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Extreme weather events impose significant human and economic costs, though the annual relationships among hydroclimatic
factors associated with these events are not well understood. This study aims to quantify how hydroclimatic extremes in
precipitation, top-layer soil moisture, and air temperature are correlated with extreme land-surface runoff in Houston, Texas.
Using daily time series for the years 1980-2023 from NASA’s Western Land Data Assimilation System, the frequency and
severity of extreme events meeting or exceeding the 95th percentile of historical records were identified. In addition to the
correlations between the extreme hydroclimatic variables and extreme runoff (Pearson r and Spearman p), long-term secular
trend analysis, cross-variable relationships, and lag-1 autocorrelations were conducted. Correlation p-values were calculated
using the effective sample sizes to account for interannual persistence and separately adjusted using the Benjamini—Hochberg
false discovery rate method to account for multiple testing. The findings reveal that extreme precipitation and soil moisture
showed strong positive association with extreme runoff. Extreme heat frequency was inversely correlated with extreme runoff
frequency, though the remaining correlations between heat and runoff were not significant. Secular trend analysis showed
statistically significant increases in extreme-heat variables, whereas precipitation, soil moisture, and runoff variables exhibited
no significant long-term trends. Overall, the results indicate that changes in soil moisture and precipitation provide important
context for evaluating periods of high runoff. The findings also suggest areas for further research to better understand the
conditions associated with extreme runoff in different geographies and to inform urban stormwater management.
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Introduction Central Texas floods demonstrate the importance of examin-
ing the climatic and hydrological conditions associated with
extreme land-surface runoff, as new insights can inform lo-
cal risk assessments and help vulnerable regions, like those in
Texas, prepare for future extreme events. While many climate
factors related to Earth’s hydrological cycle have been linked
to land-surface runoff, their annual relationships with runoff
dynamics remain difficult to quantify 2.

This study examines the correlations among extreme tem-
perature, precipitation, soil moisture, and extreme land-
surface runoff in the Houston area of Texas. Houston is an

Extreme weather events have caused tremendous human and
financial losses in the United States. Between 1980 and 2024,
extreme weather events in the United States resulted in over
16,000 deaths and more than $2.9 trillion in damagesl. In
2017, severe storms, flooding, and wildfires led to over $305
billion in losses, setting a record as the costliest year for
climate-related disasters in United States history; these effects
are projected to compound further over the next 10 years 3.
Extreme hydrological (water-related) events have become an

especially dangerous threat in the Southern United States. On
July 4, 2025, exceptionally heavy rainfall across the upper
Guadalupe River basin produced catastrophic flooding in Cen-
tral Texas that killed at least 135 people, including 27 campers
and staff members at Camp Mystic*.

This study aims to investigate a critical hydrological pro-
cess: land-surface runoff. Land-surface runoff, as it is used
in this study, refers to the combined amount of modeled sur-
face and subsurface water fluxes. Events like the July 2025
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important site for examining runoff dynamics because it com-
bines a very flat plain setting, bayou-based drainage (streams
used as stormwater channels), and a humid climate that pro-
duces frequent heavy rainfall and tropical storms®3. These
conditions are important because Houston also has aging in-
frastructure, extensive urban development, and widespread
impervious surfaces, factors which increase the amount of
rainfall converted to runoff and make the city especially vul-
nerable to its many intense storms>¢-3-11,

The climate data for this study span from 1980 through
2023 and are divided into two types of variables: (1) the fre-
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quency (the number of extreme days in a given year) and (2)
the severity of an event (the average result on each extreme
day in a given year), to capture two distinct dimensions of
extreme weather. The analysis examines how the frequency
and severity of extreme temperature, extreme precipitation,
and extreme soil moisture days correlate with the frequency
and severity of extreme runoff events. The rationale for this
project is to clarify how land and atmospheric processes relate
to extreme land-surface runoff, and to provide important in-
sights into local watershed characteristics and runoff risk at an
urban location in the Houston area.

Previous research has identified soil moisture as a key factor
associated with surface runoff, as it influences the amount of
storage available before incoming precipitation is converted to
runoff'>13. When soil moisture is higher, there is less unsat-
urated soil to store rainfall, increasing the likelihood that pre-
cipitation will lead to runoff '3 In contrast, dry soil requires
longer or more intense storms to produce extreme runoff, since
there is a greater volume of unsaturated soil beforehand '314.

Precipitation is the primary source of water for runoff
events for an area like Houston, though its relationship to
runoff also relies heavily on antecedent wetness: precipita-
tion on wetter soil will exceed available storage capacity more
quickly >16. Rainfall intensity also plays a role in this pro-
cess, since more intense storms can rapidly overwhelm soil
infiltration thresholds !°.

Temperature further influences runoff by altering soil mois-
ture, as warmer conditions may accelerate evapotranspiration
and soil drying before rainfall. This can potentially increase
the amount of unsaturated soil and, in turn, reduce runoff. This
relationship between temperature and runoff is highly context-
dependent, however, because temperature can also alter other
hydrological processes that affect runoff response!”. This re-
ality makes temperature a complicated but important factor to
analyze.

Based on this previous literature, I hypothesize that ex-
treme precipitation and extreme soil moisture will positively
correlate with both extreme runoff frequency and severity, as
more saturated soil has limited remaining storage capacity,
and intense rainfall can exceed infiltration capacity, generating
rapid runoff. I also hypothesize that extreme heat will nega-
tively correlate with the extreme runoff variables: higher tem-
peratures can increase evaporative demand, which decreases
soil moisture and raises the precipitation required to produce
runoff.

Methods

Research Design

This study is observational, using correlations and statistical
analysis to evaluate the relationships between extreme climate

variables and extreme land-surface runoff. The independent
variables in this study are the frequency and severity of pre-
cipitation, temperature, and soil moisture. The dependent vari-
ables are the frequency and severity of extreme runoff events.
As stated earlier, the frequency of an event was defined as
the number of extreme days in a given year, and the severity
was defined as the average result across each extreme day in a
given year. Annual aggregation of the data was used to avoid
intra-year seasonality. Extreme events were defined as events
meeting or exceeding the 95th percentile of historical data for
each variable. Percentile thresholds, including the 95th per-
centile, are commonly used to define extreme weather events,
with studies often using values between the 90th and 99th per-
centiles '820, In this study, the 95th percentile threshold is
used as a middle ground that captures relatively rare and high-
magnitude events while also ensuring there are enough data
points for a robust statistical analysis. As a sensitivity analy-
sis, all correlations in Table 1 were also evaluated using 90th
and 99th percentile thresholds. While individual correlation
coefficients and p-values varied modestly, the overall patterns
remained consistent, indicating that this study’s findings were
not dependent on the specific percentile threshold used (results
not shown here).

Data Collection

All data for the hydroclimatic and runoff variables were
gathered from NASA’s Western Land Data Assimilation
System (WLDAS) Noah-MP 3.6 Land Surface Model
Level 4 Daily 0.01° x 0.01° dataset, Version D1.0 (WL-
DAS_NOAHMPO0O01_DA1_D1.0). WLDAS provides modeled
land-surface variables generated with the Noah-MP land-
surface model on a 0.01° x 0.01° grid. Houston was repre-
sented by one WLDAS grid cell centered at 29.75° N, 95.25°
W in the area of east Houston. This cell was chosen as a rep-
resentative area of the city. Daily data from January 1, 1980,
through December 31, 2023, were retrieved through NASA’s
Goddard Earth Sciences Data and Information Services Cen-
ter (GES DISC) web interface. Daily values at this location
were extracted directly without any spatial averaging.

The variables used in the study include 2-m air temperature
(Tair_f_tavg), precipitation flux (Rainf_f_tavg), top-layer volu-
metric soil moisture at 0—10 cm (SoilMo0i00_10cm_tavg), sur-
face runoff (Qs_tavg), and subsurface runoff (Qsb_tavg). All
five variables were daily mean values. Tair_f_tavg was con-
verted from Kelvin to degrees Celsius by subtracting 273.15.
Rainf_f_tavg, Qs_tavg, and Qsb_tavg were provided as rates in
kg m~2 s~! and converted to mm day~! by multiplying by
86,400 seconds per day, using the equivalence of 1 kg m~2
= 1 mm of water. Daily total runoff (Runoff mm_day) was
calculated by summing the converted surface and subsurface
runoff values. Soil moisture remained in its provided units
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of m3 m~3. Although the data were checked for fill values,
no missing or invalid values were present in the utilized daily
time series.

Procedure

The subsequent steps involved using the Python programming
language and JupyterLab for data analysis and visualization. I
used Python for data analysis due to its efficiency in handling
large datasets. JupyterLab was an ideal platform for running
the code due to its data visualization and organizational capa-
bilities.

To analyze climate extremes, the NumPy percentile func-
tion was first used to identify the days when each climate vari-
able (soil moisture, precipitation, temperature, and runoff) met
or exceeded the 95th percentile of records for that variable.
Days with a result of zero were excluded from the runoff and
precipitation calculations, since including them would heavily
dilute the 95th percentile cutoffs for these events. Then, loop-
ing through each year in the time series, all the days that met
or exceeded the percentile threshold were averaged out, and
the NumPy size function was employed to store the number
of extreme days each year. These steps allowed me to quan-
tify the annual frequency and severity of each extreme climate
event.

To evaluate the relationships between the hydroclimatic
variables and extreme runoff, both linear and monotonic
correlations were conducted using Python (specifically with
scipy.stats and statsmodels). For each of the 12 variable pairs,
Pearson’s correlation coefficient () was calculated to mea-
sure the strength and direction of linear relationships, while
Spearman’s rank correlation coefficient (p) was used to as-
sess monotonic and potentially non-linear relationships. To
account for potential annual persistence across the time se-
ries, I calculated pair-specific one-year lag autocorrelation co-
efficients (lag-1 ) for each hydroclimatic and runoff vari-
able over the 1980-2023 period. Since autocorrelations like
these can decrease the number of independent annual obser-
vations, pair-specific effective sample sizes (Negf) were esti-
mated for each hydroclimatic and runoff variable correlation
using the Dawdy—Matalas method. The p-values for the 12
Pearson and 12 Spearman correlations were calculated using
the effective sample sizes to account for interannual persis-
tence. The resulting p-values were also separately adjusted us-
ing the Benjamini—-Hochberg (BH) false discovery rate (FDR)
method to account for multiple testing. Significance was de-
termined at a threshold of p,q; < 0.05. Frequency variables
among the extreme events cover the full 44-year study period
(N = 44), while nominal sample sizes for severity variables
vary (N = 39-44) because years with zero extreme days were
excluded from severity calculations to avoid skewing the an-
nual data points.

To gain insight into potential associations between the hy-
droclimatic events, I calculated a Pearson correlation matrix
(r) across all extreme heat, precipitation, and soil moisture
variables. Because these associations were contextual and not
the focus of the study, I did not test for statistical significance.

To test for long-term secular trends that could have affected
the runoff correlations, I conducted Pearson correlations (r)
for each annual hydroclimatic and runoff variable against
time (1980-2023). To account for multiple testing across the
trends, p-values were adjusted using the Benjamini—-Hochberg
(BH) false discovery rate (FDR) method; statistical signifi-
cance was evaluated at a threshold of p,q; < 0.05.

Results

The primary results of the study are shown in Table 1. Af-
ter Negr and Benjamini—-Hochberg (BH) adjustment, 9 of the
12 relationships were statistically significant in at least one
correlation test, and 8 were significant in both Pearson and
Spearman analyses (Table 1). All the combinations of ex-
treme soil moisture and extreme runoff variables were posi-
tively correlated and showed significance in both tests. The
extreme precipitation and extreme runoff variables were also
positively correlated and significant in both tests, with the ex-
ception of extreme precipitation severity and extreme runoff
frequency, where the correlation was only significant in the
Pearson test (r = 0.44, paq; = 0.012; p = 0.33, paqj = 0.071).
The strongest relationships appeared between extreme pre-
cipitation frequency and extreme runoff frequency (r = 0.91,
p = 0.89) and between extreme precipitation severity and
extreme runoff severity (r = 0.90, p = 0.91). Among the
extreme heat variables, extreme heat frequency was nega-
tively correlated with extreme runoff frequency (r = —0.59,
Padj < 0.001; p = —0.69, p,g; < 0.001). Correlations for
the remaining combinations of heat and runoff variables (heat
frequency—runoff severity, heat severity—runoff frequency, and
heat severity—runoff severity) were not statistically significant
in either test.

The assessment of interannual persistence across the time
series revealed varying lag-1 autocorrelation coefficients for
the hydroclimatic and runoff variables (Table 2). Variables
in correlation pairs that used all 44 years showed the fol-
lowing results: extreme runoff frequency r; = 0.36, extreme
runoff severity r; = 0.46, extreme precipitation frequency
r1 = 0.33, extreme precipitation severity r; = 0.33, extreme
heat frequency r; = 0.31, and extreme soil moisture frequency
ri = 0.18. Autocorrelation coefficients varied for pairs with
nominal sample sizes below 44 because years with no sever-
ity values were excluded. Across the 12 pairs, N values
ranged from 32.45 for the correlation between extreme precip-
itation frequency and extreme runoff severity to 41.00 for the
correlation between soil moisture severity and runoff severity.

© The National High School Journal of Science 2026

NHSJS Reports |3



Table 1 Pearson (r) and Spearman (p) correlation coefficients between the hydroclimatic and extreme runoff variables. The p-values (p,gj)
were adjusted for temporal persistence using pair-specific Dawdy—Matalas effective sample sizes (Negf, reported in Table 2) and for false
discovery rate using the Benjamini—-Hochberg (BH) method. Nominal sample size (V) provided.

Climate Variable

Runoff Variable

Extreme Heat Frequency (Days)

Extreme Heat Severity (°C)

Extreme Precipitation Frequency (Days)

Extreme Precipitation Severity (mm/day)

Extreme Soil Moisture Frequency (Days)

Extreme Soil Moisture Severity (m3/m?)

Extreme Runoff Frequency (Days)
Extreme Runoff Severity (mm/day)

Extreme Runoff Frequency (Days)
Extreme Runoff Severity (mm/day)

Extreme Runoff Frequency (Days)
Extreme Runoff Severity (mm/day)

Extreme Runoff Frequency (Days)
Extreme Runoff Severity (mm/day)

Extreme Runoff Frequency (Days)
Extreme Runoff Severity (mm/day)

Extreme Runoff Frequency (Days)
Extreme Runoff Severity (mm/day)

Pearson Spearman
Significance .
r Padj P Padj (Pagj < 0.05) Nominal N
—-0.59  <0.001 —-0.69  <0.001 Both 44
—0.12 0552  —0.05 0.857 Neither 44
—0.33 0.058 —0.31 0.082 Neither 39
—0.08 0.632  <0.01 0.962 Neither 39
0.91 <0.001 0.89  <0.001 Both 44
0.65 <0.001 0.63 <0.001 Both 44
0.44 0.012 0.33 0.071 Pearson only 44
090  <0.001 0.91 <0.001 Both 44
0.82  <0.001 0.84  <0.001 Both 44
0.47 0.004 0.55 <0.001 Both 44
0.50 0.002 0.37 0.024 Both 41
0.64  <0.001 0.57 <0.001 Both 41

The smallest N.gr values appeared in pairs involving extreme
runoff severity and other hydroclimatic variables with positive
autocorrelation coefficients. Pairs with extreme soil moisture
severity had N values capped at their nominal sample sizes
of 41 because soil moisture severity displayed a negative lag-1
autocorrelation (r; = —0.12).

The contextual analysis of intervariable correlations among
hydroclimatic events revealed potential relationships between
specific variables (Table 3). Extreme heat frequency, for ex-
ample, exhibited moderate inverse relationships with extreme
precipitation frequency (r = —0.47) and extreme soil moisture
frequency (r = —0.49). Extreme heat severity also showed an
inverse relationship with the frequency of extreme soil mois-
ture (r = —0.24). Furthermore, multiple wet extremes ap-
peared to be strongly coupled. A key example of this is ex-
treme precipitation frequency, which exhibited strong corre-
lation with extreme soil moisture frequency (» = 0.83) and a
moderate association with soil moisture severity (r = 0.47).
Overall, across the two categories of hydroclimatic extremes
(wet and thermal), each variable correlated positively with
other variables of the same type (wet versus thermal), but gen-
erally showed inverse relationships with variables from the
other category. These correlations were not tested for signifi-
cance, so they are interpreted qualitatively.

Linear secular trend analyses across the time series re-
vealed statistically significant long-term increases for extreme
heat frequency (r = 0.52, p,qgj = 0.002, Significant = TRUE,
N = 44) and severity (r = 0.50, p,q; = 0.005, Significant =
TRUE, N = 39) after false discovery rate (FDR) correction
(Table 4). In contrast, long-term trends for extreme runoff, ex-

treme precipitation, and extreme soil moisture variables were
not statistically significant.

Discussion

The primary goal of this research was to quantify the rela-
tionships between key annual extreme hydroclimatic variables
(precipitation, temperature, and soil moisture) and annual ex-
treme runoff in Houston, Texas, to gain insights into extreme
weather events in this city. Across the 1980-2023 time series,
extreme runoff frequency and severity were strongly and posi-
tively associated with extreme precipitation and soil moisture.
Extreme heat frequency negatively correlated with extreme
runoff frequency, but the remaining correlations between heat
and runoff were not statistically significant. The overall sim-
ilarities between Pearson (r) and Spearman (p) correlation
coefficients indicate that most of the observed relationships
showed linear and monotonic patterns.

Extreme Precipitation

The precipitation findings strongly support the hypothesis that
extreme precipitation is associated with both the frequency
and severity of extreme runoff events. The especially strong
correlation between extreme precipitation frequency and ex-
treme runoff frequency (r = 0.91, p = 0.89) indicates that
years with more days exceeding the extreme precipitation
threshold tended to contain more days exceeding the extreme
runoff threshold. Similarly, the close relationship between ex-
treme precipitation severity and extreme runoff severity (r =
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Table 2 Pair-specific lag-1 autocorrelation coefficients, nominal sample sizes (N), and Dawdy—Matalas effective sample sizes (Nefr) for each

hydroclimatic and runoff variable correlation (1980-2023).

Lag-1 Pearson r

Climate Variable Runoff Variable Climate variable Runoff variable Nominal N Dawdy-Matalas N
Extreme Heat Frequency Extreme Runoff Frequency 0.31 0.36 44 35.20
Extreme Runoff Severity 0.31 0.46 44 33.08
Extreme Heat Severity Extreme Runoff Frequency 0.12 0.29 39 36.43
Extreme Runoff Severity 0.12 0.51 39 34.62
Extreme Precipitation Frequency Extreme Runoff Frequency 0.33 0.36 44 34.67
Extreme Runoff Severity 0.33 0.46 44 32.45
Extreme Precipitation Severity Extreme Runoff Frequency 0.33 0.36 44 34.69
Extreme Runoff Severity 0.33 0.46 44 32.47
Extreme Soil Moisture Frequency Extreme Runoff Frequency 0.18 0.36 44 38.71
Extreme Runoff Severity 0.18 0.46 44 37.36
Extreme Soil Moisture Severity Extreme Runoff Frequency —0.12 0.19 41 41.00
Extreme Runoff Severity —0.12 0.34 41 41.00

Table 3 Inter-variable correlation matrix showing Pearson r values among extreme heat, precipitation, and soil moisture variables. Values are
descriptive and presented for context; no significance testing was performed. N = 39-44.

Extreme Extreme Extreme Extreme Extreme Extreme
Heat Heat Precipitation Precipitation Soil Moisture Soil Moisture
Frequency Severity Frequency Severity Frequency Severity
Variable (Days) (°C) (Days) (mm/day) (Days) (m3/m3)
Extreme Heat Frequency (Days) 1 0.77 —-0.47 —0.09 —0.49 —0.10
Extreme Heat Severity (°C) 0.77 1 —0.21 —-0.12 —-0.24 —0.13
Extreme Precipitation Frequency (Days) —0.47 —0.21 1 0.41 0.83 0.47
Extreme Precipitation Severity (mm/day) —0.09 —0.12 0.41 1 0.29 0.63
Extreme Soil Moisture Frequency (Days) —0.49 —0.24 0.83 0.29 1 0.25
Extreme Soil Moisture Severity (m3/m?) —0.10 —0.13 0.47 0.63 0.25 1

0.90, p = 0.91) indicates that years with more intense precip-
itation extremes tended to experience more intense extreme
runoff events.

These findings are consistent with precipitation being the
primary source of runoff water. Runoff occurs when rainfall
exceeds the storage of a land-surface system, meaning that
the magnitude and frequency of precipitation influence how
quickly soil storage capacity is overwhelmed and how much
runoff is generated 1>1%. Research also indicates that the re-
lationship between rainfall and runoff differs across hydro-
climatic settings and event characteristics !>, During more
severe events, rainfall can drive significant runoff and flood-
ing!”. The results of this study align with those findings,
displaying strong positive precipitation—runoff correlations for
both frequency and severity variables.

It is also worth noting the distinction in this study’s results
between extreme precipitation frequency and severity. Pre-
cipitation frequency was most strongly correlated with runoff

frequency, while precipitation severity was most strongly cor-
related with runoff severity. These dynamics suggest that pre-
cipitation frequency and severity correspond with different di-
mensions of extreme runoff, demonstrating an important con-
cept for future analysis of the annual relationship between pre-
cipitation and runoff.

Extreme Soil Moisture

The soil moisture results also support the study’s hypothesis.
Notably, extreme soil moisture frequency was strongly associ-
ated with extreme runoff frequency (r = 0.82, p = 0.84), and
extreme soil moisture severity was strongly associated with
extreme runoff severity (r = 0.64, p = 0.57). These results
indicate that years with higher soil moisture extremes tend to
have more frequent and severe extreme runoff events.

This pattern is consistent with the role of soil moisture in
runoff generation. When soil is wet, there is less unsatu-
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Table 4 Assessment of long-term secular trends (1980-2023) of
annual hydroclimatic and runoff variables. Includes Pearson
correlation coefficients (r), p-values adjusted for false discovery rate
(FDR) using the Benjamini—Hochberg (BH) method (p,g;), trend
significance (BH < 0.05), and sample sizes (N).

Pearson Pearsonp Significant

Variable r (BHAdj) (BH<0.05) N
Extreme Runoff Frequency (Days) —0.15 0.382 No 44
Extreme Runoff Severity (mm/day) 0.26 0.151 No 44
Extreme Heat Frequency (Days) 0.52 0.002 Yes 44
Extreme Heat Severity (°C) 0.50 0.005 Yes 39
Extreme Precipitation Frequency (Days) —0.06 0.699 No 44
Extreme Precipitation Severity (mm/day) 0.28 0.142 No 44
Extreme Soil Moisture Frequency (Days) —0.23 0.186 No 44
Extreme Soil Moisture Severity (m3/m?) 0.30 0.142 No 41

rated soil to soak up new rainfall, increasing the potential for
runoff >~14, Studies have also shown that soil moisture can
affect runoff efficiency and the timing of runoff response, al-
though these relationships are dependent on storm and soil
characteristics 1*!13. Overall, the results support prior research
in affirming that runoff is associated not only with water input
from the atmosphere but also with the amount of water already
stored in the soil '314,

Table 3 supports this interpretation. Extreme precipitation
frequency was strongly associated with extreme soil mois-
ture frequency (r = 0.83), and extreme precipitation severity
was positively associated with extreme soil moisture severity
(r =0.63). These correlations suggest that years with more
frequent and severe precipitation extremes may be more likely
to have wetter soils. This coupling is relevant, given that both
extreme precipitation and extreme soil moisture were strongly
and positively correlated with extreme runoff; it suggests that
extreme runoff may be most likely to occur in a very wet en-
vironment created by a combination of these events.

The strong association between precipitation and soil mois-
ture also means that these two hydroclimatic conditions should
not be viewed as fully independent. More likely, their rela-
tionships partially reflect the interconnectivity of the hydro-
logical cycle, where precipitation can increase soil moisture
and generate runoff, while soil moisture can affect how effi-
ciently later precipitation is converted into runoff'>!3. Given
this association, the correlations in this study cannot determine
the independent relationships that soil moisture and precipita-
tion have with runoff. Instead, they show that both events are
meaningful indicators of years with more frequent and severe
extreme runoff.

Extreme Heat

The results for extreme heat partially support the original hy-
pothesis. Extreme heat frequency was strongly and nega-
tively correlated with extreme runoff frequency (r = —0.59,
p = —0.69), suggesting that years with more extreme heat
days tended to have fewer extreme runoff days. The other
three extreme heat—runoff pairs were not statistically signifi-
cant in either analysis.

One possible interpretation for the direction of the correla-
tion between extreme heat frequency and extreme runoff fre-
quency is that more heat may increase evapotranspirative de-
mand and contribute to drier surface and subsurface condi-
tions, leaving more soil storage available when precipitation
occurs?®. The fact that extreme heat variables (particularly
heat frequency) were negatively associated with extreme soil
moisture and precipitation (Table 3) supports this idea. This is
likely not the only phenomenon at play, however, as temper-
ature can affect evapotranspiration, vegetation activity, atmo-
spheric moisture, and precipitation processes simultaneously,
making the direction of temperature—runoff correlations heav-
ily context-dependent!”?*. Accounting for these additional
factors and their relationships with annual temperature and
runoff was beyond the scope of this study.

The absence of significant correlations in three of the ex-
treme heat—extreme runoff pairs may also be meaningful. Ex-
treme heat may be more closely associated with runoff fre-
quency than with runoff severity because once precipitation
and soil moisture exceed high thresholds, those wet conditions
may be more important than temperature in runoff severity.
This interpretation is consistent with previous studies, which
have found that the relative impact of precipitation, soil mois-
ture, and temperature on runoff varies with hydroclimatic con-
text 1617,

Persistence and Long-Term Trends

The pair-specific autocorrelation analysis indicates that mul-
tiple annual variables were not fully independent from year
to year. In correlation pairs that used all 44 years, vari-
ables showed the following results: extreme runoff frequency
ri = 0.36, extreme runoff severity r; = 0.46, extreme pre-
cipitation frequency r; = 0.33, extreme precipitation sever-
ity r; = 0.33, extreme heat frequency r; = 0.31, and extreme
soil moisture frequency r; = 0.18. This interannual persis-
tence resulted in pair-specific Dawdy—Matalas effective sam-
ple sizes (Negr) ranging from 32.45 to 41.00 (Table 2). While
accounting for autocorrelation slightly reduced the number of
independent observations, it only changed the statistical sig-
nificance of one relationship in the study: the Spearman cor-
relation between extreme precipitation severity and extreme
runoff frequency was no longer significant after adjusting for
Ner and multiple testing.
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Secular trend analysis reveals that both extreme heat fre-
quency (r = 0.52, p,gj = 0.002) and extreme heat severity
(r = 0.50, paqj = 0.005) increased significantly from 1980 to
2023 (Table 4). None of the other precipitation, soil mois-
ture, or runoff variables showed significant linear trends over
time after false discovery rate (FDR) adjustment. This mis-
match in long-term trends between annual extreme heat and
annual extreme runoff in Houston highlights the complex re-
lationship of these variables, as an increase in temperature is
not always linked to a proportional decrease in runoff. Instead,
this study’s results suggest that soil conditions, storm charac-
teristics, and other hydrological conditions seem to be more
tied to annual extreme runoff.

Implications

This 44-year analysis highlights the distinct relationships be-
tween certain extreme hydroclimatic variables and annual ex-
treme runoff in Houston, Texas. By distinguishing the fre-
quency from the severity of extreme events, the results indi-
cate that (a) precipitation frequency correlated most strongly
with runoff frequency, (b) precipitation severity aligned most
strongly with runoff severity, and (c) soil moisture was posi-
tively associated with both dimensions of extreme runoff. The
analysis also showed that temperature had a different rela-
tionship with extreme runoff than the wet hydroclimatic vari-
ables: extreme heat frequency was negatively correlated with
extreme runoff frequency, while extreme heat severity showed
no significant correlation with extreme runoff frequency or
severity.

In practice, the findings indicate that assessments of ex-
treme runoff conditions in Houston should account for both
precipitation and soil moisture in their modeling. More specif-
ically, the strong precipitation—soil moisture coupling and the
positive correlation of each of these variables with extreme
runoff suggest that trends in wet conditions can provide impor-
tant context for evaluating the likelihood of high-runoff years.
Extreme temperatures may also prove helpful in these evalua-
tions, though the fact that only one of four extreme heat—runoff
correlation pairs was significant suggests that more research
is needed to better understand this relationship. Additionally,
because land-surface runoff can contribute to flooding when
local storage and drainage capacity are exceeded, these find-
ings may provide helpful context for local annual flood-risk
assessments in parts of Houston?.

Limitations and Recommendations

Precipitation, soil moisture, and runoff are physically linked
and are inherently part of the same hydrological system '%6.
For example, Table 3 illustrates that extreme precipitation fre-
quency and extreme soil moisture frequency had a strong po-

tential correlation (r = 0.83). The analyses in this study were
unable to fully separate the individual associations of precipi-
tation and soil moisture with extreme runoff. In addition, mul-
tiple variables exhibited lag-1 autocorrelations, which reduced
the effective number of independent annual observations in
the 44-year series. Future research could address these limi-
tations by incorporating new methods that evaluate hydrocli-
matic variables independently while also accounting for tem-
poral persistence to maintain a sufficient sample size.

Furthermore, both the frequency and severity of extreme
heat showed statistically significant increases over the time se-
ries. Even though trend analysis found no statistically signif-
icant long-term changes in extreme precipitation, soil mois-
ture, or runoff, the trends of increasing heat may still in-
fluence the hydroclimatic conditions associated with extreme
runoff. Fully separating long-term change from year-to-year
variability was beyond the scope of this study, though future
research could address whether long-term changes in tempera-
ture, precipitation, and soil moisture independently contribute
to changes in annual extreme runoff.

In addition, this study analyzed a ~1 km? grid cell in the
Houston urban area. The results, therefore, may not be appli-
cable in locations with different climates, soil, topography, or
hydrologic characteristics. Future studies should compare the
observed runoff relationships with other areas of Houston and
other urban environments around the world.

Finally, extreme events were identified using daily WLDAS
data, which may have led to multi-day storms being counted
as separate extremes and the exclusion of flash runoff events
that only occurred for a few hours. Additionally, this analy-
sis did not account for changes in Houston’s urban land cover,
impervious surfaces, drainage capacity, or other stormwater
management infrastructure over the study period. These fac-
tors can affect infiltration, runoff pathways, and the overall ac-
cumulation of water during storms and therefore may have in-
fluenced the observed associations between hydroclimatic ex-
tremes and runoff?>?’. Future research could analyze event-
based extremes with a multivariable approach incorporating
land cover trends, imperviousness, and stormwater infrastruc-
ture data to gain a more comprehensive perspective on factors
associated with runoff in Houston.

Closing Thought

It is essential to continue conducting studies like this one, as
anthropogenic (human-induced) climate change is projected
to increase the danger of extreme runoff and other extreme
weather events>?8. Improving understanding of the hydrocli-
matic and surface processes associated with runoff can help
identify high-risk periods, inform hydrological modeling, and
lead the way for more resilient urban stormwater management
infrastructure -3,
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