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Abstract: Agricultural drought is a sustained soil moisture deficit caused by reduced net
moisture flux to the land surface. We show that agricultural droughts can occur when the
atmosphere is anomalously wet, challenging the assumption that surface drying reflects
atmospheric moisture deficits. Precipitation declines during drought even under increased
atmospheric moisture, indicating low precipitation efficiency: subsidence and reduced relative
humidity suppress condensation, while enhanced moisture divergence exports water from the
column. Moisture budget analysis reveals that divergence driven by anomalous circulation
accounts for most of the drying, while advection by anomalous winds governs the spatial pattern
of total column water. In contrast, advection of anomalous moisture largely counteracts drying.
Droughts are thus dominated by anomalous winds that export water, rather than by limited
moisture supply.
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Main Text: Agricultural drought refers to sustained soil moisture deficits resulting from
prolonged reductions in net freshwater influx from the atmosphere to the land surface (1),
quantified as precipitation minus evaporation (P — E). Compared with other natural disasters,
droughts are characterized by longer duration and broader spatial extent, which make their
impacts especially pervasive and costly (2—6). Persistent droughts cause substantial damage to
ecosystems and agriculture, including crop failure, thereby reducing food production and
imposing major economic losses (4, 7—12). Further, drought risks are projected to increase in
many regions, with droughts becoming more frequent, severe, and persistent under higher
warming scenarios (1, 11-17).

While agricultural drought is defined by reduced soil moisture, it can also be viewed from an
atmospheric perspective. Deficits in P — E arise from imbalances in the atmospheric moisture
budget, as described by the atmospheric moisture budget equation,

o) -
P—E_—ET—VWWO(D

where q is specific humidity, % is horizontal wind, and (4) = ﬁ— f Ops Adp (18-20). Here, g is

gravitational acceleration, p,, is density of liquid water, and ps is surface pressure, and A is any
atmospheric variable. In Eq. 1, P — E represents the atmospheric net sink and source of moisture,
balanced by changes in atmospheric moisture storage and by moisture convergence.

Prior work has linked drought to different physical drivers. Reduced moisture supply and
transport, together with the downwind propagation of drought from upwind evaporation deficits
through land-atmosphere interactions (21, 22), has been studied largely with Lagrangian
moisture tracking (22-25); large-scale circulation (26, 27), dry advection (24, 28), subsidence,
and low-level divergence (19, 20) have been diagnosed within Eulerian moisture budgets (18-20,
27-31). These physical drivers, however, have typically been examined in isolation or applied to
individual regions, leaving their relative contributions to any given drought—and whether the
same balance of mechanisms holds across different climates—unresolved.

The Eulerian moisture budget is well suited to close this gap, because it partitions the P — E
deficit into all of these contributions simultaneously: the roles of specific humidity
(thermodynamic) and circulation (dynamic), and of advection and divergence, within a single
consistent framework (18-20). Here we apply this decomposition across eleven regions in both
hemispheres to show that atmospheric moisture deficits play only a secondary role in drought,
while anomalous circulation dominates. We first show how moisture-flux divergence balances
the P — E budget in ERAS reanalysis (32, 33) over 1979-2022. We then show that anomalies in
circulation, rather than in moisture, drive the drying during drought months, identified from
normalized ERAS surface soil moisture anomalies, with the Standardized Precipitation-
Evapotranspiration Index (SPEI) (34) used as a consistency check. Finally, we decompose the
P — E budget to quantify the relative contributions of anomalous circulation, anomalous
humidity, their covariance, and the divergence and advection terms (18—20) for droughts across
these regions using reanalysis data (35).

Moisture Convergence explains Global P — E

At monthly or longer timescales, the net horizontal export of moisture from the air column, or

the divergence of vertically integrated moisture fluxes ({(qi); WVDIV), approximately balances
P — E, as implied by Eq. 1. This balance is reflected in the climatological monthly P — E cycles
during April-September, the Northern Hemisphere warm season, when soil moisture impacts on
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agriculture are critical (Fig. 1, top). Similar results are found for October—March, the warm
season in the Southern Hemisphere (Fig. 1, bottom). Monthly time series of P — E and WVDIV
are strongly correlated over most of the globe, with a global land average correlation of —0.80
(see fig. S1). Exceptions are found in very arid regions such as the Sahara, where both P and E
are small and nearly equal, and P — E approaches zero. Conversely, P — E is not significantly
correlated with the total amount of water in the air column or the moisture storage tendency (fig.
S1). Climatological P shows higher correlation with WVDIV than atmospheric moisture or its
tendency (fig. S1). Thus, climatological P — E bears little resemblance to the total amount of
moisture in the atmosphere or its tendency, which is small at these scales. Instead, the
convergence/divergence of atmospheric moisture dictates the spatial patterns of P — E.

' 2 Sahara Europe Siberia[ 4 . -4
Midwest —0.24 4 —0.85 —0.93 Caspian Lowland
4 .85 .83
745&' ; & ,
2
91 Congo Basin \ East Asia[ 12
0 +— A gk 0 F;L L vET 0 ~0.94
7 Jw & . 2 e e
-2 ,"*‘
3 1 r"'}»" TS -4
L A
o NNNANE NERENS
AM]J JAS
Cen. Amazon W. Australia
12 A 95 —0.85[ 4
Apr—Sep
8 2 2
‘A TA ”
4" K= naa =,
&1 Oct-Mar
P - -2
S. Africa E. Australia
P -0.95 -0.82[ 4
L e F2
4 o0
i | N\
£ Tk 0
0 T mm e
ONDJ FM 2 -175 15 -125 -1 -0.75 -05 -0.25 0.25 0.5 1 2 3 5 8 13 ot
P—E [mm/day]
—— P —— E P-E == WVDIV

Fig. 1. Climatological surface moisture fluxes and divergence of atmospheric moisture
fluxes from warm season 1979-2022. The global map shows warm season P — E climatology
(shading) for April to September in the Northern Hemisphere (75°N to 5°S) and October to
March in the Southern Hemisphere (15°N to 65°S). Pink stippling denotes regions of low
correlation of P — E and divergence of vertically integrated moisture fluxes (WVDIV) (r < 0.5).
Subplots of selected regions show monthly climatology of P (blue), E (red), P — E (purple
columns), and WVDIV (black) converted to mm/day with correlation coefficient between P — E
and WVDIV. Shadings in subplots denote +1 standard deviation.

Regions of strong low-level convergent moisture fluxes, including those within the Intertropical
Convergence Zone and monsoon regions such as East Asia and India, have high precipitation,
strong evaporation, and positive P — E. In the midlatitudes of North America and Eurasia, both
P and E are generally lower and P — E is smaller in magnitude than in the Tropics. In humid
regions where P variability is the primary control on P — E, such as East Asia and the northern
Amazon (Fig. 1), P covaries with WVDIV (fig. S1).

Droughts caused by suppressed precipitation efficiency
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Fig. 2. Composite maps and normalized anomalies during the driest months. Mean surface
soil moisture, precipitation, total column water, divergent moisture flux, and divergent
geopotential flux averaged over the driest 10% months, a total of 26 months during April—
September from 1979 to 2022. Regions where values differ significantly from zero (p < 0.05)
are outlined and stippled. Dots in bar plots show normalized monthly anomalies for each domain,
which is bounded by dashed box, colored by the rank of each domain’s SPEI. All units are
dimensionless.

We analyze the 10% driest months during the 1979-2022 warm season, identified using domain-
averaged normalized surface soil moisture anomalies for three selected regions: East Asia, the
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Midwestern US and Europe (Fig. 2, top row). Analysis of eight additional regions in the
Northern and Southern Hemispheres is shown in the Supplementary Material. While the three
selected regions exhibit coherent dry surface conditions, these spatial patterns are not robustly
consistent with the normalized total column water (TCW) anomalies (Fig. 2, third row). In East
Asia, the atmospheric column was generally dry, broadly consistent with the surface drought
index. Most dry events were accompanied by below-normal atmospheric water (median —0.85),
although several events occurred during above-normal atmospheric water conditions, including
the July 2013 drought (36) with a positive precipitable water anomaly (+0.49).

In the Midwestern US, dry-surface wet-atmosphere conditions are not uncommon. Although
much of the region exhibits reduced atmospheric moisture during the driest months, the
northwestern region shows positive TCW anomalies coincident with significant dry soil moisture
conditions. Consistently, while median normalized TCW during drought was —0.17, several
events have positive domain-averaged TCW anomalies, indicating that in the Midwest drought
can coexist with anomalously moist atmospheric conditions. One such case was July 2012, one
of the most severe droughts in the Midwest, when the TCW anomaly reached +1.02. Yet,
previous studies attributed the associated P — E deficit during this event to dry advection (21, 22,
28).

The most counterintuitive signal emerges in Europe, where the southwestern half of the domain
exhibits significantly positive TCW anomalies. In other words, the most extreme dry surface
conditions in Europe are most often accompanied by an anomalous wet atmospheric column. The
median TCW anomaly is +0.43. Notably, the 2003, 2018, and 2022 European droughts — all
among the most severe reported in the region (37—40) — show TCW anomalies of +1.05, +1.28,
and +1.51 respectively.

These results indicate that extreme surface drought is not necessarily associated with reduced
atmospheric moisture content. The same conclusion holds for events with even drier surface
conditions (driest 5% months; fig. S2). Thus, tracing the origin of reduced moisture transport
alone cannot fully explain drought dynamics, because moistening of the atmospheric column
may still occur while dry surface conditions persist. For example, increased atmospheric
moisture demand during droughts can enhance evaporation where surface water remains
available, adding moisture to the atmospheric column even as surface drying continues (41-43),
as reflected by varied spatial patterns of anomalous E (fig. S3). We can see this in the northern
Midwest, where evaporation (fig. S3) and atmospheric moisture content (Fig. 2) is higher during
drought periods. Analysis of E also reveals that the spatial pattern of P — E anomalies is
significantly different from those of E anomalies, indicating the more dominant role of P.

We see that drought months are characterized by significant negative precipitation anomalies, as
shown using the normalized precipitation anomalies (Fig 2, second row) and Standardized
Precipitation Index (SPI) (fig. S4), indicating that, even when precipitable water is sufficiently
available, precipitation is suppressed. Defining precipitation efficiency as the ratio of P to TCW,
our analysis reveals a decrease in precipitation efficiency during drought periods that we can
attribute to both local thermodynamics and large-scale circulation. Locally, decreased soil
moisture will generally tend to increase sensible heat flux in areas of decreased E, leading to
higher temperature and exponentially higher saturation vapor pressure in the region. We see this
in the sharp decrease of relative humidity (RH) in all regions during the driest months (fig. S5).
Sharply reduced RH will decrease condensation and local P.
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Changes in P — E can also be examined in terms of changes in atmospheric circulation as
reflected in WVDIV, which represents the net horizontal export of moisture, and shows spatial
patterns closely aligned with those of the drought index across all regions (Fig. 2, fourth row).
Unlike TCW, the composite of WVDIV exhibits consistently positive anomalies, indicating
enhanced divergence of moisture flux, or greater export of moisture from the region during
droughts. Enhanced divergence is also present during droughts with positive TCW anomalies. In
addition, the most severe drought events (Fig. 2, bar plot dark dots) tend to have the largest
positive WVDIV anomalies (fig. S6). Because atmospheric moisture is concentrated near the
surface (fig. S7), WVDIV is particularly sensitive to low-level circulation and emphasizes
enhanced outflow of moisture in the lower levels of the atmosphere.

Circulation in the upper-atmosphere, despite containing no direct information about moisture,
also helps explain surface drying. The negative anomalies of the vertically integrated

geopotential flux (V - | Ops ®udp; VIGD), show spatial patterns that are closely aligned with

surface soil moisture (Fig. 2, bottom row). Negative VIGD anomalies indicate enhanced
convergence of geopotential flux, leading to the development of high-pressure systems. Because
geopotential increases with height (fig. S7), VIGD is more strongly influenced by upper-level
winds and highlights enhanced convergent flow aloft. Thus, extreme surface drought is robustly
associated with enhanced low-level moisture outflow, and enhanced upper-level high-pressure
system development (9, 30, 44, 45). High pressure aloft suppresses precipitation development
due to large-scale subsidence which inhibits ascent of moist air masses, combined with adiabatic
heating that further increases local temperature and decreases relative humidity, as discussed
above.

The results presented above are consistent when we repeat the analysis using selected drought
events based on the Standardized Precipitation-Evapotranspiration Index (SPEI) instead of soil
moisture anomalies (figs. S8—9). The strong correlation between SPEI, WVDIV and VIGD, but
much weaker relationship between SPEI and TCW, particularly in Europe, suggests that
atmospheric and soil moisture drought are driven by robust dynamical mechanisms rather than
atmospheric moisture constraints alone (Fig. 2, right scatterplot, and fig. S6).

When analyzing all eleven different regions throughout the globe we find that this behavior is
also observed during their respective warm seasons, except in a few water-limited regions (figs.
S10-S12). This indicates that the results are globally generalizable, except in regions with very
low P and E. Together, these results indicate that P — E is driven by P deficits. Critically, P
deficits can occur despite enhanced moisture in the atmospheric column, indicating reduced
precipitation efficiency. Reduced P efficiency is partly a result of sharp decreases in relative
humidity due to higher temperature and subsidence-induced adiabatic heating from above.
Large-scale subsidence also reduces precipitation efficiency by inhibiting ascent of air masses.
The fact that geopotential flux convergence, a variable that contains no direct information about
atmospheric moisture, better explains drought spatial variability than column precipitable water
suggests that atmospheric circulation plays a fundamental role in drought dynamics.

Decomposing the P — E deficit

To understand the dominant factors that cause changes in atmospheric circulation, as
reflected in WVDIV, we use the moisture budget decomposition of anomalous moisture-flux
divergence, V - (qu)’. In the analysis below, the anomalies (as denoted by ') represent the
departures from climatology during periods of drought. Since the moisture flux depends on both
moisture (g + q') and winds (# + u'), the anomalous moisture flux (qu)’ can be decomposed
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into three contributions: anomalous circulation acting on climatological moisture (qu'),
anomalous moisture transported by climatological circulation (q't), and their covariance (q'u’).
We refer to these as the dynamic, thermodynamic, and covariance terms, respectively. Moisture
flux divergence can be further decomposed into components associated with divergent flow (qV -
5 u) and advection associated with moisture-gradients (u - Vq), yielding six terms in total:
V-(qu)'=qV-u'" +q¢'V-u+@V-u'—-q'V-u)
+u'-Vg+u-Vqg' '+ (@' -vVq' —u' -Vq') (2)

Here, the first line shows anomalous divergence terms, and the second line shows anomalous
advection terms. In each line, the first term denotes the dynamic component, the second term
10 denotes the thermodynamic component, and the third term denotes the covariance component.

The full mathematical decomposition is provided in Materials and Methods. We quantify all six
terms and compare them with changes in P — E. For example, if drought conditions are primarily
driven by mass divergence associated with anomalous circulation, the dynamic divergence term
(qV - u') should dominate. All six terms in the Midwestern US are discussed here, and a sum of

15 the six decomposed terms (figs. S13—14) are shown in supplementary, along with other regions
(figs. S15-20). Region-averaged values of each term during drought months are summarized in
tables S1 and S2.
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Fig. 3. P — E anomalies and decomposition of anomalous moisture budget terms during
20 drought months in the Midwestern US. (A) Mean anomalous terms derived from 3-hourly
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ERAS data, for the top 10% driest months are shown in mm/day relative to the 1981-2020
monthly climatology. The 1981-2020 climatology differs from the baseline used in previous
figures. Each panel shows the mathematical expression for the corresponding term and region-
averaged values over the dashed contour. The sum of the six decomposed terms in panel A
equals the anomalous vertically integrated moisture divergence term, and the residual difference
between this sum and the P — E anomaly represents the surface term. (B and C) Bar plots show
the sums of the region-averaged terms for each row (B) and column (C). Error bars in each bar
plot indicate +1 standard deviation range.

Circulation anomalies dominate P — E deficit

Analyzing the composite of the six WVDIV terms for the driest 10% drought months in the
Midwestern US, we find the average decrease in local P — E (—1.03 mm/day) is dominated by
the contribution from anomalous circulation (u") (—1.10 mm/day; Fig. 3B pink bar), particularly
through the divergence term (qV - u"), which is strongly negative over much of the domain. This
term (Fig. 3B first row left) most closely reproduces the observed P — E pattern (Fig. 3A top),
including pronounced drying over the western Midwestern US and strong anomalies near the
Great Lakes. Its magnitude (—0.78 mm/day) is also comparable to the total P — E deficit,
indicating that divergence of moisture driven by anomalous circulation alone accounts for most
of the drying. The dominance of the dynamic contribution of the divergence term is also found in
Europe, East Asia, and other regions around the globe (figs. S15-22).

Circulation anomalies also contribute to drying through the advection term (u' - Vq) (Fig. 3B
first row right), although its contribution is smaller (—0.31 mm/day) than the divergence term.
This term produces drying over most of the domain but wetting in the northwestern part of the
region, closely resembling the anomalous TCW pattern (Fig. 2). Interestingly, a similar
correspondence appears over East Asia, Europe, and other regions, where the dynamic
component of the advection term resembles the normalized TCW anomaly patterns: broad drying
in East Asia and a wet anomaly over western Europe (figs. S15 to S18). This suggests that
advection by anomalous winds controls the redistribution of atmospheric moisture during
extreme droughts, thereby modulating the anomalous spatial pattern of precipitable water.

Moisture anomalies and covariance offset wind-change effects

In contrast to the circulation anomalies, the moisture-anomaly contribution (q") (+0.14 mm/day;
Fig. 3B blue bar) significantly contributes to increasing P — E, thereby offsetting the drying
driven by circulation changes, especially through the advection term (Fig. 3B second row right,
u - Vq'). The strongest wetting signal appears where the largest P — E deficits occur, particularly
over the western half of the domain, indicating that advection of anomalous moist air counteracts
the drying. By comparison, the divergence term associated with moisture anomalies (Fig. 3B
second row left) is weak (—0.01 mm/day) and mostly insignificant. A similar structure is found
in most of the other regions around the globe, where the thermodynamic contribution appears
mainly in the advection term with a wetting signal, and only weak signals in the divergence term.

The covariance contribution (q'u") (—0.17 mm/day; Fig. 3B purple bar), which reflects the
combined effect of circulation and moisture anomalies, is also larger in the advection term than
in the divergence term (Fig. 3B bottom). In the Midwest, this term produces strong drying in the
northwest, where TCW indicates anomalous wet atmospheric condition, helping explain the local
P — E deficit that is not fully captured by the circulation-anomaly contribution alone. Over most
of the domain, however, the covariance term shows wetting that offsets the drying associated
with the dynamic contribution to advection (Fig. 3B first row right). Thus, within the advection
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term, the signals produced by circulation anomalies are substantially reduced once concurrent
moisture anomalies are considered. As a result of these compensating effects, the total advection
term is zero (Fig. 3C blue bar) while the divergence term dominates (—1.13 mm/day; Fig. 3C
yellow bar). The covariance contribution to the divergence term, on the other hand, is weak but

5 shows generalized drying (—0.33 mm/day), with a similar spatial pattern to that of the
circulation-anomaly contribution.

A similar overall structure is also found in other regions (figs. S15 to S20). In East Asia, the
covariance contribution of the advection term generally produces wetting across the domain,
whereas in Europe it produces drying in the west and wetting in the east. In both regions, these
10 patterns are broadly opposite to the TCW anomalies. The associated divergence terms are again
weak and generally have drying patterns.
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Fig. 4. Conceptual diagram of drought dynamics. Key components of drought dynamics and
their roles in surface drying are illustrated. Shading highlights processes associated with land

15 surface drying, including rising geopotential and enhanced moisture divergence, which reduce
precipitation through dynamical and thermodynamical pathways by exporting moisture and
inhibiting condensation, respectively. Key terms in the moisture flux divergence are also shown,
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highlighting contributions of dynamic divergence and advection that drive and oppose drying,
respectively.

Implications

Our findings suggest that dry surface conditions are not necessarily associated with dry
atmospheric conditions; rather, P — E deficits are consistently associated with reduced P
efficiency linked to local near surface thermodynamics and circulation anomalies that dominate
the P — E budget (Fig. 4). Across several regions of the globe, droughts occurred under neutral
or even positive total column water anomalies, whereas circulation-related indicators showed a
coherent drying signal at the monthly timescale. Enhanced low-level divergent flow and rising
geopotential heights aloft are robust indicators of drought that can lead to a sharp decrease in P
efficiency. These results support earlier work showing that droughts are affected by large-scale
circulation anomalies (27, 30, 44, 45), including those linked to remote sea surface conditions
(26, 27, 45), and associated low-level divergence (20).

The Eulerian approach applied here directly quantifies the physical processes contributing to
local surface drying. Moisture budget analysis of P — E reveals that anomalous circulation drives
surface drying and promotes moisture redistribution, while anomalous moisture and circulation-
moisture covariance partly offset that drying through advection. The consistency of this result
across regions with contrasting moisture anomalies during droughts suggests that circulation-
based diagnostics may improve our global mechanistic understanding of drought and its
propagation (46), for which the governing processes remain incompletely understood (41). In
particular, large-scale circulation anomalies induced by soil moisture anomalies (47, 48) may
provide one pathway linking existing drought conditions to subsequent drying elsewhere.
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