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Highlights

What are the main findings?

• Under comparable meteorological conditions, contrasting catchment landscapes dif-
fered in streamflow drought occurrence probability by 8.1–20.9 percentage points and
by 13.8–22.3 points for moderate-or-stronger drought.

• Landscape differences clearly distinguished streamflow drought occurrence, while
their associations with total drought duration and intensity were less conclusive.

What are the implications of the main findings?

• AlphaEarth provides a common landscape description for relating heterogeneous
catchment backgrounds to distinct drought responses.

• Catchment drought susceptibility requires separate assessment of occurrence, intensity
and duration, rather than a single ranking of vulnerability.

Abstract

The consequences of drought for rivers depend not only on the atmospheric water deficit
but also on how catchments store and release water. It remains unclear how well catchment
characteristics distinguish streamflow drought occurrence under similar meteorological
conditions. We combined AlphaEarth satellite descriptors with principal component
analysis to examine this question in 361 relatively undisturbed catchments across the
conterminous United States. Using the three-month Standardized Precipitation Evapotran-
spiration Index (SPEI) and Standardized Streamflow Index (SSI), we linked meteorological
droughts to subsequent streamflow droughts and assessed whether catchment landscapes
helped explain differences in their occurrence, intensity and duration under comparable
meteorological and initial streamflow conditions. Occurrence was most clearly associ-
ated with PC1, the dominant component of the AlphaEarth descriptors, whose landscape
differences were partly reflected in drainage density and forest cover. At comparable mete-
orological drought durations and the same meteorological intensity and initial streamflow
conditions, catchments in the upper PC1 quartile had estimated occurrence probabilities
8.1–20.9 percentage points below those in the lower quartile. The separation was greater for
moderate-or-stronger drought, at 13.8–22.3 points. Higher PC1 also tended to accompany
lower drought intensity, but the evidence for intensity and duration differences was less con-
clusive than for occurrence. These findings support the use of a common satellite-derived
landscape description to identify catchments more susceptible to streamflow drought under
comparable meteorological conditions, while showing that occurrence probability alone
cannot indicate how severe or persistent the resulting drought will be.
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1. Introduction
Communities and freshwater ecosystems rely on river discharge during dry periods.

A prolonged lack of rain, however, does not by itself determine when discharge becomes
unusually low or how long the shortage lasts. Water stored in soils and groundwater can
sustain rivers as rainfall declines, delaying or moderating the shortage. Depletion of these
stores can also prolong low discharge after rainfall returns [1]. Meteorological drought
describes the atmospheric water deficit, while streamflow drought describes a period of
unusually low river discharge. By storing and releasing water, catchments mediate this
connection. Understanding their role helps explain why dry periods develop into river
water shortages in some places but not others.

Research on drought propagation has established that climate and catchment stor-
age influence how meteorological deficits develop into streamflow drought [1,2]. These
responses involve interactions among atmospheric anomalies, land-surface processes and
subsurface storage over different durations [3]. Regional studies further show that propaga-
tion and recovery vary with catchment characteristics, index scale and event definition [4,5].
These findings establish the importance of catchment differences but leave a more specific
comparison to be made: under similar meteorological conditions, are the landscape charac-
teristics associated with drought occurrence also associated with the intensity and duration
of the droughts that develop?

Propagation probability and the characteristics of established droughts provide com-
plementary information. In 50 Swedish catchments, conditional probabilities quantified
how often meteorological drought, characterized using precipitation, was followed by
streamflow and other hydrological deficits [6]. Across 1089 catchments, a different analysis
linked existing streamflow droughts to preceding meteorological events and compared
their severity and intensity [7]. The first perspective shows how often streamflow drought
occurs, but not how severe or persistent it becomes; the second describes those character-
istics but cannot by itself establish the probability of occurrence because meteorological
droughts without a streamflow response are not included. Bringing both perspectives
into the same catchment comparison can distinguish landscapes associated with frequent
mild responses from those associated with less frequent but deeper or longer responses.
Duration, mean intensity and peak intensity must be considered separately because an
accumulated deficit cannot distinguish a long, shallow event from a short, deep one.

A common description of catchment background is needed to compare these responses
across heterogeneous landscapes. Conventional attributes quantify useful individual prop-
erties, but their selection, aggregation and evaluation differ among studies. A systematic
review of 742 studies identified no agreed approach to these choices and found that spa-
tial and subsurface variability were often poorly represented [8]. Comparing catchments
therefore requires a consistent representation of multiple landscape properties. AlphaEarth
provides a common set of descriptors derived from Earth observations [9], offering a ba-
sis for representing composite landscape differences. Recent hydrological applications
demonstrate the relevance of these representations to similarity and rainfall–runoff model-
ing [10,11]. Whether this shared description also distinguishes drought occurrence, intensity
and duration remains an important question for comparing catchment susceptibility to a
specified meteorological drought.
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This study examines two linked questions. First, which meteorological conditions
and catchment backgrounds are associated with new streamflow drought, and do these
associations vary with drought severity? Second, how are the duration, mean intensity and
peak intensity of the droughts that develop related to those conditions and backgrounds?
AlphaEarth provides a consistent satellite-derived description of heterogeneous catchment
landscapes, allowing their drought responses to be compared within a common frame-
work. This study extends its application from catchment similarity and rainfall–runoff
modeling [10,11] to differences in streamflow drought occurrence, intensity and duration.
This helps clarify how catchment landscapes relate to the consequences of meteorological
drought and supports drought assessment that considers both the likelihood of occurrence
and the severity and persistence of the resulting shortages.

2. Materials and Methods
2.1. Catchment Data and Landscape Characteristics

We selected GAGES-II reference catchments to examine climate and landscape as-
sociations under relatively low human disturbance. This classification identifies com-
paratively least-disturbed catchments within broad ecological regions [12]. This study
comprised 361 catchments in the conterminous United States with landscape data and
CAMELSH NLDAS-2 meteorological and discharge source records for 1980–2024 [13]. All
361 contributed to the landscape description; 355 contained usable daily discharge observa-
tions. Occurrence and event-characteristic analyses used subsets of those 355 catchments
with the observations required for each response. Discharge records were obtained from
existing USGS gauge observations assembled by CAMELSH and provide the observed dis-
charge response. NLDAS-2 supplies the gridded meteorological forcing, used to calculate
meteorological drought conditions [13].

Daily mean discharge required at least 18 valid non-negative hourly observations,
including observed zeros. Internal gaps of up to seven days were linearly interpolated
between observed endpoints; longer gaps and gaps at record boundaries remained missing.
Interpolated values accounted for 1.98% of all available daily values after filling and
1.63% of the daily values contributing to usable monthly means. These percentages use
catchment-day records as their denominators.

After gap filling, monthly discharge was the arithmetic mean of daily mean discharge
within each calendar month, in m3 s−1. A month was retained only when every day was
available, yielding 114,038 catchment-months. Hourly precipitation and non-negative
potential evapotranspiration were accumulated to monthly depths in millimeters. Pre-
cipitation and potential-evapotranspiration records were complete for every hour in all
194,940 catchment-months (361 catchments, 1980–2024). Monthly totals therefore required
no adjustment for missing observations.

AlphaEarth supplied eight annual, 64-dimensional descriptors for each catchment dur-
ing 2017–2024. We obtained catchment spatial means from the Google Earth Engine annual
satellite-embedding collection, averaged the annual vectors and normalized each catchment
vector to unit length. Principal component analysis (PCA) reduced these 64 dimensions to
a smaller set of landscape coordinates. To account for upstream–downstream connections
when constructing the coordinates, we fitted PCA to river-network-group mean vectors,
each normalized to unit length.

PCA identifies weighted combinations of the descriptors that capture the main dif-
ferences among landscapes. We centered each descriptor by subtracting its mean across
river-network groups. PCA was then applied without rescaling individual descriptors,
preserving their relative variation in the original embedding space. Component weights
(loadings) were obtained by singular-value decomposition. We retained the smallest num-
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ber of components explaining at least 80% of the variation, up to ten components. Each
component was oriented so that its largest absolute loading was positive.

We then applied these same weights to every catchment. For catchment i, its nor-
malized descriptor vector xi was centered using the mean vector µ across river-network
groups and multiplied by the loading vector vk for component k. The resulting score tik

was standardized across catchments to give the coordinate zik used in the regressions:

tik = (xi − µ)Tvk, zik =
tik − tk

sk
(1)

Here, tk and sk are the mean and standard deviation of the raw scores across all
361 catchments. A one-unit change in zik therefore represents one standard deviation of
between-catchment variation.

To understand what landscape differences the PCs represent, we compared their
scores with eight conventional attributes: aridity, precipitation seasonality, slope, drainage
density, permeability, available water capacity, depth to bedrock and forest cover. Spearman
correlations described how each attribute varied with each PC across the 361 catchments.
We also used boxplots to show the attribute distributions in the lower quartile, middle half
and upper quartile of PC1 and, separately, PC2. Each attribute was converted to percentile
ranks across all 361 catchments so that quantities with different units could be displayed
on the same scale; each catchment received equal weight.

The conventional attributes describe catchment-scale climate, terrain, drainage, soils
and land cover. Channel-bed grain size and lithology were not measured. Permeability and
depth to bedrock provide subsurface context but are not direct measurements of channel
sediment or groundwater exchange.

2.2. Drought Index Calculation

Meteorological drought was described by the Standardized Precipitation Evapotran-
spiration Index (SPEI), based on accumulated precipitation minus potential evapotranspi-
ration [14]. Streamflow drought was described by the Standardized Streamflow Index (SSI),
which standardizes discharge relative to its seasonal distribution [15]. SSI expresses the
relative magnitude of a streamflow anomaly within a catchment.

We used three-month SPEI and SSI to examine event-scale drought responses in
comparatively little-disturbed catchments. One-month indices retain short fluctuations
that can split a dry period into several brief events, whereas six- or twelve-month inputs
smooth changes over longer periods and can obscure the timing of shorter meteorological–
streamflow responses [16,17]. Three months provided a common intermediate scale in-
tended to reduce fragmentation while retaining changes over a season.

Both indices were standardized separately for each calendar month, and every month
in a three-month input window had to be available. SPEI used the log-logistic distribution
proposed in its original formulation [14]. The reference period was 1981–2016, with at least
30 non-constant values. Shape and scale were fitted by maximum likelihood, with location
fixed just below the reference minimum.

SSI used a rank-based, nonparametric approach to describe anomalies within the
observed streamflow record [18]. Available three-month discharge means from 1980 to 2024
formed the reference sample, requiring at least 20 years and two distinct values. Each
three-month mean was assigned a probability of r−0.5

n , where r is its rank and n the sample
size; tied values received their average rank. The probability was then transformed to a
standard-normal score.
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2.3. Drought Event Definitions and Characteristics

A meteorological drought event comprised consecutive months with a SPEI below
−0.5, lasted at least three months, and reached a SPEI of −1 or lower. A streamflow drought
comprised consecutive months with SSI below −0.5, lasting at least one month and without
an additional −1 condition. For both indices, the onset was the first below-threshold month,
and the final drought month preceded the return to −0.5 or above. Non-drought months
were not merged into events.

We evaluated whether each meteorological drought was followed by a new streamflow
drought and whether that response reached moderate severity or stronger. A new streamflow
drought had to begin within the correspondence window defined below but could end outside
it. All streamflow droughts linked to the same meteorological drought were combined into
one response. A combined response with minimum SSI ≤ −1 was classified as moderate-or-
stronger; otherwise, it was mild. Mild-inclusive occurrence includes both types.

We linked streamflow drought to a meteorological event when the streamflow dry
period began between the meteorological onset and three months after its final drought
month. This correspondence window closed earlier if another eligible meteorological
drought began. For illustration, Figure 1 uses a hypothetical meteorological drought lasting
from January to April, with a correspondence window ending in July. In panel A of
Figure 1, the March and June–August streamflow drought form one combined response.
Their drought months are pooled when calculating duration and intensity; the intervening
non-drought months are excluded. The minimum SSI across both periods determines the
response type. In panel B of Figure 1, the May–September dry period begins within the
window but first reaches −1 in August. It is still a moderate-or-stronger response, and its
full duration and intensity include August and September. Thus, the window limits the
start of a linked dry period, not its end or the timing of its lowest SSI.

Figure 1. Correspondence and combined streamflow drought responses, illustrated with synthetic
monthly indices. Grey shading marks the January–July correspondence window; the horizontal
dashed line at −0.5 marks the drought threshold and the dotted line at −1 marks the threshold
for moderate-or-stronger drought. (A) Two dry periods form one response, excluding intervening
non-drought months from its duration and intensity. (B) A period beginning inside the window is
followed through September and is classified as moderate despite first reaching −1 in August.
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A clearly observed new streamflow drought confirmed a mild-inclusive occurrence,
even if a separate earlier gap left other parts of the window unobserved. Moderate-or-
stronger occurrence was confirmed once any linked SSI reached −1. Missing observations
after confirmation did not reverse that positive outcome. To establish mild-inclusive non-
occurrence, the entire window had to be observed, without a new dry period. To establish
moderate-or-stronger non-occurrence, the window had to be fully observed, and every
linked SSI had to end without reaching −1. Otherwise the outcome remained undetermined.
An unfinished dry period that had already reached −1 could confirm moderate-or-stronger
occurrence but could not contribute complete duration or intensity.

Direct comparisons between severity levels used the same meteorological events, re-
stricted to those for which both occurrence outcomes could be determined. We refer to these
events as the common two-threshold sample. Events with confirmed mild-inclusive occur-
rence but undetermined moderate-or-stronger status contributed only to the mild-inclusive
occurrence analysis. Because the correspondence window includes the meteorological
event itself, longer meteorological droughts provide both longer forcing and more time for
streamflow drought to develop.

For a combined response, total drought duration was the number of months with SSI
below −0.5 across all linked dry periods. Mean intensity was the sum of (−0.5 − SSI) over
those drought months divided by their total number. Peak intensity was described by the
minimum SSI across the entire combined response. We therefore added the dry-period
durations and weighted their mean intensities by their drought-month counts; we did not
select only the longest or strongest period. Non-drought months between periods were
excluded from both total duration and mean intensity. The same calculation included
all linked dry periods in a moderate-or-stronger response, not only those individually
reaching −1.

Complete duration and intensity required an observed correspondence window and
the observed end of every linked dry period. Otherwise an additional period or part
of a continuing drought could be missing, leaving the combined totals unknown. Such
a response could still confirm occurrence if a new dry period had been observed. A
dry period extending beyond the window was retained, not truncated or excluded. If
another meteorological drought began before streamflow recovered, that subsequent forcing
remained part of the observed response; the models adjusted for the initially linked event
rather than isolating its causal effect.

2.4. Conditional Models of Drought Occurrence and Characteristics

We used regression to compare catchment backgrounds under similar meteorological
drought and initial streamflow conditions. We asked separately whether a new streamflow
drought occurred and, for complete combined responses, their total drought duration
and intensity. The models accounted for meteorological drought duration, mean inten-
sity and SSI in the month before meteorological drought onset. Meteorological drought
mean intensity was the event mean of (−0.5 − SPEI). For the descriptive plots, duration
was grouped into 3, 4–5 and at least 6 months, and intensity into lower, middle and up-
per occurrence-sample tertiles. Duration and intensity remained continuous variables in
the regressions.

Each meteorological drought event contributed at most one observation to each model.
Separate logistic regressions estimated the probability that a meteorological drought was
followed by a streamflow drought, either including mild droughts or restricted to moderate-
or-stronger droughts. Logistic regression provides an explicit relationship between the
predictors and occurrence probability, with coefficients that can be interpreted as condi-
tional odds ratios. This makes it suitable for comparing landscape associations under
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the same event conditions. For complete combined responses, separate linear regressions
modeled log drought duration, log mean intensity and log peak magnitude, first for the
mild-inclusive sample and then for its moderate-or-stronger subset. Peak magnitude was
defined as the absolute value of minimum SSI. Here, log transformation reduced the influ-
ence of long upper tails and expressed associations on a conditional geometric-mean scale.

Each model included meteorological drought duration, mean intensity and initial
streamflow conditions, together with the seven landscape coordinates. The landscape coef-
ficients thus describe associations conditional on these event characteristics and the other
coordinates. A duration–intensity interaction allowed the association with meteorological
intensity to vary with event length. All responses used the same predictor structure, with
coefficients estimated separately:

ηi = β0 + βDdi + β Imi + βSsi + βDIdimi + ∑7
k=1 γkzik (2)

Here, i indexes meteorological drought events, di is standardized log meteorological
drought duration, mi is standardized meteorological drought mean intensity, si is stan-
dardized SSI in the month before meteorological drought onset, and zik is the score on PC
k. All seven PCs entered jointly. For each meteorological or initial-streamflow predictor,
standardization subtracts the occurrence-sample mean and divides by its standard devi-
ation; duration is log-transformed first. The same means and standard deviations were
reused in the corresponding characteristic models and in paired comparisons between
severity levels.

In the occurrence models, pi denotes the probability that meteorological event i is
followed by streamflow drought at the specified threshold. The linear predictor ηi can take
any real value; the logistic function pi =

1
1+exp(−ηi)

maps it to a probability between zero
and one. In the event-characteristic models, duration and intensity are log-transformed
and regressed on the same predictors. Thus, occurrence uses a binomial response with
a logit link, whereas each positive event characteristic uses a separate linear model on
the logarithmic scale. The latter includes an event-level residual around the fitted linear
predictor in Equation (2).

The coefficient for each PC describes its association with a response while holding
event conditions and the other six PCs constant. Exponentiating a coefficient gives an
odds ratio for occurrence or a conditional geometric-mean ratio for a drought charac-
teristic. To compare actual catchment backgrounds in probability, month and intensity
units, we selected the lower and upper PC1 quartiles of all 361 catchments: 91 per group
(PC1 ≤ −0.838 and PC1 ≥ 0.643). Group membership depended only on background
scores, not on drought responses or event availability. For each catchment, we retained all
seven observed PC scores and calculated fitted responses at the same reference conditions:
a four-month meteorological drought, a mean meteorological intensity of 1.085, and an
initial SSI of 0.385. We then averaged probabilities equally across catchments within each
group and summarized duration and intensity predictions geometrically. High-minus-low
differences therefore compare complete landscape profiles, not changes in PC1 alone.

To show whether the landscape contrast differed between shorter and longer meteo-
rological droughts, we summarized fitted occurrence probabilities for the same duration
groups used in the descriptive plots: 3, 4–5 and at least 6 months. Each comparison gave
both background groups the same mix of meteorological durations so that a probabil-
ity difference would not simply reflect one group having longer droughts. To make the
catchment groups comparable, we also used the same meteorological drought intensity
and pre-drought streamflow conditions for both groups. We calculated each catchment’s
probability at every duration represented in a category, then averaged over durations
using their frequencies for both mild-inclusive and moderate-or-stronger occurrence. Each
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catchment received equal weight within its background group. For example, the four- and
five-month predictions received the same weights in both groups. These are summaries
of the continuous-duration models, not separate models fitted to each category. Duration
weights and background membership remained fixed during resampling.

Model fitting used all eligible events for each response, not only events from the two
background groups. Predictions were then calculated for all 182 group members, including
catchments without eligible events for that response. Predictions for those catchments
relied on associations estimated from the available events in other catchments.

To assess whether a single descriptor captured the same background contrast, we
compared the seven-PC model with models using PC1 alone, forest cover alone or drainage
density alone. These models used identical events and meteorological controls, and pre-
dictions used the same catchments and reference conditions. Paired bootstrap differences
compared the resulting high-minus-low contrasts.

Uncertainty was estimated by resampling river-network groups 1000 times, keeping
repeated meteorological drought events and connected catchments together. The same
resamples were used to compare severity levels and landscape descriptors. Pointwise 95%
intervals describe one estimate at a time. Simultaneous 95% intervals account for examining
several coordinates and responses together, using the largest standardized deviation in each
bootstrap resample. This reduces the chance of highlighting an association simply because
many were examined. In the results, intervals for PC associations use this simultaneous
adjustment unless labeled pointwise. The landscape coordinates and predictor units were
fixed across resamples.

To assess whether occurrence probabilities remained useful for events not used to fit
the model, we used a five-fold river-network-group validation: events from each group
were predicted by a model fitted to the other four folds. Keeping connected catchments
together avoided splitting their events between training and evaluation. The landscape
coordinates remained fixed. Area under the receiver operating characteristic curve (AUC)
measured how well predictions distinguished occurrence from non-occurrence. The Brier
score measured probability error. Calibration compared predicted probabilities with ob-
served occurrence frequencies; a calibration slope of one is the target; lower values sug-
gest that predicted differences in occurrence probability are larger than supported by the
held-out observations. This evaluates new event responses within the fixed landscape
representation, rather than independently validating the construction of the representation
itself. We repeated the five-fold validation with five fixed random seeds; predictor scaling
used only the training folds.

3. Results
3.1. Landscape Representation and Event Coverage

The 361 catchments formed 323 river-network groups. PCA retained seven com-
ponents explaining 81.92% of embedding variance; PC1 and PC2 explained 30.26% and
17.22%, respectively (47.48% together). Figure 2 shows the geographical distribution of
PC1 and PC2 scores. It also marks the catchments in the lower and upper PC1 quartiles
used in the subsequent comparisons. These percentages describe descriptor variation, not
explained variation in drought responses.
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Figure 2. Landscape coordinates and geographic distributions of 361 catchments. (A,B) Standardized
PC1 and PC2 scores, with percentages of embedding variance explained. (C) Catchments in PC1–PC2
space, and (D), their geographic locations using the same bivariate colors. The color key combines
PC1 horizontally and PC2 vertically; zero denotes the mean score. Black outlines in A mark the lower
and upper PC1 quartiles (91 catchments each) used in the response comparisons.

Streamflow drought was common in the shared sample, but reaching moderate sever-
ity was less frequent. Of the 7646 eligible SPEI-3 events, 2667 in 326 catchments had a de-
terminable mild-inclusive occurrence outcome: 2398 occurrences and 269 non-occurrences.
Moderate-or-stronger occurrence remained undetermined for 266 confirmed mild-inclusive
occurrences, leaving 2401 meteorological drought events in 314 catchments with known
outcomes at both thresholds.

Within this shared sample of 2401 meteorological events, 2132 (88.8%) were fol-
lowed by streamflow drought, including mild droughts, and 1681 (70.0%) were fol-
lowed by moderate-or-stronger drought. Each meteorological drought event was counted
once in each occurrence analysis. Complete combined characteristics were available for
1655 meteorological events in 233 catchments. These responses contained 1980 streamflow
dry periods; 301 combined more than one period, and 1204 reached moderate severity or
stronger. The medians (interquartile ranges) were 4 months (3–7) for drought duration,
0.511 (0.307–0.752) for mean intensity, and −1.364 (−1.960 to −0.987) for minimum SSI.
Of the 2398 confirmed drought responses, 686 lacked a fully observed correspondence
window, and a further 57 had an unfinished or interrupted dry period. These responses
confirmed occurrence but could not provide complete drought duration and intensity.
Thus, meteorological-event counts include both occurrence and non-occurrence, whereas
characteristic counts include only complete combined drought responses.
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It should be noted that data availability favored recent decades and differed among
catchment backgrounds. Of the 7646 meteorological events, 857 began when streamflow
was already in drought and were outside the new-onset analysis. Another 4122 could not
be classified: 3594 lacked an initial SSI value, and 528 had incomplete SSI coverage within
the correspondence window without a confirmed new drought. Unavailable SSI did not
always mean missing discharge measurements. Among the 3594 initial cases, 2030 required
three-month inputs extending beyond the usable monthly record, 876 encountered gaps
within that record, and 140 had no usable monthly discharge. The remaining 548 had
complete three-month inputs but fewer than 20 same-calendar-month reference values
for SSI standardization. Additionally, occurrence could be determined for only five of the
1452 meteorological droughts beginning in the 1980s, compared with 1182 of 2238 in the
2010s. The occurrence analysis therefore represents recent decades much more strongly
than the early record.

Across regions, 19.3–51.5% of meteorological events had determinable occurrence
outcomes. The lowest proportions entering occurrence analysis were in the Upper Missouri
(19.3%), Pacific Northwest (21.2%), Great Basin (22.0%) and Ohio (23.3%) regions. Retained
events and events with unavailable occurrence outcomes shared a median meteorological
drought duration of four months but differed in median meteorological drought intensity
(0.999 versus 0.885). These differences limit the representativeness of the observable sample.
Furthermore, restricting the complete-response sample to moderate-or-stronger droughts
reduced its size from 1655 to 1204 events but changed its regional composition little: the
share of events from any hydrological region changed by no more than 1.24 percentage
points, and 221 of the original 233 catchments remained represented. This suggests that
differences between the two characteristic analyses are unlikely to be explained primarily
by a large shift in geographical composition.

3.2. Streamflow Responses Across Meteorological Drought Conditions

Observed drought event summaries showed that, in the full mild-inclusive occurrence
sample of 2667 meteorological events, longer and more intense droughts were more often
accompanied by streamflow drought (Figure 3). The duration groups of 3, 4–5 and at
least 6 months contained 809, 951 and 907 events, respectively. Within the three-month
group, occurrence increased from 79.6% to 82.8% and 90.7% across the lower-, middle-
and higher-intensity groups. The corresponding proportions for events lasting at least
six months were 93.2%, 95.9% and 96.4%. The complete combined responses also dif-
fered in drought duration and intensity across these groups, although their distributions
overlapped substantially.

The conditional regression estimates were consistent with these descriptive patterns.
Mild-inclusive occurrence odds increased with meteorological log duration (standardized
coefficient 0.620; pointwise 95% interval 0.427–0.903) and intensity (0.437; 0.243–0.675).
Because the model includes their interaction, each coefficient describes the association
when the other predictor is at its mean. Wetter initial conditions were associated with
lower occurrence odds. Longer meteorological droughts were also associated with more
streamflow drought months (coefficient 0.376; 0.345–0.411), and greater meteorological
intensity with greater mean streamflow drought intensity (0.166; 0.125–0.207).
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Figure 3. Observed streamflow drought occurrence, duration and intensity across meteorologi-
cal droughts of different durations and intensities. (A) mild-inclusive occurrence proportions for
2667 events, with pointwise 95% river-network bootstrap intervals. (B–D) Drought duration, mean
intensity and minimum SSI for 1655 complete combined responses, shown as medians and interquar-
tile ranges. Intensity groups use occurrence-sample tertiles. Sample counts in panel (A,B) are ordered
from lower to higher intensity; counts in (B) also apply to (C,D).

3.3. Landscape Heterogeneity in Drought Occurrence

The background map showed lower PC1 values concentrated in parts of the central
and eastern United States, while higher values were common across the West, including the
Northwest (Figure 2A). These geographic patterns locate the backgrounds being compared;
the response estimates below account for event conditions and retain all seven coordinates.

Higher PC1 was associated with lower occurrence odds after accounting for mete-
orological conditions and the other six coordinates. In the paired sample of 2401 mete-
orological events, the log-odds coefficient was −0.617 (95% interval −1.014 to −0.221)
for mild-inclusive occurrence and −0.420 (−0.735 to −0.106) for moderate-or-stronger
occurrence. PC2 occurrence associations were not clearly resolved at either threshold.

The PC1 groups differed in several observable catchment properties, with drainage
density showing a more consistent ordering than forest cover (Figure 4A). Median drainage
density declined from 0.906 through 0.856 to 0.670 km per square kilometer from the low to
the high group. Forest cover instead had medians of 67.7%, 60.7% and 61.4%, so its group
differences were not monotonic. The high group also had a higher aridity median than
the low group (1.78 versus 1.45). The boxplots show substantial within-group variation
and overlap: these properties help describe the backgrounds without defining sharply
separated catchment types.
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Figure 4. Attribute distributions for PC1 (A) and PC2 (B) groups. Lower, Middle and Upper de-
note each coordinate’s lower quartile, central half and upper quartile (91, 179 and 91 catchments);
membership differs between panels. Attributes are percentiles across all 361 catchments. Boxes
show interquartile ranges and medians; whiskers extend to the most extreme values within
1.5 interquartile ranges of the box. Outlier markers are omitted.

The PC2 boxplots show a clearer contrast in terrain and subsurface properties
(Figure 4B). Median slope increased from 2.52% in the low group to 10.43% in the middle
group and 14.50% in the high group. The low group also had generally deeper bedrock,
whereas the middle and high groups had shallower, substantially overlapping distribu-
tions. The upper half of the high-group slope distribution extended beyond that of the
middle group, while the low group was concentrated toward gentler slopes. These distribu-
tional differences make PC2 interpretable as a partly characterized terrain and subsurface
background, rather than a single measured property.

At matched meteorological drought durations, the higher-PC1 group remained less
likely to develop streamflow drought (Figure 5). In the three-month category, mild-inclusive
occurrence probabilities were 91.2% in the lower-PC1 group and 70.3% in the higher-PC1
group, a 20.9 percentage-point difference. Moderate-or-stronger probabilities were 66.7%
and 44.4%, a 22.3-point difference. For meteorological droughts lasting at least six months,
mild-inclusive probabilities reached 97.5% and 89.4%, narrowing the gap to 8.1 points;
moderate-or-stronger probabilities were 88.7% and 74.9%, a 13.8-point gap. The estimated
moderate-or-stronger gap was larger in all three categories.
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Figure 5. Fitted occurrence probabilities by meteorological duration for mild-inclusive (A) and
moderate-or-stronger (B) drought, using 2401 events. Points average over 91 low- or 91 high-PC1
profiles with all seven coordinates retained, using shared within-category duration weights. Mean
meteorological intensity is fixed at 1.085, and initial SSI is at 0.385. Bars show pointwise 95% paired-
bootstrap intervals. Annotations give high-minus-low differences in percentage points (pp).

Across five river-network-group validation partitions, the seven-PC occurrence model
had AUC values of 0.768–0.782 for mild-inclusive drought and 0.753–0.760 for moderate-
or-stronger drought. These ranges describe sensitivity to the partition within this dataset,
not performance in an independent region. Across these partitions, held-out Brier scores
ranged from 0.0862 to 0.0885 and calibration slopes from 0.847 to 0.935 for mild-inclusive
occurrence; the corresponding ranges were 0.1723–0.1741 and 0.908–0.955 for moderate-
or-stronger occurrence. Calibration was estimated from predictions for held-out groups,
not fitted-sample probabilities. The limited variation in AUC and Brier score suggests that
discrimination and probability error were not strongly dependent on a particular partition.
Calibration slopes were below the target value of one, suggesting that predicted differences
in occurrence probability were larger than supported by the held-out observations.

Of the 91 profiles per background group, 87 lower-PC1 and 64 higher-PC1 catchments
contributed to the paired occurrence fits; the corresponding counts were 62 and 48 for mild-
inclusive characteristics and 60 and 46 for moderate-or-stronger characteristics. All profiles
were retained in the reference comparison. To assess whether the group contrasts depended
on predictions for catchments without eligible observations, we recalculated the four-month
comparison using only the 87 lower-PC1 and 64 higher-PC1 catchments that contributed to
the paired occurrence models. The fitted models and reference conditions were unchanged.
The high-minus-low contrasts were −15.68 percentage points (pointwise 95% interval
−24.07 to −8.51) for mild-inclusive occurrence and −21.90 (−31.17 to −12.55) for moderate-
or-stronger occurrence, compared with −16.48 and −21.09 points for all 182 catchments.
Restricting the comparison changed each contrast by less than one percentage point and
did not alter the conclusion that the higher-PC1 group had lower occurrence probabilities
under these reference conditions.

3.4. Landscape Associations with Streamflow Drought Duration and Intensity

The landscape comparisons above describe streamflow drought occurrence differences
between catchment groups. Figure 6 instead separates the associations of two continuous
landscape coordinates, PC1 and PC2, with the characteristics of droughts that developed.
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Each row shows the estimated response to a one-standard-deviation increase in that co-
ordinate, with meteorological conditions, initial streamflow and the other six coordinates
held constant. PC1 and PC2 thus identify landscape directions rather than two groups
of catchments.

Figure 6. Conditional PC1 and PC2 associations with drought duration (A), mean intensity
(B) and peak magnitude (C). Points show the estimated percentage change per one-standard-
deviation increase in PC1 or PC2; negative values indicate fewer drought months or weaker intensity.
Circles denote mild-inclusive responses, and diamonds moderate-or-stronger responses. Thick bars
show pointwise 95% intervals; thin bars show 95% intervals adjusted for jointly examining all 42 PC
coefficients in the six characteristic models.

Among the 1655 complete mild-inclusive responses, higher PC1 corresponded to
lower estimated mean and peak intensity (Figure 6B,C). A one-standard-deviation increase
corresponded to a 7.8% lower conditional geometric mean of mean intensity (simultaneous
95% interval −16.1% to 1.3% change) and a 3.8% lower peak magnitude (−8.0% to 0.6%).
Although their pointwise intervals excluded zero, the simultaneous intervals did not. These
estimates suggest weaker intensity toward higher PC1 but do not provide the same adjusted
statistical support as the occurrence associations.

Neither PC1 nor PC2 clearly distinguished drought duration (Figure 6A). The es-
timated change per standard deviation was 0.4% for PC1 (simultaneous 95% interval
−7.7% to 9.2%) and 0.7% for PC2 (−6.0% to 8.0%). PC2 also had uncertain mean- and
peak-intensity associations. Its interpretable terrain and subsurface background there-
fore did not establish a corresponding ordering of combined drought duration in this
sample. A later meteorological drought began during a linked dry period in 154 of
the 1655 complete responses. Excluding these responses left 1501 mild-inclusive and
1055 moderate-or-stronger responses. In the mild-inclusive sample, the log-duration co-
efficients changed from 0.004 to −0.023 for PC1 and from 0.007 to 0.002 for PC2. In the
moderate-or-stronger sample, they changed from 0.053 to 0.022 and from 0.037 to 0.033,
respectively. Thus, PC1 estimates shifted downward, whereas PC2 estimates changed
little. All four estimates after exclusion had pointwise 95% intervals including zero. These
changes did not alter the main conclusion that neither coordinate showed a clear association
with total drought duration.

Among the 1204 complete moderate-or-stronger responses, simultaneous intervals
for PC1 and PC2 included zero for all three characteristics. Paired comparisons likewise
did not clearly distinguish their coefficients from those in the mild-inclusive sample af-
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ter simultaneous adjustment. Comparing the complete landscape profiles rather than
individual coordinates gave a different view. The high-PC1 group had lower fitted mean
and peak intensity among mild-inclusive responses, but no clear drought duration differ-
ence. Among moderate-or-stronger responses, the fitted high-minus-low total-duration
contrast was 0.61 months (pointwise 95% interval 0.11–1.20); the mean-intensity contrast
was uncertain. This group contrast retains all seven coordinates and cannot be attributed
to PC1 alone. It also concerns the selected responses that reached moderate severity, not all
meteorological droughts.

3.5. Composite and Single-Attribute Associations with Drought Occurrence

Forest cover and drainage density helped characterize the landscape groups but
alone captured little of their occurrence-probability separation. In the analysis of all
2667 meteorological drought events with a known mild-inclusive streamflow drought
outcome, the seven-PC model gave a high-minus-low contrast of −12.62 percentage points
across the same 182 catchment profiles at the four-month reference. PC1 alone retained a
similar contrast (−12.89 points), whereas forest cover alone gave −0.34 points and drainage
density alone −1.47 points.

Paired comparisons confirmed that these two single-attribute descriptions yielded
smaller contrasts than the seven-PC description. The seven-PC minus forest-only contrast
difference was −12.28 points (pointwise 95% interval −19.90 to −5.26), and the correspond-
ing drainage-density difference was −11.14 (−18.69 to −4.55). By contrast, PC1 alone and
the seven-PC representation were not clearly different. The landscape attributes therefore
helped identify what the groups looked like without reproducing the response contrast
captured by the satellite coordinate.

The single-attribute comparisons ask whether the occurrence-probability difference
between the lower- and upper-PC1 groups can also be represented by forest cover or
drainage density alone. Neither single-attribute model reproduced the contrast estimated
with the satellite descriptors. Several conventional attributes used together might also
reproduce this probability difference, but that possibility was not tested here. Because the
two catchment groups were defined by PC1, the comparison describes how their estimated
drought probabilities differ; it does not show that AlphaEarth predicts drought more
accurately than conventional attributes.

4. Discussion
4.1. Multiple Dimensions of Catchment Drought Susceptibility

The landscape association was clearest for streamflow drought occurrence, rather
than for the drought duration and intensity of the combined response. PC1 distinguished
occurrence under both severity definitions, whereas its intensity associations remained less
conclusive after simultaneous adjustment; neither PC1 nor PC2 clearly ordered drought du-
ration. Recent studies provide further context for these landscape associations. Teutschbein
et al. [6] found that drought propagation across Swedish catchments reflected a combi-
nation of catchment characteristics, hydroclimatic conditions and soil properties. Xiong
et al. [7] reported less attenuation of event severity and intensity in catchments with greater
precipitation seasonality, higher snowfall fractions, steeper slopes or greater soil water-
holding capacity. These findings suggest that several aspects of catchment background
need to be considered together. Our analysis complements these studies by relating a
common satellite-derived landscape description to both drought occurrence and the charac-
teristics of the responses that develop. The clearer association with occurrence shows why
a lower probability of drought cannot, by itself, be taken to mean that droughts will also be
weaker or shorter. This complements evidence that climate and storage relate differently to
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drought characteristics [2,4,5,19]. Our combined response includes all dry periods linked
to one meteorological event, unlike analyses of single continuous droughts. Differences
in indices, climate and event definitions preclude direct comparison of effect magnitudes
across these studies.

Differences in occurrence did not establish equally clear landscape associations with
drought duration or intensity. The estimated occurrence-probability gap was larger for
moderate-or-stronger drought. Among complete combined responses, some intensity
estimates and full-profile contrasts were supported by pointwise intervals, while the PC1
and PC2 characteristic associations remained uncertain under simultaneous adjustment.
These results support the occurrence finding without establishing a general ranking of
catchments by all drought characteristics.

Additionally, reference-period choice can also affect drought identification. SPEI uses
1981–2016 as a common meteorological baseline, whereas SSI uses the longer available
discharge record to retain sufficient seasonal reference observations in catchments with
shorter or interrupted records. This improves coverage but means that the two indices
describe anomalies relative to different periods. Recalculating SSI against 1981–2016
yielded 1037 events with known occurrence outcomes at both severity thresholds. Using
all these events, the PC1 coefficients were −0.417 for mild-inclusive occurrence and −0.356
for moderate-or-stronger occurrence, compared with −0.617 and −0.420 in the primary
analysis. Both retained the negative direction, supporting directional consistency under a
common reference period.

4.2. Hydrological Relevance of Satellite-Derived Landscape Representation

The shared landscape description distinguished streamflow drought occurrence across
catchments under comparable event conditions. Conventional attributes made the coordi-
nate space partly interpretable: PC1 quartiles differed in forest cover and drainage density,
while PC2 was associated with slope and depth to bedrock. These landscape meanings and
their hydrological associations are separate findings. In particular, a clear terrain interpre-
tation of PC2 did not imply a clear relation to drought duration. The contribution lies in
testing specific drought responses within a common, response-independent description
rather than assuming that landscape similarity implies similarity in every response.

Inconsistent choices and aggregation of conventional descriptors can hinder compar-
isons of hydrologically meaningful similarity [8]. Satellite representations offer a common
basis for catchment description and rainfall–runoff modeling [10,11]. Here, the same satel-
lite variables, spatial aggregation and coordinate construction described every catchment
without using its drought responses. Conventional attributes helped relate these coordi-
nates to observable landscape properties. Neither forest cover nor drainage density alone
reproduced the occurrence contrast between the PC1-defined groups, showing that this con-
trast cannot be reduced to either of these individual descriptors. This comparison does not
establish superiority over conventional attributes used jointly. The main contribution is a
consistent composite description that connects catchment differences to drought occurrence
under comparable event conditions.

The satellite averages describe landscape conditions during 2017–2024, whereas the
event inventory spans 1980–2024. Changes in vegetation and land use can therefore weaken
the correspondence between the descriptors and earlier events. We also analyzed drought
events during 2017–2024. The PC1 occurrence coefficients remained negative under both
severity definitions, consistent with the full-record results, but their magnitudes were
smaller and their confidence intervals wider. This consistency supports the robustness
of the association’s direction across the two study periods, although the recent-period
estimates are less precise.
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4.3. Geographic Interpretation and Scope of Drought Susceptibility

Figure 2D locates the landscape backgrounds underlying the conditional occurrence
comparisons. Higher-PC1 locations lie toward the direction associated with lower occur-
rence probability. Figure 4 supplies observable landscape context through differences in
forest cover, drainage density, slope and depth to bedrock. These maps describe back-
ground variation, not calibrated geographical risk classes. The same map does not estab-
lish which catchments will experience more drought months once a response develops.
Drought duration associations for both displayed coordinates were uncertain, and the
larger moderate-response duration in one complete-profile comparison cannot be reduced
to a PC1 or PC2 direction. Geographic interpretation should therefore distinguish the
supported occurrence association from the less resolved characteristic associations.

The findings apply to comparatively least-disturbed catchments in the conterminous
United States. The estimated drought-response relationships may not hold in regions with
different climates, landscapes or human influences. Nevertheless, the approach offers a
common basis for describing catchments elsewhere: AlphaEarth descriptors can be aggre-
gated and used to construct landscape coordinates without drought-response information.
Regional studies can then examine how these coordinates relate to local landscape proper-
ties and drought responses, rather than assume that the present coefficients or coordinate
interpretations transfer unchanged. Reservoir operations, irrigation withdrawals, ground-
water abstraction and urbanization can alter drought propagation in ways not represented
by this reference-catchment sample.

Landscape associations do not identify the physical processes responsible for them.
Slope, permeability and bedrock depth help describe terrain and subsurface conditions
but do not directly measure water storage, infiltration or groundwater exchange. Distin-
guishing these mechanisms requires observations of soil moisture, groundwater levels,
evapotranspiration and storage changes, which are not available consistently across the
study catchments. Future work could combine such observations with process-based
hydrological models to examine how landscape properties modify responses to different
meteorological droughts. Additionally, logistic regression provides a transparent model for
interpreting occurrence associations, but its specified log-odds relationship may miss more
complex landscape responses. Future work could consider flexible nonlinear models, such
as generalized additive models, or machine-learning approaches such as random forests
and gradient boosting, to examine nonlinearities and interactions not represented here.

5. Conclusions
Satellite-derived catchment backgrounds distinguished whether meteorological

drought was followed by streamflow drought. Under comparable meteorological and
initial streamflow conditions, higher-PC1 backgrounds had lower occurrence probabili-
ties for both mild-inclusive and moderate-or-stronger responses. However, catchments
with lower occurrence probabilities did not consistently experience shorter or less intense
droughts once a response developed. Higher PC1 tended to be associated with lower
intensity, but the evidence for intensity and duration relationships was less conclusive than
for occurrence.

Together, these results provide a basis for assessing how the consequences of similar
meteorological droughts differ across catchments. Rather than reducing susceptibility to a
single ordering from resistant to vulnerable, the common description supports separate
comparisons of drought occurrence, intensity and duration. This distinction can help orient
monitoring toward both the likelihood of drought onset and the severity and duration of
droughts once established. In particular, a lower likelihood of onset should not be taken as
assurance of a shorter or less intense drought if one develops. Within the conditions repre-
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sented by this study, satellite-derived landscape information therefore connects geographic
heterogeneity to specific dimensions of streamflow drought, providing an empirical basis
for more differentiated catchment assessment.

Author Contributions: Conceptualization, M.X. and D.K.; Methodology, M.X.; Writing—Original
Draft Preparation, M.X.; Writing—Review and Editing, M.X. and D.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (42477067,
42571041) and Guangdong Basic and Applied Basic Research Foundation (2023B1515040028).

Data Availability Statement: The CAMELSH and AlphaEarth datasets used in this manuscript
are publicly available. The CAMELSH data are available as Zenodo repositories (https://doi.org/
10.5281/zenodo.15066778) and AlphaEarth annual satellite embeddings are available through the
Google Earth Engine Data Catalog. The analytical code is available from the corresponding author
upon request.

Acknowledgments: The authors acknowledge financial support from the National Natural Science
Foundation of China.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Van Loon, A.F. Hydrological Drought Explained. WIREs Water 2015, 2, 359–392. [CrossRef]
2. Van Loon, A.F.; Laaha, G. Hydrological Drought Severity Explained by Climate and Catchment Characteristics. J. Hydrol. 2015,

526, 3–14. [CrossRef]
3. Bruno, G.; Avanzi, F.; Gabellani, S.; Ferraris, L.; Brunner, M.I. Short to Long Streamflow Droughts: A Process-Oriented Review.

WIREs Water 2026, 13, e70060. [CrossRef]
4. Aryal, S.K.; Zheng, H.; Zhang, Y.; Faiz, M.A. Drought Propagation and Recovery Behaviors Across 407 Australian Catchments.

Earth’s Future 2024, 12, e2023EF004190. [CrossRef]
5. Apurv, T.; Cai, X. Drought Propagation in Contiguous U.S. Watersheds: A Process-Based Understanding of the Role of Climate

and Watershed Properties. Water Resour. Res. 2020, 56, e2020WR027755. [CrossRef]
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