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Abstract

Earthquakes can increase river discharge while changing the subsurface stores

that sustain subsequent low flows. Whether faster postseismic drainage necessarily

increases drought vulnerability remains unresolved at catchment scale. We combine

a transient storage–drainage model with 1,128 usable catchment–earthquake-

sequence comparisons from 335 catchments in New Zealand and Chile. The model

yields an exact condition for an initial flow increase to become a later deficit

during uninterrupted recession: integrated drainage enhancement must exceed

the logarithmic gain in accessible storage. Rapid recovery of drainage pathways

can instead accelerate recession without producing a late deficit. An ensemble

of 480,766 recharge and drought scenarios extends this distinction to delayed

drought onset. Observations do not establish a general persistent loss of catchment

memory. For Kaikōura, the best-supported exposure comparison, the strong-

minus-light shaking contrast in log recession-rate change is −0.009, with a 95%

spatial-block interval of −0.157 to 0.100. Most other sequences lack adequate

exposure overlap or spatial replication. These results distinguish an observable

recession change from the storage depletion required for earthquake-amplified

drought and identify the measurements needed to connect them.

Keywords: earthquake hydrology, catchment memory, groundwater, drought,
streamflow recession
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Earthquakes perturb the groundwater systems that sustain rivers between rainfall
events. Discharge can rise after shaking, springs can appear, and groundwater levels
can change far from a rupture[1–3]. Such responses have been attributed to poroelastic
pressure changes, enhanced permeability and the connection of previously isolated
stores[4–7]. These mechanisms have different consequences for later water availability.
An increased outlet flux may represent additional accessible water, more rapid drainage
of existing water, or both. Its sign therefore does not determine the sign of the
subsequent low-flow response.

This distinction matters because drought develops through the interaction of
meteorological deficits with antecedent storage. Long hydrological memory can buffer
a short dry spell yet prolong the consequences of repeated dry years[8–11]. Recent
analyses demonstrate the importance of antecedent drying, vertically distributed
soil-water deficits, heat and the timing of precipitation for water availability[12–15].
Groundwater storage can sustain flow while being depleted, and human withdrawals
further alter this balance[16–18]. Earthquake-related changes must be distinguished
from these concurrent processes before assigning a persistent drought legacy to shaking.

The possibility of earthquake-enhanced drought sensitivity is already supported by
site-specific research. Recession changes following the 2016 central Italian earthquakes
were interpreted as faster aquifer emptying[19]; subsequent work documented sustained
redistribution and the interaction of groundwater depletion with drought[20, 21].
Conversely, increased streamflow can occur without a changed recession constant[22, 23].
Isotope evidence from Kumamoto and South Napa shows that new water sources can
be mobilized[24, 25]. At regional scale, Maule studies established substantial immediate
discharge responses and showed that their detection depends on the observation window
and the statistical model[26, 27]. The outstanding issue is therefore a quantitative one:
which combination of added drainage, recovery and accessible storage makes a later
deficit possible, and how much of that combination can be inferred from discharge
alone?

Here we address this question with a reduced physical model and a comparative
analysis of daily observations. We use recession memory to mean the reciprocal rate
at which discharge declines under selected dry conditions. It is an operational flow-
persistence measure, distinct from water age, total groundwater storage and the
persistence of climate anomalies[28–30]. The model isolates the conditions for a reversal
from excess to deficient flow. The observational analysis tests whether persistent
recession changes distinguish strongly shaken from lightly shaken catchments, retaining
sequences with weak comparison support in the coverage assessment. We do not infer
unobserved storage or permeability changes from a recession coefficient.

Drainage enhancement is not a drought diagnosis

Let S denote mobile water storage feeding the monitored outlet, R net recharge and
Q = kS discharge, where k is an effective drainage coefficient. For an earthquake at
t = 0, consider

dS

dt
= R(t)− k(t)S, k(t) = k0

(

1 + ae−t/h
)

, Se(0) = (1 + s)S0(0). (1)
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The subscript e denotes the perturbed catchment, a ≥ 0 the fractional initial drainage
enhancement, h > 0 its recovery time, s ≥ 0 the fractional increase in accessible storage
and τ0 = 1/k0 the undisturbed drainage time. Accessible storage can increase through
connection to another reservoir without creating water. This representation abstracts
the documented diversity of earthquake-related pathways rather than resolving a fault
or aquifer geometry (Fig. 1)[31–33].

For an uninterrupted recession with R = 0, direct integration gives

log
Qe(t)

Q0(t)
= log(1 + s) + log

(

1 + ae−t/h
)

−
ah

τ0

(

1− e−t/h
)

. (2)

The first two terms increase discharge through accessible water and drainage; the third
records accumulated depletion relative to the unperturbed store. For a > 0, this log
ratio decreases strictly with time. Consequently, an initially enhanced flow crosses
below its unperturbed counterpart at one finite time if and only if

I ≡
ah

τ0
> log(1 + s). (3)

Equality gives convergence to the same flow ratio without a finite crossing. This
criterion concerns relative discharge; both absolute discharges approach zero in a
sufficiently long recession. It does not establish a practically consequential drought
deficit by itself.

The discharge recession rate is also not identical to the drainage coefficient when
pathways recover:

re(t) ≡ −
d logQe

dt
= k(t)−

k̇(t)

k(t)
= k0

(

1 + ae−t/h
)

+
ae−t/h

h
(

1 + ae−t/h
) . (4)

Thus a rapid decline of the drainage coefficient can steepen the hydrograph while
generating little integrated depletion. For a = 1, s = 0.2 and h/τ0 = 0.1, initial
discharge is 2.4 times baseline and the initial recession rate is seven times baseline,
yet the asymptotic flow ratio is 1.086: there is no later deficit. Increasing h/τ0 to 1
reduces the initial recession-rate ratio to 2.5 but produces a crossing at 0.804τ0 and an
asymptotic flow ratio of 0.441 (Table 2). Ranking these two cases by initial recession
steepness would reverse their ranking by eventual relative depletion.

Observational support is concentrated in one sequence

We screened 1,621 catchment–sequence pairs using daily discharge, precipitation and
potential evapotranspiration, obtaining 1,128 recession estimates from 335 distinct
catchments. Eighteen New Zealand earthquakes with available shaking products were
grouped into 13 sequences; Maule and Illapel added two Chilean sequences (Fig. 2;
Table 1). The data come from CAMELS-NZ and CAMELS-CL, whose common
attributes permit a consistent initial screen[34, 35]. A usable estimate required sufficient
positive-flow observations and enough dry recession days in five years before and two
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years after each sequence. The resulting population emphasizes persistently flowing,
non-snow-dominated catchments and does not represent rivers that cease flowing.

The primary shaking contrast compared peak ground velocity (PGV) of at least
10 cm s−1 with PGV of at most 2 cm s−1. Only Kaikōura and Darfield supplied at least
five usable catchments in both categories. Darfield’s eight strongly shaken catchments
occupied a single 100-km spatial block, preventing a replicated regional contrast
at that block scale. Maule supplied 33 strongly shaken catchments but only one
lightly shaken comparator; Illapel supplied only one strongly shaken catchment. These
are limits of the selected records and exposure definitions, not evidence that the
earthquakes had no hydrological effects. In particular, independently documented
immediate responses at Maule, Darfield and Kaikōura remain compatible with our
coverage assessment[26, 36, 37].

Kaikōura provided 230 recession estimates, including 32 strongly and 97 lightly
shaken catchments, with eight and 21 occupied spatial blocks, respectively. Median
changes in log recession rate were −0.115 and −0.107. Their difference was −0.009
(95% spatial-block interval −0.157 to 0.100), equivalent to a recession-rate ratio of
0.991 with an interval of 0.854–1.105 (Fig. 3). The shared slowing was much larger than
the difference between exposure categories. These data neither establish a persistent
regional acceleration nor demonstrate equivalence of the categories: effects within the
interval remain compatible with the sampling uncertainty, and localized effects may
be obscured by aggregation.

The Kaikōura contrast remained close to zero when shaking was averaged over
catchment area (−0.033), overlapping catchments were removed (−0.031), or only
catchments classified as natural were retained (0.014). Across the eight alternative
recession definitions, point estimates ranged from −0.131 to 0.069, and every spatial-
block interval included zero (Extended Data Fig. 1). Six historical dates on the same
calendar anniversary produced contrasts from −0.098 to 0.065. These overlapping
temporal comparisons are diagnostics of background variability rather than independent
null experiments.

A separate weather-conditioned analysis also failed to establish a uniform drought
penalty. For Kaikōura, the strong-minus-light contrast in mean dry-weather log-
flow residual was −0.173, with a spatial-block interval of −0.252 to 0.076, based on
31 and 96 catchments. These residuals describe departures from a pre-earthquake
weather–flow relationship, not causal earthquake effects. They can contain unmodelled
changes in water use, vegetation, rainfall measurement and hydrological state. Their
incomplete alignment with recession changes (Fig. 3d) reinforces the need to assess
flow persistence and available water separately. The long drought beginning around
Maule further illustrates the difficulty of separating concurrent forcing without suitable
comparisons[9, 38, 39].

Drought onset changes the relevant water balance

To examine timing beyond uninterrupted recession, we initialized the undisturbed store
at recharge equilibrium, maintained identical constant recharge in both systems until
a drought delay d, and then set recharge to zero for 3τ0. We calculated the ratio of
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integrated discharge during that interval. This experiment spans 480,766 combinations
of drainage enhancement, recovery time, accessible storage gain and drought delay;
none of these parameters was fitted to the catchment estimates.

For the illustrated slice with a = 0.96, h/τ0 = 1.05 and s = 0.2, an immediate
drought yields 23.9% more integrated flow, whereas onset at 1.2τ0 yields 23.6% less.
The intermediate delay allows the accessible-storage gain to dissipate while enhanced
drainage persists. Thus the most adverse timing need not be a drought beginning
immediately after the earthquake. The ensemble shows why equation (3) cannot be
applied to a later drought without tracking intervening recharge (Fig. 4). Before
drought onset, recharge can replace part of the water released by enhanced drainage.
During drought, the relevant flux depends on both the remaining storage anomaly
and the drainage coefficient at that time. The sign boundary for drought-integrated
discharge therefore changes with onset delay. Even within this linear model, an observed
postseismic recession rate is insufficient to locate a catchment relative to that boundary.
A water-volume comparison also differs from a comparison of late instantaneous flows:
excess discharge early in a dry interval can compensate for a late flow deficit in the
integrated water balance.

Implications for earthquake hydrology

The distinction between drainage, accessible storage and pathway recovery reconciles
otherwise contrasting observations. New mountain water at Kumamoto and South Napa
can sustain additional flow[24, 25, 40], whereas opening a route across a groundwater
divide can benefit one outlet while depleting another[20, 21]. Spring-discharge changes
in central Italy and Kobe demonstrate that the response can persist and differ among
neighboring outlets[41–43]. Chi-Chi observations and San Simeon hydrothermal release
likewise caution against assigning a single reservoir origin to excess flow[44–46]. Our
model expresses a common water-balance constraint across such mechanisms; its single
recovering coefficient is not a universal description of their dynamics.

The field result places a narrower constraint on the proposed earthquake–drought
connection. Persistent regional memory loss is not established in the available com-
parison, while the scarcity and spatial concentration of strongly shaken gauges limit
replication. A general claim that earthquakes shorten catchment memory would exceed
this evidence. Conversely, failure to detect a regional contrast does not exclude changes
at individual aquifers, effects during the first month, or changes in seasonally dry and
snow-dominated systems that our screen excludes. New Zealand well observations
distinguish water-level responses from changes in aquifer properties[47], and recent
evidence of lasting hydraulic changes after distant shaking shows why an exponential
recovery assumption must remain conditional[48].

Linking this framework to a specific drought requires measurements that con-
strain both sides of equation (3). Repeated recession observations constrain an
outlet response but require information about recovery to separate k from −k̇/k.
Water-level and deformation measurements can identify pressure transients[49–51];
groundwater chemistry, isotopes and temperature profiles constrain source mixing and
redistribution[52–55]. Integrated flow and groundwater models can then test whether
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connected storage increases or water is merely transferred between outlets[56–58]. This
combination is particularly important where structural permeability controls hydraulic
connections[59, 60].

Ecosystem responses provide another reason to avoid equating an outlet hydrograph
with catchment water security. Earthquakes can mobilize soil water[61, 62], alter
riparian groundwater uptake[63–65], and change forest growth and resilience[66, 67].
Vegetation disturbance and landslides can also change runoff thresholds and recovery
over longer periods[68–70]. Bedrock-mediated storage and plant demand help determine
whether additional water buffers drought or supports a demand that later becomes
unsustainable[71]. These mechanisms lie outside the reduced reservoir, but each modifies
recharge, accessible storage or losses and can therefore alter its timing boundary.

Earthquake-related water availability should consequently be evaluated over the
intended dry period and for the monitored outlet. The relevant question is whether
drainage and other losses exceed accessible storage gains and intervening recharge before
that period ends. This formulation is consistent with the broader role of groundwater
in short-term hazard buffering[72] and water-cycle resilience[73], while identifying a
specific limitation: neither an initial discharge increase nor a shorter observed recession
time is sufficient evidence of a later drought deficit.

Methods

Data, versions and hydrological screening

CAMELS-NZ version 5 provides catchment attributes and daily hydroclimatic
records[34, 74]. We obtained the daily discharge, precipitation, temperature and
potential evapotranspiration archives, catchment attributes and boundaries from the
versioned repository. Fourteen stations explicitly restricted in the provider’s readme
were excluded. Discharge at station 91103 was censored after 1 July 2016; other stated
time restrictions were applied before analysis. New Zealand discharge was converted
from m3 s−1 to mmd−1 using published upstream areas; temperature was converted
from kelvin to degrees Celsius. Date strings were parsed individually because source
files use more than one date representation. We retained the common 1980–2022
processing interval without filling missing flow values.

The Chilean collection contains 516 catchments[35, 75]. We acquired the 2022
update distributed by the camelsCL service for the 391 gauges between 27◦ and
45◦ S, using its catchment metadata and daily Qobs_mm, P_mm, Tavg_degC and PET_mm

fields. These are the service’s basin-aggregated products; alternative precipitation
columns were retained as input provenance but not used in the reported estimates.
Attributes followed the large-sample comparison approach developed for CAMELS[76].
All downloads were recorded with file hashes and source identifiers.

The static screen required catchment area of 10–10,000 km2, no dam flag, and no
snow-influence flag in New Zealand or a climatological snow fraction above 0.1 in
Chile. New Zealand gauges also required the provider’s acceptable-rating flag. An
equivalent Chilean rating-quality flag was unavailable and was not inferred from the
data. This screen retained 283 New Zealand and 199 Chilean catchments; 481 had at
least one relevant finite shaking estimate. Abstraction and ephemeral-flow flags were
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retained for sensitivity tests rather than treated as proof of unmodified or perennial
conditions. The natural-only sensitivity used the provider’s New Zealand classification.
Chilean natural status required zero dam index and an intervention index based on
allocated rights relative to flow of at most 0.1. These static descriptors cannot rule
out unrecorded changes during an event window.

Earthquake selection and shaking exposure

The initial candidate set comprised the 2010 Maule and 2015 Illapel earthquakes and the
2016 Kaikōura earthquake. The exposure audit found insufficient lightly shaken Chilean
gauges for a well-supported Maule contrast. Additional New Zealand events were
therefore sought by an outcome-independent USGS catalog query: magnitude at least
6.5, depth at most 50 km, dates 1985–2018, and coordinates 33–48◦ S and 165–180◦ E.
Of 20 catalog events, 18 had available ShakeMap grids. Events separated by at most
90 days and 200 km were grouped into sequences, yielding 13 New Zealand sequences.
Maule and Illapel remained separate. This grouping prevents large aftershocks from
being counted as independent replications; it does not make all sequences or observation
windows independent. Smaller earthquakes outside the magnitude threshold can also
affect these windows, including the 2011 Christchurch earthquake within the Darfield
post-event interval.

We used archived USGS ShakeMap Atlas grids[77], selecting products by preferred
weight and then update time and retaining their exact source URLs. Magnitudes in
Table 1 follow the selected USGS records; the Darfield value is 7.0 in these records,
although the New Zealand literature commonly reports 7.1[36]. PGV was bilinearly
interpolated at gauge coordinates. Out-of-grid values remained missing. For grouped
events, exposure was the maximum of available member-event PGV estimates at each
location. PGV is a shaking proxy, not a measurement of catchment permeability or a
claim that effects cannot occur below the thresholds. Responses to several earthquakes
at a single site and the Nisqually and Alum Rock cases demonstrate that local conditions
affect hydrological sensitivity[23, 78, 79].

The primary contrast used PGV ≥ 10 versus ≤ 2 cm s−1. We also evaluated
a 5 cm s−1 upper threshold. For the New Zealand area-exposure sensitivity, 1,024
uniformly sampled points per catchment were generated in NZTM2000 coordinates
with a fixed seed equal to the station identifier, transformed to geographic coordinates
and interpolated against the same grids. A catchment required at least 95% finite
samples. We averaged the pointwise maximum shaking across sequence members. The
non-nested sensitivity selected catchments in increasing area order, excluding any
whose intersection with a retained catchment exceeded 10% of the smaller polygon’s
area. The static New Zealand subset yielded 226 retained polygons. Geographic outlines
in Fig. 2 use public-domain Natural Earth boundaries.

State-conditioned recession estimates

Recession analysis has a long history as a means of characterizing groundwater-
supported flow[80, 81]. Its interpretation depends on recharge, flow state and the
extraction rule[28, 29]. We estimated persistent changes using a five-year pre-sequence
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interval ending 30 days before the first event and a two-year post-sequence interval
beginning 30 days after the final grouped event. The final-event exclusion was repre-
sented as a sequence-specific washout from the first event. Integer windows used 1,826
pre-event and 730 post-event days.

At least 90% of days in both intervals had to contain finite precipitation, potential
evapotranspiration and positive discharge. This condition explicitly removes many
intermittently flowing records. For a daily step ∆t = 1 d, we calculated

rt = −
logQt − logQt−1

∆t
, zt = log

(

√

QtQt−1

Qref

)

, (5)

where Qref is median positive pre-event discharge. Eligible days had precipitation
below 1mmd−1 on the current and previous three days, three consecutive positive
recession rates, current discharge between the pre-event 10th and 70th percentiles,
and 10−5 < rt < 1 d−1. The last condition removes effectively flat or extremely abrupt
declines that give unstable log rates. At least 60 eligible pre-event and 25 post-event
days were required. Missing rainfall interrupts the dry-day test.

We fitted, separately for each catchment–sequence pair,

log rt = β0 + β1zt + β2z
2
t + β3Et + β4 sin θt + β5 cos θt + δ 1post + ϵt, (6)

where Et is potential evapotranspiration, θt = 2π dayofyear/365.25, and δ is the
reported change in log recession rate. Conditioning on flow state avoids equating a shift
in the sampled discharge distribution with a change in drainage behavior. Seasonal
and evaporative terms reduce, but cannot eliminate, differences in recharge and losses.
In particular, rain-free conditions do not imply zero deep recharge. The response
is not a permeability estimate. Reference recession times were evaluated at z = 0,
median pre-event potential evapotranspiration and zero mean seasonal harmonics.
Daily ordinary-least-squares errors were not used to construct the reported regional
intervals.

Eight alternative definitions changed one choice at a time: rainfall thresholds of
0.5 or 2 mm d−1; six dry days; three or seven pre-event years; one or three post-event
years; and a 90-day initial exclusion. The longer-window variants can overlap other
earthquakes and are interpreted as robustness diagnostics, not isolated treatment effects.
Additional screens excluded gauges with abstraction or ephemeral flags or retained
only natural catchments. The primary choices were recorded before the corresponding
hydrological outcome inspection; the catalog expansion followed the exposure audit.
Further diagnostics developed during analysis are not presented as preregistered tests.

Exposure contrasts and uncertainty

For each sequence we computed the descriptive difference of category medians,

D = medianPGV≥10(δi)−medianPGV≤2(δi). (7)
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A 100-km square grid in NZTM2000 for New Zealand and UTM zone 19S for Chile
defined spatial blocks. We drew blocks with replacement and retained all catchments
within each selected block, including repeated selections. The 2.5th and 97.5th per-
centiles of 2,000 bootstrap contrasts define primary intervals[82]. Sensitivity intervals
use 500 resamples. Resamples missing either exposure category are undefined and
omitted. We report intervals only when both categories include at least five catch-
ments and occupy at least five blocks. This prevents a single cluster of strongly shaken
gauges, as at Darfield, from being presented as spatial replication. It is a pragmatic
reporting rule, not a proof of independence among blocks.

These intervals describe variation across sampled spatial blocks conditional on the
event, fitted catchment responses and grid origin. They do not propagate all daily
regression, shaking-model, rating-curve or measurement uncertainty. They are not
causal confidence intervals. Serial and spatial dependence, emphasized in work on
comparisons before and after interventions[83], also makes pooled catchment counts an
inappropriate count of independent earthquakes. No cross-sequence pooled significance
test was used.

Historical calendar-placebo dates were shifted three to eight years before each of
the five named candidate events. We repeated the recession analysis using the actual
event’s exposure categories. A catchment was removed from a placebo if another
catalogued sequence with local PGV ≥ 5 cm s−1 occurred between 30 days before
and 730 days after that date. Overlapping placebo windows remain dependent. An
exploratory matched comparison selected the nearest lightly shaken catchment with
replacement using standardized log area, elevation, aridity, log mean precipitation and
log pre-event median discharge. A Euclidean covariate distance of at most 2.5 and
geographic distance of at most 500 km were required. All 32 Kaikōura strong-exposure
catchments could be matched; the median paired difference was −0.017. Because
matching does not establish exchangeability, it was used as a diagnostic rather than
as an identified causal estimate.

Weather-conditioned low-flow analysis

We used gradient-boosted regression trees[84, 85] to characterize departures from
the pre-event weather–flow relationship. Machine learning has also been applied to
earthquake prediction[86]; our use is confined to retrospective hydrological adjustment.
To avoid temporal leakage, validation withheld the final pre-event year instead of
randomly splitting daily observations[87]. Predictors were log-transformed precipitation
sums over 1, 3, 7, 14, 30, 90, 180 and 365 days; mean temperature and potential
evapotranspiration over 7, 30 and 90 days; and annual and semiannual sine and cosine
terms. No post-event discharge or lagged discharge predictor entered the model.

The target was log[Q/(1mmd−1) + 0.01], which permits zero observations in this
separate analysis. At least 1,500 complete pre-event and 620 complete post-event
days were required, with at least 300 days in the withheld validation year. The fixed
estimator used 150 iterations, ten maximum leaf nodes, 30 minimum samples per
leaf, learning rate 0.05 and L2 regularization 5. After validation it was refitted to all
pre-event observations. The post-event window ended at day 730 inclusive. Of 1,136
pairs with an evaluable weather model, 1,093 achieved withheld-year R2 ≥ 0.3; median
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R2 across the evaluable set was 0.768 (Extended Data Fig. 2). The 0.3 threshold was
applied for the reported secondary contrasts and does not certify causal adjustment or
extrapolation skill.

Dry-weather days had a preceding 90-day precipitation sum below the pre-event 20th
percentile for the same calendar month. We averaged observed minus predicted log flow
on at least 30 such post-event days, then compared exposure-category medians using
the same spatial blocks. The metric is a conditional flow anomaly, not a standardized
drought index or a direct measure of water-supply failure. Soil-water persistence
and groundwater–surface exchange make antecedent meteorology informative but
incomplete proxies for hydrological state[88, 89]. Model bias can change under climate
nonstationarity or altered human use. No correction was inferred from post-event flow
itself.

Analytical and numerical experiments

Equation (2) follows by integrating d logS/dt = −k(t). Its time derivative is neg-
ative for a > 0, giving the unique-crossing result in equation (3). The derivation
assumes one linear, well-mixed mobile store, no recharge or other losses during
recession, an exponentially recovering drainage enhancement, and a non-negative
instantaneous accessible-storage gain. It omits altered evapotranspiration, nonlinear
or multiple reservoirs, delayed recharge and intercatchment transfers after the initial
gain. Permanent enhancement, drainage reduction and inaccessible storage loss require
different parameterizations; the criterion should not be extrapolated to them without
re-derivation.

For delayed drought, time was normalized by τ0, and baseline storage and equilib-
rium recharge were set to one. The perturbed initial storage was 1 + s. Recharge was
one until delay d and zero for the subsequent duration T = 3τ0. The outcome was

Ve/V0 =

∫ d+T

d
Qe(t) dt

∫ d+T

d
Q0(t) dt

. (8)

The parameter grid contained 41 logarithmically spaced a values from 0.05 to 4; 41
logarithmically spaced h/τ0 values from 0.05 to 10; 11 linearly spaced s values from
zero to one; and 26 delays from zero to 5τ0. These ranges probe dimensionless behavior
and are not an empirical parameter distribution. Scenario fractions therefore must not
be interpreted as earthquake-drought probabilities.

We advanced storage with a positive exponential update, holding recharge constant
within each step and evaluating k at its midpoint:

Sn+1 = Sne
−kn+1/2∆t +

Rn

kn+1/2

(

1− e−kn+1/2∆t
)

. (9)

The within-step discharge volume was obtained from mass balance, Sn −Sn+1 +Rn∆t.
A time step of 0.02τ0 placed every drought onset and end on a step boundary. The
complete sweep ran in single precision on an Apple M3 Pro GPU. At 512 deterministic
parameter-grid locations, CPU double-precision recomputation differed in volume
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ratio by at most 1.56 × 10−6; halving the step changed it by at most 4.82 × 10−4.
Independent adaptive integration of four uninterrupted-recession cases agreed with
the analytical flow ratio to within 4.47× 10−10. The zero-perturbation identity was
also checked. These are numerical consistency tests rather than field validation.

Independent catchment calculations used ten CPU processes with one numerical-
library thread per process. Array calculations, numerical integration and plotting used
established scientific Python libraries[90–92]. All random calculations used seed 1729
except station-specific area sampling. Processor acceleration changes runtime, not the
interpretation or evidential status of the simulations.

Data and code availability

The analysis inputs, experiment code and numerical results for v1.2.1 are available
on Zenodo [93] (https://doi.org/10.5281/zenodo.22930703) and on GitHub at https:
//github.com/cemildocuments/earthquake-memory.
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Table 1 Observation and exposure support by earthquake sequence.

Sequence M Screened Usable PGV ≥ 10 PGV ≤ 2

1987-03-02 6.5 148 71 1 55

1993-08-10 7.0 44 30 0 18

1994-06-18 6.8 111 71 1 46

1994-12-15 7.1 62 45 1 28

2003-08-22 7.2 56 47 1 23

2007-10-16 6.8 42 36 0 20

2007-12-20 6.6 33 26 0 15

Dusky Sound 2009 7.8 68 61 3 21

Darfield 2010 7.0 157 143 8 100

2013-07-21 6.5 88 73 1 33

2014-11-17 6.7 132 112 0 111

2016-09-02 7.0 128 112 0 109

Kaikōura 2016 7.8 264 230 32 97

Maule 2010 8.8 198 56 33 1

Illapel 2015 8.3 90 15 1 7

Screened pairs satisfy the static catchment conditions and have finite point-sampled

shaking. Usable pairs additionally pass the temporal-completeness and recession-day

requirements. PGV is in cm s−1. For grouped events, the magnitude is the largest

catalog value and the label identifies the first event date unless a common sequence

name is given. Repeated catchments and overlapping time windows are not independent

replications. Only Kaikōura has at least five occupied spatial blocks in both primary

exposure categories.

Table 2 Illustrative uninterrupted-recession scenarios.

a h/τ0 s Qe(0)/Q0(0) re(0)/k0 limQe/Q0 t∗/τ0

1.00 0.10 0.20 2.40 7.00 1.086 None

1.00 1.00 0.20 2.40 2.50 0.441 0.804

1.00 3.00 0.20 2.40 2.17 0.060 0.854

0.25 1.00 0.20 1.50 1.45 0.935 1.991

2.00 0.10 0.20 3.60 9.67 0.982 0.482

These are specified model scenarios, not fitted catchment parameters. The limit

is as t → ∞; t∗ is the unique time at which perturbed and undisturbed discharge

become equal. “None” denotes no finite crossing. Initial flow enhancement and

initial recession steepness alone do not determine the existence or magnitude of

the later relative deficit.
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Fig. 1 Drainage recovery separates recession steepness from later depletion. a, Conceptual
catchment cutaway showing a mobile water-bearing layer (blue) and a changed hydraulic connection
associated with a fault or fracture zone (orange). The geometry is schematic. b, Three quantities in
the reduced model. c, Exact discharge ratios during uninterrupted recession for a = 1 and s = 0.2,
with different recovery times. A common initial increase can lead to either a persistent relative surplus
or a later deficit. d, Asymptotic log discharge ratio; the white line is the boundary ah/τ0 = log(1 + s).
Absolute flow approaches zero on both sides of this long-recession limit. All panels describe the
conceptual model rather than field reconstructions.
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Fig. 2 Available records do not guarantee replicated earthquake contrasts. a,b, Locations
and point-sampled peak ground velocity for usable catchments following Kaikōura and Maule. c,
Usable catchment–sequence pairs by exposure category for all 15 sequences. The intermediate category
contributes to the observational description but not to the primary strong-minus-light contrast. Counts
are pairs, not independent earthquakes or distinct catchments. The archive includes 1,128 usable
pairs from 335 distinct catchments. Exposure overlap and spatial replication concentrate the principal
comparison at Kaikōura.
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Fig. 3 Kaikōura observations do not establish persistent regional memory loss. a, State-
conditioned recession-rate changes for 230 catchments; blue and orange denote the primary light
and strong exposure categories, with intermediate exposure in grey. b, Boxplots for the primary
categories show medians and interquartile ranges, with whiskers at 1.5 interquartile ranges; outliers
are omitted from this panel but retained in calculations. c, Same-calendar-date placebo contrasts three
to eight years earlier (grey) and the earthquake-date contrast (orange). Intervals are 95% spatial-block
bootstrap intervals; the shaded band marks the earthquake-date interval. Placebo windows overlap. d,
Recession changes and mean dry-weather log-flow residuals for catchments passing the weather-model
criteria. Negative residuals indicate less flow than the pre-event weather relationship predicts; they
are not uniquely attributable to the earthquake.
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Fig. 4 Drought timing and pathway recovery change the water-volume response. a,
Simulated fractional change in discharge integrated over a drought of duration 3τ0, following a period
of identical equilibrium recharge. The plotted slice has s = 0.2 and the grid value of a closest to
one (shown in the panel); the black contour marks zero change. b, Slices through the ensemble for
three recovery times; these are numerical scenario results. c, Exact initial recession-rate ratio (purple,
left axis) and asymptotic uninterrupted-recession flow ratio (teal, right axis) for a = 1 and s = 0.2.
The vertical dashed line marks h/τ0 = log(1.2); shorter recovery can produce steeper initial recession
without a late flow deficit. No scenario parameters are estimated from the observed catchments.
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Extended Data Fig. 1 Sensitivity of the Kaikōura exposure contrast. Points are differences
in median log recession-rate change between strongly and lightly shaken catchments. Horizontal bars
show 95% spatial-block intervals, based on 2,000 resamples for the primary specification and 500 for
alternatives. Counts on the right give the strong and light sample sizes. Each alternative changes one
primary choice except for the indicated sampling restrictions. The area-shaking definition averages
shaking over catchment polygons; the non-nested subset limits catchment overlap. These intervals
are conditional on the observed event and do not include every source of measurement or exposure
uncertainty.
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Extended Data Fig. 2 Predictive support for the secondary dry-weather endpoint. a,
Withheld pre-event year R2 in log flow for the five named earthquakes. The dashed line marks the
minimum retained value of 0.3. b, Post-event dry-weather-day counts among models passing that
threshold; the dashed line marks the required 30 days. Boxes show medians and interquartile ranges,
whiskers extend to 1.5 interquartile ranges and outliers are omitted from the display. Daily temporal
dependence means these day counts do not represent independent droughts. Successful validation
before an event does not establish unbiased prediction under later nonstationary conditions.
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