
tion of the water vapor feedback difference into the moistening, radiative kernel and their
covariance is beyond the scope of this paper and will be a subject of future studies.

It is worth noting that the water vapor and lapse-rate feedback have same signs over the
Sahara Desert (Figure 3a), contrary to the conventional view that they generally counteract
each other in the climate system (Colman (2003); Dessler (2013); Ingram (2013); Sanderson
et al. (2010); Soden & Held (2006); Zhang et al. (1994)). The cancellation between the water
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vapor and lapse-rate feedback is argued to be closely tied to the deep intense convection
(Hansen et al. (1984)); Taylor et al. (2011)). Our results hightlight that over extreme dry
regions like the Sahara Desert in the tropics, lapse-rate and water vapor feedbacks are likely
to both enhance the surface warming. It is worthwhile to check whether the same result
applies to other dry regions on Earth, like the desert in Australia and the Arabian Peninsula
in future studies.

Our result indicates that the lapse-rate change plays a predominant role in DA, which is
broadly consistent with previous studies on land-ocean warming contrast (Byrne & O’Gorman
(2013); Byrne & O’Gorman (2018); Joshi et al. (2008)) and Mediterranean amplification
(Brogli et al. (2019); Kroner et al. (2017)). However, there is a lack of agreement on the
role of water vapor feedback in land-sea warming contrast (Byrne & O’Gorman (2013);
Dommenget & Floter (2011); Toda et al. (2021)). Different from the results based on ideal-
ized simulations (Byrne & O’Gorman (2013)), Figures 3a and 3b indicate that water vapor
feedback is an important contributor to the warming contrast between the Sahara Desert
and average tropical land, alluding to the possibility that it could also factor into the dif-
ference between the Saharan and oceanic warming (Dommenget & Floter (2011); Toda et
al. (2021)). Our result also suggests the likelihood that water vapor feedback may make an
important contribution to the land-sea warming contrast and Mediterranean amplification.
Nevertheless, the prescription of SST in our study prevents us from assessing the effects of
water vapor feedback on the warming contrast between Sahara Desert and the surrounding
ocean. Simulations based on fully coupled ocean—atmosphere models are expected to be
carried out in future studies to provide more insights into the role of water vapor feedback
in the stronger warming of average tropical land, Sahara Desert and southern Europe than
the ocean.

5 Conclusion and discussion

In this study, we quantify the relative contributions of the direct anthropogenic GHG ra-
diative forcing and remote SST change to the observed Saharan warming in the boreal
warm season since 1979 using AGCM simulations. The simulation forced with the observed
monthly evolving SST, GHG and other atmospheric forcings reproduced the Saharan warm-
ing successfully in terms of the interannual variability and spatial warming pattern. The
warming contrast between the Sahara Desert and the average tropical land is also well
simulated in the experiment. By deactivating the anthropogenic GHG forcing and SST
change separately in two mechanism-denial experiments, we found that the observed Saha-
ran warming in the boreal warm season is predominantly determined by the remote SST
forcing, which is consistent with previous work (Lambert & Chiang (2007); Skinner et al.
(2012)). It is worthwhile to evaluate the contributions of SST change in different regions to
the observed Saharan warming, which will help identify the ocean basin that predominates
the Saharan temperature change. However, such examination needs additional experiments
that deactivate the SST forcing in different ocean basins (Kosaka & Xie (2013); Park et al.
(2016)), which is beyond the scope of this study and will be left to a future work.

The surface temperature decomposition technique based on the atmospheric energy budget
is employed in this study to explore the mechanism responsible for the SST forcing-induced
Saharan temperature increase. In the experiment with only the SST forcing on, the largest
contribution to the Saharan temperature increase comes from the change in atmospheric
horizontal energy transport. This is consistent with the conclusion of Lambert et al. (2011)
that without the direct anthropogenic GHG forcing, the extra energy from the ocean acts as
the external forcing and drives the land warming. The second largest term from the budget
is the water vapor feedback, which is in line with previous work highlighting the strong water
vapor feedback over the Sahara Desert (Zhou et al. (2016)). Our result indicates that change
in energy transport plays a leading role in the observed Saharan warming. Examination of
the change in sensible and latent energy flux into the Sahara Desert is not conducted in
this paper and will be a subject of future study. Another interesting issue unexplored is the
vertical structure of the change in energy flux into the Sahara Desert. Recent studies showed
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that the vertical structure of the energy flux into the Arctic has important implications for
the Arctic amplification (Cardinale et al. (2021); Cardinale & Rose (2022); Cardinale &
Rose (2023)). Exploration of the corresponding vertical structure over the Sahara Desert
and the link to the Saharan warming also needs further in-depth research.

The feature of DA is also present in our simulations. As the SST forcing accounts for most
of the Saharan warming, we focus on the warming contrast between the Sahara Desert and
average tropical land under the same SST forcing. The result from the surface temperature
decomposition highlights the central role of lapse-rate feedback in DA. The warming profile
over the Sahara Desert features a bottom-heavy vertical structure, making the lapse-rate
feedback positive and favoring Saharan warming, which is different from the average tropi-
cal land. Previous work argues that the water vapor feedback and lapse-rate feedback tend
to have opposing signs in most regions (Held & Shell (2012); Lambert & Taylor (2014);
Soden & Held (2006); Taylor et al. (2011)). Our result indicates that the Sahara Desert is
the exception in that the water vapor feedback and lapse-rate feedback over this area both
enhances the surface warming. The key question unexplored in our study is the physical
process responsible for the bottom-heavy Saharan warming profile. Located in the descend-
ing branch of the Hadley cell, Sahara Desert is different from the average tropical land and
far from radiative-convective equilibrium because the convective activity is strongly damp-
ened in this area. Different physical processes may interact or compete with each other
in determining the lapse-rate change over the Sahara Desert. Unraveling the underlying
physical mechanism for the bottom-heavy warming profile over the Sahara Desert will also
shed light on the consistency between the effects of the lapse-rate and water vapor feedback
on the Saharan warming. Attribution of the lapse-rate change over the Sahara Desert into
different physical process will be the subject of future studies. Another interesting feature
from the temperature decomposition is the positive albedo feedback over the Sahara Desert
(Figure 3a), which is likely a result of the change in soil moisture. As the Sahara Desert is
projected to become more humid in the end of the 21st century (Pausata et al. (2020)), it
may be worthwhile to evaluate the effects of albedo feedback on the Saharan warming in
the 21st century in future studies.

Appendix A Calculation of each term in Equation 1

The radiative kernels and difference in the variables from two climate states are used to
calculate the climate feedbacks in Equation 1 (Block & Mauritsen (2013); Jenkins & Dai
(2021); Soden et al. (2008)):

J ProA
ARpr = Kis % ATs + K *x ATq dp, (A1)
po
J pProAa
ARwv = Kuw* Aqdp, (A2)
po
J PToA

ARLR = Kia % (ATa — ATs) dp, (A3)

po

¢ ¢ J pProa c
ARcp = dCrr — (Ka — K) % Aa — (Kis — Kis) % ATs — (Kta — K;p) % ATa dp
bpo
J-pTOA
- (Kw—K) * aqgdp— (G- G), (A4)
po

ARaL = Ka * Aaq, QAS)
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where Kis, Kta, Kw, Ka denotes the all-sky surface temperature, atmospheric temperature,
water vapor and albedo kernel at TOA, respectively. A represents the difference between
two climate states. T. and g are the temperature (K) and specific humidity (kg kg™') on
the every pressure level. ais the surface albedo. po and proa are the pressure at the surface
and tropopause, respectively. proa is prescribed as 100 hPa at the Equator and decreases
by cosine of latitude to 300 hPa at Poles (Pendergrass et al. (2018)). dCrr represents
the cloud radiative effect, which is estimated as thecchancge incthe Ccloud radiative forcing
between two climate states (Soden et al. (2008)). K, K, K,,,, K, are the corresponding
clear-sky kernels. G and G are the all-sky and clear-sky forcing from GHG or aerosols.
Note that in SSTONLY, both G and G¢ equal to zero as the GHG and aerosol forcing are
turned off.

The surface heat source (Qs) is estimated as the change in the surface energy flux (Rsoa)
from two climate states. The surface energy flux includes the surface sensible heat flux,

latent heat flux and net radiation flux. A AET is estimated based on the difference between

the surface heat source, TOA energy flux (Rroa) and atmospheric energy storage change
(5 O0E

AAET = A(RBoa — Rroa + 5t ), (A6)

where E is the vertically integrated moist static energy from the surface to tropopause. Ac-
cording to our calculation, the atmospheric energy storage change is two orders of magnitude
smaller than the change in energy flux in Equation A6.

Appendix B Open Research
The model simulation data are available in Zhuo (2023).
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