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More Rain, More Extremes, More Complexity for Water Management
• Annual precipitation is increasing across the Mid-

Atlantic, suggesting greater overall water supply.
• But annual totals mask growing variability. More rain 

is falling in fewer, larger events. Longer dry spells.
• Rapid drought → flood or flood → drought transitions

shorten decision windows for reservoir operations, 
storage management, and water-quality protection.

• Changing seasonal streamflow patterns may lead to 
an abundance of flow during winter+spring yet 
worsening deficits during summer+fall.

• Allocating water reliably requires attention to 
sub-seasonal changes and rapid transitions between 
hydrologic extremes.

This information is preliminary or provisional and is subject to revision. It is being provided to meet the need for timely best science. The 
information has not received final approval by the U.S. Geological Survey (USGS) and is provided on the condition that neither the USGS 
nor the U.S. Government shall be held liable for any damages resulting from the authorized or unauthorized use of the information.

State of Emergency declared after heavy rains cause 
flooding in Western Maryland | WBAL Baltimore News

As World Warms, Droughts Come On Faster, Study Finds - 
The New York Times

https://www.wbal.com/gov-moore-declares-state-of-emergency-after-western-maryland-flooding
https://www.wbal.com/gov-moore-declares-state-of-emergency-after-western-maryland-flooding
https://www.nytimes.com/2023/04/13/climate/flash-drought-warming.html
https://www.nytimes.com/2023/04/13/climate/flash-drought-warming.html
https://www.nytimes.com/2023/04/13/climate/flash-drought-warming.html


Hydrological whiplash 
• Sub-seasonal transitions between 

hydrological extremes. 
• Transitions between flood and droughts 

OR droughts and floods that happen over 
less than 90 days. 

• Rapid transitions might be defined as 
happening quicker than 30 days.

Hydrological intensification 
• Increase in the rates of precipitation and 

evapotranspiration.
• Faster and more intense movement of 

water between the atmosphere, land, and 
other reservoirs.

• Fewer, bigger storms with longer dry 
periods between.

Hydrological extremes = floods and droughts

Hydrological extreme transitions = transitions between 
these events

Hydrological whiplash = transitions occurring in <90 days

Facing California’s Future of Flooding 
and Droughts - The New York Times

Th
e 

W
at

er
 C

yc
le

 | 
U

.S
. G

eo
lo

gi
ca

l S
ur

ve
y

Hydrological intensification and hydrological whiplash

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

https://www.nytimes.com/2023/05/31/magazine/california-floods-droughts.html
https://www.nytimes.com/2023/05/31/magazine/california-floods-droughts.html
https://www.nytimes.com/2023/05/31/magazine/california-floods-droughts.html
https://www.nytimes.com/2023/05/31/magazine/california-floods-droughts.html
https://www.usgs.gov/media/images/water-cycle-png


• Drought event: Streamflow stays 
below the 10th percentile of flow 
for that time of year for >15 days.

• Flood event: Streamflow 
exceeds a static 99th percentile.

• Drought-to-Flood (DtF): A 
drought followed by a flood.

• Flood-to-Drought (FtD): A flood 
followed by a drought.

• Transition time: Number of days 
between the end of one extreme 
and the start of the next.

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Hydrological intensification and hydrological whiplash

Drought-to-Flood

Flood threshold

Drought threshold



Example whiplash events on the Potomac

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Red line highlights 
drought-to-flood + 
flood-to-drought 
transitions 
occurring over  
<30 days 



Questions:

1. Does streamflow variability increase in the future?

2. How do future whiplash events and extreme event 
frequency compare to what we’ve seen in recent 
decades?

3. How do water supply reliability and vulnerability 
change in the future?

4. What might this mean for water supply in the 
basin?

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Raging water at Great Falls - The Washington Post

Prettyboy Reservoir, MD DNR, 2002. Outside of PRB.

https://www.washingtonpost.com/news/capital-weather-gang/wp/2018/05/21/raging-water-at-great-falls-flooding-at-the-tidal-basin-after-last-weeks-deluge/
https://www.washingtonpost.com/news/capital-weather-gang/wp/2018/05/21/raging-water-at-great-falls-flooding-at-the-tidal-basin-after-last-weeks-deluge/
https://www.washingtonpost.com/news/capital-weather-gang/wp/2018/05/21/raging-water-at-great-falls-flooding-at-the-tidal-basin-after-last-weeks-deluge/


Indicators of streamflow variability

• Richards Baker Flashiness Index 
(RBI):   
• How jumpy flow is day-to-day 

streamflow; high = flashy, low = 
smooth.

• Flow duration curve (FDC) 
midslope:
• Steepness of the flow-duration 

curve; steeper = more quickflow, 
less baseflow, quicker change from 
high to low flow.

Preliminary Information-Subject to Revision. Not for Citation or Distribution.



Approximating water supply reliability and vulnerability

• Reliability — Fraction of days flow stays above a threshold, here a moderate drought threshold of 20%.

• Vulnerability — Average shortfall below the threshold on failure days (mm/day or m3/s).

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Year 1: rel. = 0.85, vul. = 30 m3/s Year 2: rel. = 0.4, vul. = 90 m3/s 



Streamflow projections used

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Iterations explored
7 global climate models (GCMs) 

2 Hydrologic models:  PRMS and VIC5

Periods: historical (<2020), early (2020–49), near (2050–79), far (2080–2100)

4 Shared Socioeconomic Pathways (SSPs):

SSP1-2.6 — "Sustainability" (low). Net-zero CO₂ around mid-to-late century.  
~1.5–2 °C by 2100. 

SSP2-4.5 — "Middle of the road" (medium). Emissions decline, not to net zero. 
~2.5–3 °C by 2100.

SSP3-7.0 — "Regional rivalry" (high). Emissions roughly double by 2100. ~4 °C by 
2100.

SSP5-8.5 — "Fossil-fueled development" (very high). ~4–5 °C by 2100.



Preliminary Information-Subject to Revision. Not for Citation or Distribution.

An overview of streamflow projections for 2080-2100 

• Winter (Jan–Feb) gains are large 
and consistent across all 
scenarios, scaling with emissions.

• Summer drying signal evident for 
medium to high emission 
scenarios.

• Baseflow rises less than total flow 
in winter and drops for some 
spring, summer, fall months. 

• Extra water arrives as quick runoff, 
not storage recharge.

Monthly change from historical



Does streamflow variability increase in future years?

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Annual values Change from historical period

• Both variability metrics trend upward over time.
• Strongest increases generally under higher-emission scenarios.
• Flashier, more variable future streamflow.



How do future whiplash events and extreme event frequency 
compare to what we’ve seen in recent decades?

• Flood frequency rises steadily 
with time and emissions

• Droughts are more variable, 
but generally show increases 
in frequency for future periods

Preliminary Information-Subject to Revision. Not for Citation or Distribution.
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• Drought-to-flood whiplash 
frequency increases with time 
and emissions, up to 100%.

• Flood-to-drought frequency also 
generally increases, especially 
for higher emissions. 

• DtF occurrence is > FtD 
occurrence, showing the same 
asymmetry that has happened 
historically. 

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

How do future whiplash events and extreme event frequency 
compare to what we’ve seen in recent decades?



How do water supply reliability, vulnerability change?

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

• Low-reliability 
years become 
more common, 
scaling with 
emissions. 

• ssp126 diverges 
from the rest, 
improving in the far 
period. 



Preliminary Information-Subject to Revision. Not for Citation or Distribution.

How do water supply reliability, vulnerability change?
• The seasonal signal is mixed
• JJA (summer) follows the expected 

pattern of worsening reliability  
under high emissions.

• Surprisingly, the analysis also 
shows some declines in DJF 
reliability.

• Winters wetter on average, but the 
future also produces more winter 
drought days than historically.

• Wetter-on-average and more-
often-below-normal are not 
mutually exclusive



Annual % change from historical

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

• Reliability generally 
decreases and 
vulnerability 
generally increases. 

• Most points sit in the 
upper-left/worsening 
quadrant.

• The worsening 
generally intensifies 
from early → far, and 
for high-emissions 

• GCM spread is large

How do water supply reliability, vulnerability change?

Decreasing reliability 
and increasing 
vulnerability



Preliminary Information-Subject to Revision. Not for Citation or Distribution.

• More of an even split between scenarios 
with improving vs degrading reliability 
and vulnerability for DJF and MAM

• JJA and SON have the most scenarios 
on the degrading quadrant for near and 
far periods and for higher emissions 
scenarios.

• Where there are changes, they are 
higher magnitude than the annual 
changes.

Seasonal % change from historical

How do water supply reliability, vulnerability change?
Decreasing reliability and 
increasing vulnerability



Preliminary Information-Subject to Revision. Not for Citation or Distribution.

How do water supply reliability, vulnerability change?
Looking at years with consecutive low reliability:
• Clustering of short (1 year) and many year (>3 year) low reliability periods



Conclusions
• Does variability increase? Yes, flashiness and FDC midslope both rise, 

strongest under high emissions.
• How do whiplash & extremes compare to recent decades? Floods and 

drought-to-flood whiplash frequency rise. Droughts increase more variably.
• How do reliability & vulnerability change? Reliability falls, vulnerability 

rises, and low-reliability years cluster into longer runs.
• What does it mean for availability? Supply risk may grow despite more total 

water.
• Plan against sequences and transitions, not only annual yield. Stress-test 

for multi-year clustering, rapid extreme-to-extreme swings, and storage 
carryover.

Preliminary Information-Subject to Revision. Not for Citation or Distribution.



What might this mean for water availability in the basin?
• Annual averages likely overstate available supply. 

• Mean flow and precipitation are rising, yet reliability is flat-to-declining, vulnerability rising. 
• Volume-based yield estimates overcount usable water.

• Decision windows shrink. 
• Drought-to-flood whiplash frequency climbs under mid and high emissions.
• Little lead time to shift from drawdown to flood posture.

• Less buffer, fewer recovery years. 
• Spring, summer and fall baseflow decline and low-reliability years increasingly cluster into 

longer multi-year runs. 
• The basin may enter dry spells with antecedent storage in the bank.

• Abundance and deficit in the same year. 
• Gains concentrate in winter (Jan–Feb); summer reliability worsens, and even wetter winters 

may bring more drought days.
• This represents a storage-timing and potential water-quality problem.

Preliminary Information-Subject to Revision. Not for Citation or Distribution.



Questions



How do these models perform at Point of Rocks

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Metric PRMS VIC5

NSE 0.59 0.60

KGE 0.72 0.71

Overall % bias +8.7% +15.1%

Low-flow bias (Q10) −15% −82%

High-flow bias (Q90) +5% +28%

Overall daily-flow skill (median across 10 gages in the PRB)

PRMS VIC5

KGE 0.76 0.74

Low-flow bias (Q10) −3% −50%

High-flow bias (Q90) +8% +25%

Point of Rocks specifically



Drought, flood, and whiplash frequency

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

• Both model setups undercount observed 
event frequency, especially droughts. 

• The two hydrologic models agree with each 
other but not with observations. 

• Systematic low bias in how the models 
captures extremes frequency.

• PRMS over-produces drought-to-flood 
whiplash events 

• The DtF → FtD asymmetry is preserved



Hammond et al. (2025), Hydrological Processes — Figure 1

Preliminary Information-Subject to Revision. Not for Citation or Distribution.

Hydrological intensification and hydrological whiplash
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• "if your models can't reproduce historical droughts, why trust the 
projected drought/reliability changes?" 

• using deltas, and the DtF asymmetry and directional patterns are 
preserved even when magnitudes aren't



Preliminary Information-Subject to Revision. Not for Citation or Distribution.



Preliminary Information-Subject to Revision. Not for Citation or Distribution.



Methods overview

1

Streamflow data

Observed records
+
CMIP6 simulations

2

Historical baseline

Define flow percentiles
and reference thresholds

1980-2020

3

Daily indicators

Storage & deficits

4

Hydrologic response

Droughts & floods
Transitions
Reliability & vulnerability

5

Future change

Compare historical,
near-future, and
far-future behavior

Preliminary Information-Subject to Revision. Not for Citation or Distribution.
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