
Response to reviewers’ comments on the manuscript ”Revisiting the Moisture
Budget of the Mediterranean Region in the ERA5 Reanalysis” - Roshanak Tootoonchi;
Simona Bordoni; Roberta D’Agostino

We thank both reviewers for their careful reading and their constructive comments on the
manuscript, which helped improve its quality. We addressed all reviewers’ suggestions in our
revised submission with the following major changes:

• We modified the colour schemes in Figures 3, 7 and A1 in order to allow readers with colour
vision deficiencies to interpret them correctly. We reproduce the modified version of Fig. 3
of the manuscript here as an example (Fig. R1).

• We have significantly expanded the results discussion provided in Section 3 and performed
additional analyses with the addition of several new figures to put our overall results on better
physical ground. In particular, we now explain why the stationary terms in the moisture
budget decomposition are what they are and discuss possible physical reasons behind partial
cancellation between the different terms.

• Wherever possible, we modified the text to highlight the novelty of our work more elaborately
and to reference previous work appropriately.

A detailed, point-by-point response (in black) to the reviewers’ comments (in blue) is provided
below.

Reviewer 1

We thank Reviewer 1 for taking the time to provide such detailed review of the manuscript,
touching all aspects of the paper and mentioning the key findings.

This paper examines the climatological moisture budget - the atmospheric branch of the hy-
drological cycle - in the latest ERA5 atmospheric reanalysis for the annual mean and by season.
The authors first rather usefully point out the global imbalance between P and E in ERA5 with
P exceeding E and that the imbalance has reduced over time as E has increased substantially -
primarily through an abrupt increase in the mid 1990s. I take this to mean that there is an artifi-
cial moisture “source” in ERA5 - though the authors say “sink” - which allows global mean P to
exceed what is supplied by E. The authors also usefully show the moisture imbalance between P-E
and the convergence of the vertically integrated moisture budget for the Mediterranean region.
It is not small either, though it has been reducing in size over time, though not with the same
time evolution as the global imbalance. Because of these matters, the authors caution on the
analysis of trends in the ERA5 moisture budget, which is sage counsel. The authors then move
on their decomposition of the climatological moisture budget. Their analysis with a new version
of ECMWF reanalysis largely confirms prior findings of Seager et al. (2014) with ERA-Interim.
The transient eddies are found to extract moisture from the Mediterranean Sea and converge it
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Figure R1: Sector-mean annually averaged (ANN) components of the Mediterranean moisture
budget in the 1979 − 2020 period from ERA5. [Color-scheme corrected for readers with color
deficiencies]

over land everywhere. The authors compute this term as a residual form monthly data but the
pattern agrees with Seager et al. who commuted this directly from daily data, which would be
worth pointing out. Unlike the prior work, the authors then decompose the mean flow moisture
component into zonal mean and stationary wave components and then these into terms due to
zonal asymmetries of humidity and mean circulation. This has not been shown before. To my
surprise the component due to the zonal mean (Hadley Cell) overturning is very small despite this
term oft being quoted as the reason for the semi-aridity of the Med region. This is rue even in
winter. The work emphasizes the importance of the stationary waves and finds drying is primarily
provided by the zonally asymmetric circulation (not humidity). My main criticism of the paper
is that why the contributions from the stationary eddies are what they are is not explained. The
authors should seek to explain, in terms of the zonal asymmetries, why the the transport of zon-
ally symmetric moisture by the zonally anomalous circulation is a drying in the Med while the
transport of zonally anomalous moisture by the zonally symmetric circulation is a wetting and,
also, why the put stationary eddy term is mostly a convergence. Currently these are presented as
decomposition artifacts but instead need to be put on good physical ground.

We thank the reviewer for this comment, which echoes similar remarks by Reviewer 2. We
do acknowledge that in the submitted manuscript, the contributions from the stationary eddies
were presented as decomposition artifacts and not linked in a physical sense to zonal asymmetries
in circulation and moisture. In doing so, we also failed to more explicitly connect our results to
already published work. To address this concern, we have significantly extended our analysis and
added the following discussion and related figures to Section 3.
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a) q∗ 850hPa b) [q] 850hPa

Figure R2: Annual mean climatological low level (850 hPa) a) zonally anomalous moisture and b)
zonal mean moisture from ERA5 in the 1979− 2020 period. Units are g kg−1.

A good starting point to understand why the different stationary terms contribute the way they
do to net precipitation in the Mediterranean region is to examine patterns of zonally asymmetric
moisture and circulation individually. Considering that moisture is primarily concentrated at low
levels, for the former we choose 850 hPa as a representative level, and in Fig. R2 we show both the
zonal mean and variations from the zonal mean of specific humidity at this level ([q850] and q∗850,
respectively). Low-level moisture over the southern Mediterranean region and the Mediterranean
Sea itself is smaller than the global zonal mean (Fig. R2a), resulting in negative (dry) zonal
anomalies over these areas. We do not see a clear land-sea contrast in these anomalous humidity
patterns; rather, the signal is one of a meridional contrast between a northern moister (q∗850 > 0)
part and a southern drier (q∗850 < 0) part. An exception to this overall behavior is northwestern
Africa, where q∗850 is positive. Not particularly informative, Fig. R2b shows the expected pattern
of decreasing zonal mean specific humidity ([q850]) with latitude.

Characterizing zonally asymmetric circulation patterns that influence net precipitation is less
straightforward, as stationary eddies can impact moisture flux convergence through both horizontal
advection and vertical motion (horizontal divergence). Given the well-established importance of
vertical motion on large-scale zonally anomalous P −E patterns (e.g., Wills and Schneider, 2015),
in Fig. R3 we show 500-hPa zonally anomalous vertical pressure velocity ω∗

500, which well correlates
with low-level divergence and is not affected by numerical noise. Please, note that in Fig. R3 we
show the negative vertical pressure velocity, so that positive (negative) values indicate ascending
(descending) motion.

At 500 hPa, the zonally anomalous vertical velocity, ω∗, results in strong descent across the
Mediterranean region, except northwestern Africa, where the Atlas mountain range is located, and
the northern Balkans (Fig.R3a). Anomalous ascending motion can be seen in the Middle East over
the Zagros mountains, with enhanced subsidence to both their east and west, the latter extending
over the central and eastern Mediterranean. Notice how subsidence maximizes over the eastern
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a) ω∗ 500hPa b) [ω] 500hPa

Figure R3: Annual mean climatological mid-tropospheric (500 hPa) a) anomalous vertical velocity
and b) zonal-mean vertical velocity from ERA5 in the 1979−2020 period. Units are Pa s−1. Note
how here we show negateve pressure velocity, hence positive values (green) denote ascending
motion and negative values (brown) denote descending motion.

Mediterranean region. This is in strong agreement with previous published papers, which link
the subsidence over the Mediterranean region to the influence of topography, more specifically the
Zagros mountains (Simpson et al., 2015) and the Atlas mountains (Rodwell and Hoskins, 1996),
and its modulation of subsidence induced by the Indian monsoon heating (Cherchi et al., 2014,
2016; Rodwell and Hoskins, 1996; Simpson et al., 2015). The global zonal mean vertical velocity,
[ω], instead, reveals a region of negligible ascending motion between 40°N and 50°N, flanked by
descent to its south and weak ascent to its north (Fig.R3b).

To the extent that horizontal advection is negligible, the moisture flux convergence associated
with the three stationary terms, at least in terms of overall spatial patterns, can be understood
considering how the zonally averaged and/or the zonally anomalous vertical motion act on the
zonally averaged and/or the zonally anomalous moisture (see also Wills and Schneider, 2015).
In addition to spatial patterns, we are also interested in explaining the partial cancellation be-
tween contributions arising from the transport of zonal mean moisture by the zonally anomalous
circulation (−∇ · ⟨u∗[q]⟩) and the pure stationary eddies (−∇ · ⟨u∗q∗⟩).

A comparison of Fig. 5b in the manuscript and Fig. R3a below shows how patterns of conver-
gence of zonal mean moisture by the zonally anomalous circulation, −∇·⟨u∗[q]⟩, are well explained
by patterns of the zonally anomalous mid-tropospheric vertical velocity ω∗

500, with moisture di-
vergence (convergence) coinciding with regions of subsiding (ascending) motion. In other words,
the leading-order effect in this term is due to zonal variations in vertical motion, and associated
horizontal wind convergence, which is primarily descending over the Mediterranean and diverging
moisture away from the region.

The zonally anomalous descending motion in turn influences the zonally anomalous distribution
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of moisture, which, as already discussed, features negative q∗850 values over the Mediterranean Sea
(Fig. R2). This observation clearly demonstrates how zonal asymmetries in moisture cannot simply
be interpreted as a thermodynamic response to the land-sea contrast, but are strongly influenced
by the stationary vertical motions.

These zonal moisture anomalies are then transported by the stationary circulations that induce
them, with co-variations between the two zonally anomalous terms that lead to moisture conver-
gence/divergence by the pure stationary eddy term (−∇·⟨u∗q∗⟩) that partially cancels that due to
the transport of zonally symmetric moisture by the zonally anomalous circulation (−∇ · ⟨u∗[q]⟩).
In particular, over the Mediterranean region, pure stationary moisture flux convergence arises from
zonally anomalous descent diverging negative (dry) moisture anomalies.

Finally, moving our attention to the term arising from the transport of zonal variations in mois-
ture by the zonally averaged circulation (−∇ · ⟨[u]q∗⟩), we note how this term has a somewhat
weaker magnitude and a more spatially varying behavior than the other two terms. Importantly,
the spatial patterns of this term cannot simply be explained in terms of the divergence of zon-
ally anomalous moisture by the zonally averaged vertical motion, exposing the important role of
horizontal advection.

While these simple arguments provide insights into mechanisms that lead to the observed
patterns of the three stationary terms, therefore putting on strong physical grounds what might
otherwise appear as decomposition artifacts, we can more rigorously decompose the moisture flux
convergence terms into contributions by wind convergence and moisture advection. For instance,
taking the pure stationary eddy term as an example, −∇·⟨u∗q∗⟩ = −⟨q∗∇ · u∗⟩−⟨u∗ · ∇q∗⟩1. This
decomposition, shown in Fig. R4 for all stationary terms, confirms the more qualitative arguments
provided above. The one exception worth highlighting is how the contribution of the advective
term to the pure stationary eddy moisture flux convergence is at least as, if not more important
than, the wind divergence term (Fig. R4a,b).

To summarize, our findings show how the total stationary-eddy moisture flux arises firstly from
a strongly divergent zonally anomalous circulation, which diverges zonal mean moisture away from
the region. This is partly compensated for by the pure stationary eddy moisture flux convergence,
through both divergence and advection of zonally anomalous moisture by the zonally anomalous
circulations that induce these anomalies. Zonal variations in moisture also impact net precipitation
in the Mediterranean region through advection by the zonal mean circulation, which, while more
spatially varying and weaker in magnitude than the other two terms, further counterbalances
moisture divergence by the zonally anomalous circulation, especially over the Sea. In other words,
zonal variations of moisture primarily influence the moisture budget of the Mediterranean region
through horizontal advection. It is in fact interesting to note how the contribution to the total
stationary moisture flux convergence from the horizontal advection of zonally anomalous moisture
(Fig. R5), has spatial patterns that, especially over the ocean, are grossly similar, but of opposite
sign, to the transient eddy moisture flux convergence. This confirms findings from global analyses
that suggest that transient eddies transport moisture down moisture gradients set up by the time-

1By taking the derivatives inside the vertical integral to compute the advective and divergent components of
the moisture flux convergence, a surface term will appear. This term, which we estimate as the residual between
the total stationary moisture flux convergence and the sum of all divergent and advective terms, is found to be
negligible compared to all other terms.
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mean horizontal advection, leading to a partial cancellation of these terms (cf Wills and Schneider,
2015).

While this discussion focuses on the annual average, similar considerations hold true for the
seasonal cycle as well, which we state explicitly in Section 4. We hope that these additional anal-
yses will address the reviewers’ concerns.

I also wonder if the authors have thought about these decomposition into mean and zon-
ally varying in terms of a zonally varying Hadley Cell as in Li et al. (2022, JGT-Atmospheres,
10.1029/2022JD036940). That would allow growing the zonal symmetric part with the part due
to a zonally varying meridional overturning into one “Hadley Cell” term. I am not sure if this
would capture all of the term due to zonal asymmetries of the mean flow shown here but it would
be interesting to see.

Thanks for suggesting this paper. We still have to think more deeply about the advantages
provided by a ’regional’ view of the Hadley cell. While it is true that the zonally averaged Hadley
cell is a somewhat artificial construct that does not have any bearing to regional patterns, one
of its great advantages is that it is amenable to the development of simple(r) theories based on
zonally averaged budgets (such as the angular momentum and energy budgets). The traditional
decomposition we use here also allows for easier comparison with already published work. We will,
however, keep this article in mind for future work.

Line 260 what term does “this term” refer to?

The sentence is revised in the manuscript to: ”Note how the zonally anomalous circulation
term is four times as strong in JJA than in DJF...”

Reviewer 2

General The authors analyze the moisture budget of the Mediterranean region using the
ERA5 reanalysis. Their key findings are that moisture budget is not sufficiently closed to allow
detection of trends, and the critical contributions of zonally anomalous terms. The writing is
generally clear and the analysis sufficiently technically proficient. However, I find the work lacking
in several regards. Primarily, the analysis for the most part does do much in terms of relating the
various terms (e.g., stationary and transient eddies) to relevant physical processes (e.g., relating
stationary eddies to rainy storms associated with the subtropical jet during winter). The authors
also do not do a good job of delineating their findings from previous work. Nevertheless, the
analysis can potentially help shed light on key processes in the Mediterranean hydrological cycle.
I therefore recommend accepting the paper after addressing my major comments, provided below.

We thank Reviewer 2 for their review and constructive comments. We address them below
point by point, together with a description of related changes in our revised manuscript.
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a) −⟨u∗ · ∇q∗⟩ b) −⟨(∇ · u∗) q∗⟩

c) −⟨u∗ · ∇[q]⟩ d) −⟨(∇ · u∗)[q]⟩

e) −⟨[u] · ∇q∗⟩ f) −⟨(∇ · [u])q∗⟩

Figure R4: Annual mean climatological contributions from advection (left) and divergence (right)
to P −E in the Mediterranean region by the stationary terms: (a,b) pure stationary eddies, (c,d)
zonally anomalous circulation, and (e,f) zonally anomalous water vapor. Units are millimeters per
day.
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Figure R5: Annual mean climatological contributions to P−E from horizontal advection of zonally
anomalous moisture (that is, the sum of the terms shown panels a and e in FigR4) from ERA5.
Units are in millimeters per day

The stated objective of this analysis, to better understand the contributions of time mean and
stationary eddies (lines 58–59), is rather incremental. On top of that, the authors do little to
delineate their results from previous work. It is therefore not clear what are actual novel findings
of the analysis. Further, in several places, it is stated that the results are consistent with previ-
ous works, without citing those works. Aside for being bad practice, this further obfuscates the
potential novel contributions of the present analysis. In summary, the authors should do a much
better job of referencing previous work and clearly stating the novel findings of the present analysis.

We thank the reviewer for this comment, and we agree we could have done a better job at
connecting our work to previous studies and at highlighting its novel aspects. The reviewer is right
that our work is somewhat incremental: moisture budget analyses both at the global scale and
in the Mediterranean region have been performed before based on different reanalysis datasets,
including the previous generation of the ECMWF reanalysis (ERA-Interim). Our work, however,
goes beyond just showing how previous results are confirmed by the more recent ERA5 (which in
itself would be a worthy undertaking), and exposes some novel results. A few among them worth
summarizing here are:

• Highlighting persisting artificial trends in hydrological variables in ERA5;

• Clearly exposing the role that stationary eddy moisture fluxes and associated convergence
play in the maintenance of net precipitation in the Mediterranean region;

• Quantifying the relative contribution of zonal variations in wind patterns and in moisture
(and possible co-variations).

Following these general remarks by Reviewer 2, together with similar comments by Reviewer 1
and specific comments by both reviewers, we have made corresponding changes in the manuscript,
both in the Introduction and in the Result Sections. Please see also the reply to the first comment
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of Reviewer 1 above. We hope the Reviewers find these changes satisfactory.

It is interesting to note that the periods during which global mean does not equal go along
with rapid global warming (Figure 1). does not equal during the rapid global warming from 1979
to the end of the previous century, ending in the 97/8 Niño event. This is followed by a period
of weak temperature increase (the so-called ‘global warming hiatus’) when the residual is small.
Then, deviates from again as the rate of global warming increases again after 2012. Can you
convince the reader that the global residual of is not due to the moisture storage term in the
moisture equation or due to inaccuracies in your methodology? Specifically, one can use Clausius
Clapeyron (CC) to demonstrate the former. Under constant relative humidity , we would get
where is the CC parameter ( 7%) and is the rate of global warming. Given that the global mean of
precipitable water is about 20mm, this yields for a rate of global warming between 1979—2000 of
0.03K/year, justifying the assumption of steady state. It therefore remains to make the case that
the residuals are not due to your methodology. For example, due to the use of fewer than available
vertical levels, or omitting from the integral near-surface values in regions where surface pressure
exceeds 1000hPa. (One way of estimating the integration error may be to compare precipitable
water values provided in ERA5 with those derived by integration.) Another potential source of
the residual is changes in ice volume. In summary, the authors should convince the reader that
the residual of is indeed a feature of the ERA5 reanalysis and not due to their methodology.

We thank the reviewer for this comment, as it allows us to clarify a few important points that
should convince the reviewer (and all readers) that the moisture budget residuals and trends both
in the global average and over the Mediterranean region are not an artifact of our analysis:

1. In the annual mean, globally averaged P needs to balance globally averaged E. This is
just a statement of water vapor conservation. There can be trends in both variables, and
these trends can be different at the regional scale, but on the global scale, the two terms
need to be the same. If they are not, the budget is not closed, that is, there are artificial
sinks/sources of moisture in the renalyses, as shown by a number of previous studies (Allan
et al., 2020; Hersbach et al., 2020; Mayer et al., 2021). In Fig. R6, we do indeed show
that the globally averaged moisture flux convergence (pink line) globally averages to zero
(as it should). Additionally, while the storage term, through the dependence of precipitable
water on temperature following the CC relationship, can change with seasons, annual mean
changes have been shown to be very small in different reanalysis datasets (Mayer et al.,
2021; Seager and Henderson, 2013; Trenberth, 1998). This is also evident in Fig. R6, with
the green line showing the globally averaged storage term ∂

∂t
⟨q⟩. Note how the magnitude

of this term (∼ 10−3 mm/day) is about three orders of magnitude smaller than globally
averaged P and/or E (Fig. 1 in the manuscript) and how it doesn’t feature any significant
trend.

2. Together with precipitation and evaporation fluxes, ERA5 publishes vertically integrated
moisture fluxes and associated convergence, which is what we use for our analysis of the
moisture budget closure, both globally and regionally (Section 2.3 of the manuscript). In
other words, there is no vertical integration nor other operations we had to perform to check
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Figure R6: Temporal evolution of globally and annually averaged vertically integrated total mois-
ture flux convergence (MFC, pink line) and tendency of vertical integral of water vapor (Tendency,
green line) in the 1979− 2020 period from ERA5. Units are in millimeters per day.

this closure.

3. Focusing on the moisture budget closure over the Mediterranean region (Figure 2a in the
manuscript), we compare the balance between P −E and moisture flux convergence (MFC,
again downloaded as a vertically-integrated field from the Copernicus Climate Data Store).
The imbalance between P − E and MFC in Fig.2a,b in the manuscript shows that the
”regional” budget, is not closed either. Similarly to what is seen on the global average, this
residual is not explained by the much smaller tendency of the vertical integral of water vapor
(Fig.R7).

We have tried to better emphasize all of these points in our revised manuscript through changes
in Section 2 and related subsections.

Given that one potential novelty of this work is to demonstrate the contribution of zonal
anomalies in either the humidity or the winds, showing only the immediate Mediterranean region
make it difficult to see whether zonally asymmetric terms are related to zonal overturning circula-
tion with links to either the Atlantic or to Asia and Arabia. For example, what is the driver of the
negative contribution in the eastern Mediterranean by the dynamic term shown in Fig. 8g? Could
this be related to the descending branch of the Indian monsoon (i.e., the so-called Monsoon-Desert
mechanism by Rodwell and Hoskins)? Expounding on such processes in the analysis and zonally
extending the analysis region may shed light on such potential drivers of the various patterns
(e.g., the Indian monsoon, the Persian trough, ventilation of land areas, etc.), which are hardly
discussed in the text.

Thanks for this comment. Please see our reply to Reviewer 1’s main comment. Following
your suggestion, in Fig. R2 and R3 we use a larger domain to show zonal anomalies in wind
and moisture patterns. Together with showing these figures in our revised manuscript, we also
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Figure R7: Spatial variations of the annual mean climatological tendency of the vertical integral
of water vapor in the 1979− 2020 period from ERA5. Units are in millimeters per day.

provide a much more detailed discussion on the influence of these patterns on the net precipita-
tion of our target region, their physical interpretation and connection to previous work (Section 3).

Comments by line number 10—13 This sentence is cryptic

Thank you. This sentence has been revised.

48 I would also add Elbaum et al. (2022, “Uncertainty in projected changes in precipitation
minus evaporation: Dominant role of dynamic circulation changes and weak role for thermody-
namic changes.”)

Thank you for this reference. We added it to our discussion.

122 Why is only a subset of the vertical levels used for the vertical integration? Wouldn’t this
reduce the accuracy of the vertical integration?

The choice of vertical levels was based on a balance between accuracy and computational
efficiency. A sub-selection of available vertical levels is common practice in the literature (e.g.,
D’Agostino and Lionello, 2020; D’Agostino and Lionello, 2017; Minallah and Steiner, 2021; Simp-
son et al., 2014). To clear any concern, in Fig. R8, we show how vertical integration over 18 levels
(1000 975 950 900 850 800 750 700 650 600 550 500 400 300 200 100 50 1 hPa) yields results that
are not appreciably different from the ones based on integration over 11 levels.

185—186 This gives the impression that, as in the global mean, there is some constraint under
which we would expect to vanish when averaged regionally, which is not the case.

Thanks for this comment. We revised this sentence in the manuscript, to clarify that at the
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Figure R8: Annual mean climatological Mediterranean moisture budget in the 1979−2020 period
from ERA5: (a) transient eddies and (b) total stationary eddies using 11 pressure levels for vertical
integration (as in the manuscript), and c) transient eddies and d) total stationary eddies using 18
pressure levels for vertical integration. Units are in millimeters per day.
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regional scale, a closed moisture budget means that P − E should balance MFC.

213 and elsewhere What previous work? Please specifically cite relevant works

In the revised version, we now provide the relevant references wherever we mention results
from previous studies.

245—247 Not sure I agree with this statement. The terms ∇ · ⟨u∗q∗⟩ and ∇ · ⟨u∗[q]⟩ generally
balance out, and so the term ∇·⟨[u]q∗⟩ would seem to be of the same order as their residual. More
generally, the ∇ · ⟨u∗[q]⟩ term would be related to the zonally asymmetric circulation, whereas
the ∇ · ⟨[u]q∗⟩ term would be related to zonally asymmetric temperature variation. If indeed the
latter term is not significant, how does this sit with the alleged immense importance of land-ocean
contrasts?

We again refer the reviewer to our response to Reviewer 1’s main comment. We agree that
we might have underplayed a bit the role of the ∇ · ⟨[u]q∗⟩ term. We now provide a much more
detailed description of the link between zonally anomalous moisture and zonally anomalous circu-
lations, and their co-variations. In particular, we highlight how zonal asymmetries in moisture are
less important than zonal asymmetries in vertical motions and affect the region’s net precipitation
pattern primarily through their horizontal advection by the time mean circulation.

255 Why do the transient eddies dominate the sector mean? Please provide an explanation
backed by the relevant references. Jet?

The midlatitude winter storms which propagate along the Atlantic storm track are the primary
mechanism sustaining the cold season wet conditions within the region (D’Agostino and Lionello,
2020; Giorgi and Lionello, 2008; Simpson et al., 2015; Zappa et al., 2015). It is the southward
shift of the jet to lower latitudes that strengthens the Mediterranean storm track (Flaounas et al.,
2022), resulting in net precipitation across the region.

These transient storm systems converge the moisture that originates from the sea over the land
regions, resulting in the removal and divergence of moisture from the Mediterranean Sea, and con-
vergence over the land regions. This feature can be clearly seen in Fig.7a in the manuscript, as
well: there is a positive net precipitation tendency poleward of 38°N, and lower latitudes within
the region, and a negative net precipitation tendency from 32°N to 38°N. Therefore, this term
explains much of the P − E pattern within the region in winter, resulting in it dominating the
sector-mean hydrological cycle. This is unlike, what happens in summer (JJA): as the jet shifts
poleward and strong zonally anomalous descent is established over the region, transient storms
weaken and P − E patterns are primarily explained by the different stationary terms. We ex-
panded the discussion in Section 4 to clarify these points.

Figure 4: the mean and stationary terms in Fig. 4e and 4h are nearly identical. Can you
explain why? Please comment on this.
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Yes! This is indeed one of our key findings: the contribution from the annually averaged mean
meridional circulation (Figure 4g in the manuscript) is small, mostly restricted to the southern
Mediterranean region. Therefore, the time-mean moisture flux convergence (Fig. 4e) is for the
largest part explained by the stationary eddy term (Figure 4h). This is an important result and
clarifies how caveats should be taken when talking about the influence of the Hadley cell’s de-
scending branch (and it expansion with warming) on the aridity of the Mediterranean region.

317—321 Note that recently, Adam et al.(2023, “Reduced Tropical Climate Land Area Under
Global Warming.”) showed that over land areas the subtropics are expanding on both their pole-
ward and equatorward edges, and that this expansion is likely driven by thermodynamic drying
(reduced evaporative cooling), rather than a dynamic expansion of the tropical overturning circu-
lation.

Many thanks for bringing this interesting article to our attention. We will keep it mind for
our future study on changes in the Mediterranean climate. However, it is beyond the scope of our
current preprint. Additionally, we do believe the mechanisms invoked in this paper affect tropical
land areas, that is latitudes lower than the ones considered here.
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