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The aim of this paper is to char-
acterize the passing extratropi-
cal storms that hit the region 

surrounding the U.S. Naval Academy 
(USNA) between 26 and 30 October 
2021. The event is referred herein as 
the “Oktober Flut.” The Oktober Flut 
is the longest duration flooding event 
in recorded history (since 1929) for 
Annapolis, MD. The hourly water level 
crest during the event was 4.88 ft above 
the Mean Lower Low Water (MLLW) 
datum, which is the highest water level 
recorded for this region not associated 
with a passing tropical or post-tropical 
storm. We provide a descriptive overview 
of the meteorological factors that drove 
the anomalously high water levels in 
the region and present data analysis to 
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ABSTRACT
Between 28 and 30 October 2021, Annapolis, Maryland, USA, experienced the third 
highest flood event on record, referred to as the “Oktober Flut.” Unlike many of the 
extreme coastal flood events that have impacted Annapolis in the past, the Oktober 
Flut was not associated with a tropical or post-tropical cyclone. Instead, sustained 
wind forcing from a series of passing extratropical storms drove anomalously high 
water levels. The maximum observed hourly water level during the event was 4.88 
ft above mean lower low water (MLLW). This exceeded the Moderate Flood Stage, 
defined by the National Weather Service (NWS) as 3.3 ft (MLLW), and had an an-
nual exceedance probability of 5.2%. In total, flood waters exceeded the NWS Minor 
Flood Stage (2.6 ft MLLW) for 78 non-consecutive hours over multiple tidal periods. 
Relative sea level rise and increasing instances of coastal nuisance flooding events, like 
the Oktober Flut, have the potential to impact the local economy in Annapolis, MD, 
and operations at the geographically adjacent U.S. Naval Academy. Coastal nuisance 
flooding events also challenge existing community resilience efforts and initiatives, 
particularly those related to preparing for natural hazards. This paper provides an 
overview of the meteorological factors that drove the anomalously high-water levels 
and coastal flooding at the U.S. Naval Academy. In addition to data analysis from 
fixed, long-term sensors maintained by federal partners, observations from spot-
deployments in advance of the storm are also presented. The results are discussed 
with respect to the storm impacts on infrastructure and facility preparedness. Les-
sons learned are documented with the aim of informing other coastal communities 
on how to better assess local flood-specific action plans, based on the accuracy and 
timing of forecast data.
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characterize coastal flooding, impacts to 
infrastructure, and lessons learned from 
preparedness and response to flooding 
events. 

Physical and historical context 
USNA is located adjacent to the City 

of Annapolis, Maryland, USA, and at the 
mouth of the Severn River, a western trib-
utary of the Chesapeake Bay (Figure 1). 
Since USNA was established in 1845, the 
campus has expanded via land reclama-
tion along the Severn River (Figure 1c). 
This expansion allowed for an increase 
in the number of academic and athletic 
facilities, additional living spaces, and 
the creation of a visitor center. The land 
gained from the Severn River is now used 
for mission-essential activities; however, 
low-lying reclaimed areas on campus are 

the most susceptible to coastal flooding 
associated with high tides, sustained 
easterly or southerly winds, and storm 
surge from tropical and extratropical 
storms (USNA Sea Level Rise Advisory 
Council 2019).

The long-term trend of relative sea 
level rise (RSLR) in Annapolis is +0.146 
inches per year (3.71 mm per year; 
NOAA 2021a); however, RSLR has been 
accelerating along the Mid-Atlantic 
coastline over the recent decades (Boon 
2012; Sallenger et al. 2012; Kopp et al. 
2014). Future projections (Parris et al. 
2012; Hall et al. 2016) suggest that water 
levels in Annapolis will likely continue to 
rise at or above the current rate. Likewise, 
the frequency and duration of coastal 
nuisance flooding events have been ac-
celerating along the Mid-Atlantic coast 
(Sweet and Park 2014). In particular, An-
napolis has experienced an exponential 
increase in both the number of flooding 
days and hours above flood stage in a 
given year (Sweet et al. 2014; Sweet and 
Park 2014) and decade-to-decade (Davies 
et al. 2021). Increasing sea level rise and 
coastal flooding events in Annapolis have 
the potential to impact the operations at 
USNA (USNA Sea Level Rise Advisory 
Council 2019).

Local water levels relative to a coastal 
datum are driven by a combination of 
global, regional, and local influences 
(Sweet et al. 2014). Davies et al. (2021) 
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Figure 1. a) Site location relative to the Chesapeake Bay. b) The lower Severn 
River at the confluence with the Chesapeake Bay, along with sub-tributaries 
and creeks, Annapolis, MD, and the U.S. Naval Academy (USNA). Sensor 
deployment locations are denoted with symbols (see Table 2). c) U.S. Naval 
Academy campus with the 1847 shoreline, Oktober Flut flooding extent as 
dark gray (also shown in Figures 6 and 7), and roads susceptible to flooding 
labeled 1-5 (see Table 1).

showed that sustained directional wind 
forcing relative to the geographic orien-
tation of both the Severn River and the 
main-stem of the Chesapeake Bay plays 
an important role in driving water level 
anomalies (WLAs) in Annapolis. WLAs 
are defined as the observed water level 
minus the coincident tidal prediction. 
The Chesapeake Bay is generally aligned 
south-to-north along its main-stem axis, 
whereas the Severn River is aligned from 
the southeast-to-northwest (Figure 1 a, 
b). Sustained wind forcing for more than 
three hours in duration out of the east, 
southeast, and south results in positive 
WLAs in Annapolis. In contrast, sus-
tained wind forcing for more than three 
hours in duration out of the north and 
northwest results in negative WLAs in 
Annapolis (Davies et al. 2021). Positive 
WLAs may result in flooding of low-
lying areas. The National Oceanic and 
Atmospheric Administration (NOAA) 
National Weather Service (NWS) Bal-
timore/Washington Weather Forecast 
Office defines 2.6 ft (MLLW) as Minor 
Flood Stage, 3.3 ft (MLLW) as Moderate 
Flood Stage, and 6.0 ft (MLLW) as Major 
Flood Stage for the areas surrounding 
Annapolis (NOAA 2021b). 

Annapolis experiences two general 
types of flooding events, characterized 
primarily by the meteorological phenom-

ena that drive positive WLAs. Tropical 
cyclones (e.g. hurricanes, tropical storms, 
tropical depressions, and post-tropical 
storms) are warm-core systems character-
ized by intense low-level tangential winds 
(American Meteorological Society 2020). 
Passing tropical cyclones are associated 
with a sharp rise and fall in both water 
levels and WLAs in Annapolis, often oc-
curring over a few tidal cycles. A notable 
example of these types of events is Hur-
ricane Isabel in 2003 (Figure 2), in which 
water levels exceeded the Minor Flood 
Stage for 24 hours (Figure 3). Extratropi-
cal cyclones (e.g. nor’easters) are more 
typical synoptic-scale meteorological 
phenomena, often with defined fronts 
and asymmetric wind forcing. Unlike 
tropical cyclones, extratropical cyclones 
are often associated with longer-duration 
anomalous water level events that have 
the potential to span multiple tidal cycles 
and result in impactful coastal flooding 
in Annapolis. A notable example is the 
Ash Wednesday Storm of 1962 (Figure 
2), during which water levels exceeded 
the Minor Flood Stage for 30 non-con-
secutive hours (Figure 3). 

Known vulnerabilities 
and preparedness 

USNA has five roads subject to fre-
quent flooding (Table 1; Figure 1c), two 
with elevations below the Minor Flood 

Stage (2.6 ft MLLW). The thresholds for 
road flooding are shown in Table 1. These 
roads are generally located around the 
perimeter of campus, but are essential for 
accessing a large portion of on-campus 
parking and academic and athletic facili-
ties. According to the Federal Emergency 
Management Agency (FEMA), driving 
through as little as six inches of water is 
enough to cause automobiles to stall or 
lose control, while 12 inches of water is 
enough to float a vehicle (FEMA 2021). 
Thus, when water on the roads reaches 
depths of four to six inches, road closures 
should be put in place to protect drivers 
and vehicles at USNA. When these roads 
are blocked or closed due to coastal flood-
ing, there is no alternative parking avail-
able and cars left on those roads are at risk 
of stalling or damage by water and debris. 

Most buildings at USNA are not in 
danger of flooding until water levels 
reach 5.0 ft (MLLW) (State of Maryland 
2017; OCM Partners 2021). However, the 
lowest buildings on campus are at 4.2 ft 
(MLLW) (USNA Sea Level Rise Advisory 
Council 2019) and therefore more sus-
ceptible to impacts from coastal flooding. 
It should be noted that many of the build-
ings on campus, and the vulnerable roads 
listed in Table 1, are located on the land 
that was gained from the Severn River 
via land reclamation projects in the early 
stages of campus expansion (Figure 1). 

Of the recorded historical flooding 
events in Annapolis, Hurricane Isabel 
(2003) was the most damaging to physi-
cal infrastructure, reaching the highest 
recorded flood level of 7.2 ft (MLLW) 
(Figure 2). During and following Hur-
ricane Isabel, USNA day-to-day op-
erations were significantly degraded, and 
approximately $100 million was spent 
to recover from the resulting hurricane-
induced damage (Duncan 2015). All 
roads in Table 1 were completely sub-
merged during Hurricane Isabel, and 
many buildings suffered severe damage. 
Notably, Hurricane Isabel resulted in 
3.0 ft of muddy, brackish water over the 
entire ground floor of USNA’s primary 
engineering facility, impacting the build-
ing’s many laboratory spaces. Overall, the 
water incursion from Hurricane Isabel 
caused mold, corrosion, and loss of data, 
instrumentation, and equipment, leaving 
the USNA Hydromechanics Laboratory 
(featuring one of the few towing tanks in 
the country) without power, lighting, or 
heat for two months (Zseleczky 2007). 
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Figure 2. Comparison of hourly water levels at NOAA Tide Gauge Station 8575512 during the Oktober Flut (2021), 
Hurricane Isabel (2003), and the Ash Wednesday Storm (1962) in relation to the flooding stages defined for Annapolis 
by the NOAA NWS Baltimore/Washington Weather Forecast Office (NOAA 2021b).

Table 1. 
U.S. Naval Academy roads susceptible to coastal flooding.

Road  LIDAR*-derived
# in  lowest elev. Accessibility importance
Fig. 1 Name (ft MLLW)  & causes of flooding 
  1 Bowyer  3.1  Main entrance road to U.S. Naval 
	 Road	 	 Academy.	Initially	floods	from	storm	
	 	 	 drains,	or	rainfall	that	cannot	drain.
		2	 Ramsay		 2.2		 Only	authorized	exit	from	Hospital	Point	
	 Road	 	 and	only	access	to	USNA’s	Columbarium.	
	 	 	 Floods	through	drains	and	the	edge	of	
	 	 	 pavement	parallel	to	the	water	of	College	
	 	 	 Creek.
		3	 McNair		 2.1		 One	of	two	roads	onto	and	out	of	the	
	 Road	 	 Northeast	part	of	USNA,	surrounds	
	 	 	 Alumni	Hall	and	Nimitz	Library.	Initially	
	 	 	 floods	from	storm	drains	due	to	rising	tides.
		4	 Brownson		 2.7	 One	of	two	roads	onto	the	Northeast	part
	 Road	(one-	 	 of	USNA.	Floods	from	rainfall	that	cannot	
 way NE)  drain.
		5	 Turner	 3.0	 One	of	two	roads	out	of	the	Northeast	part
	 Joy	Road	 	 of	USNA.	Exposed	to	wave	action,	floods
	 (one-way	SW)	 	 when	waves	overtop	oceanfront	seawall.	
*2017	LIDAR	point	cloud	of	Anne	Arundel	County,	Maryland,	USA	(State	of	Maryland	2017;	
OCM	Partners	2021),	which	is	home	to	both	the	City	of	Annapolis	and	USNA,	and	roadlines	
from	the	2019	TIGER	geodatabase,	and	2021	OpenStreetMap.

Likewise, most of USNA’s chemistry and 
physics teaching and research laboratory 
spaces were significantly impacted. This 
infrastructure damage required classes to 
be moved to a 360 ft x 90 ft barge moored 
in the Severn River for several weeks.

As a result of Hurricane Isabel and the 
known vulnerabilities on campus, USNA 
developed several approaches to promote 
infrastructure (facility) and organization-
al resilience. These approaches include:

• Improved hazard forecasting and as-
sociated messaging/alert systems. USNA’s 
messaging system is routinely tested dur-
ing annual hurricane exercises.

• Improved engineered flood mitiga-
tion assets, including door dams, sand-
bags, and fixed sump pumps. Figure 4 
shows a series of door dams successfully 
deployed behind one of the academic 
buildings during the Oktober Flut event.

• Established thresholds for door dam 
deployment, sandbag deployment, and 
pre-disruption building preparations. 
Such preparations commonly include 
moving valuable equipment to elevated 
floors and pre-positioning all the elevator 
cabs at the top of their respective eleva-
tor shafts.

• Improved command-and-control 
over natural hazard preparation and re-
sponse actions, by uniformed (military) 
personnel, civilians, and on-campus 
contractors. Flood control aspects are 
specifically included (and funded) in 
USNA’s fixed-price contract with its on-
base operational support contractor.

During the Oktober Flut event, USNA 
was able to leverage lessons learned from 
Hurricane Isabel (and subsequent hur-
ricane events and planning exercises) 
to protect infrastructure and personnel. 
Forecast products from the NWS Balti-
more/Washington Weather Forecast Of-
fice (official) and USNA-based command 
meteorologists were used operationally 
to help initiate campus-wide flood miti-
gation efforts in the days leading up to 
Oktober Flut (see Discussion section 

for additional details). This response 
included: (1) continuously reporting 
flood risks to all campus personnel via 
email, text, and voicemail messages; 
(2) developing and employing rosters, 
watchbills, and task lists for mitigation 
teams, including on-base contractors; 
(3) installing door dams around campus 
(Figure 4); (4) preparing and deploying 
sandbags around campus; (5) restricting 
parking, road access, and overall base 
access, depending on vulnerability; and 
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Figure 3. Hourly maximum water levels for the Top 10 coastal flooding events 
on record in Annapolis versus the cumulative hours above Minor Flood Stage 
(2.6 ft above MLLW) for each respective event (often occurring over multiple 
tide cycles and non-consecutively).

Table 2. 
Data available at different monitoring stations during the Oktober Flut event. Location of these stations is shown in 
Figure 1b.

Owner Station name/ID Variables of interest Sampling rate 
NOAA	 Annapolis,	MD,	8575512		 Water	levels,	tidal		 Data	observation	made	every
	 	 predictions,	and	 6	minutes	and	60	minutes	(hourly)
  barometric	pressure
U.S.	Navy	 Annapolis,	United	States		 Wind	speeds,		 Data	observations	made	every	60
	 Naval	Academy	(KNAK)		 directions,	gusts,		 minutes	(hourly	on	the	54th	minute
	 Automated	surface		 atmospheric	pressure,	 of	each	hour).	Additional	data
	 observing	system	(ASOS)	 and	rainfall.	 observations	are	made	sporadically
	 	 	 when	significant	weather	is	
	 	 	 occurring	at	the	station.	Both	used	
	 	 	 in	this	study.
USNA		 College	Creek	 Water	levels	and	 Data	observation	made	every	
(temporary	stations,		 pressure	logger	 water	temperature	 5	minutes
deployed	during	
the	event)	 Carr	Creek		 Wave	height	 Data	observation	made	every
	 pressure	logger	 and	period	 0.00208	minutes	(8	Hz)

(6) moving valuable equipment to higher 
elevations. Furthermore, early warnings 
and pre-planned hazard response initia-
tives allowed faculty and students from 
the USNA Naval Architecture & Ocean 
Engineering Department and the USNA 
Oceanography Department to deploy 
instrumentation in the Severn River 

(and sub-tributaries) and to chronicle 
the event at known vulnerable locations.

Based on the nature of the Oktober 
Flut, particularly when compared to the 
long forecast lead time often associated 
with tropical cyclones (three to five days), 
less time was available for preparation 
(less than three days based on official 

forecasts). As such, USNA benefited 
from the above-mentioned planning 
and preparedness activities for infra-
structure protection and data collection, 
specifically those related to addressing 
sporadic coastal nuisance flooding events 
on-campus. Lessons learned from this 
response are discussed later in this paper. 

DATA SOURCES AND 
MONITORING STATIONS

Water levels and meteorological data 
were obtained from existing monitoring 
stations. Quality-controlled six-minute 
and hourly water level observations, 
along with coincident six-minute and 
hourly tidal predictions (Table 2) from 
25 October 2021 through 3 Novem-
ber 2021, were downloaded from the 
NOAA Annapolis, MD, Tide Gauge 
Station (NOAA-8575512; Figure 1). 
Meteorological data (wind speed, wind 
gust, precipitation, wind direction, and 
mean sea level pressure; Table 2) from 
25 October 2021 through 3 November 
2021 were recorded by the Automated 
Surface Observing System (ASOS) An-
napolis (KNAK) weather station and 
downloaded from the METAR data 
archive at https://mesonet.agron.iastate.
edu. The ASOS-KNAK weather station 
is located at USNA approximately 0.75 
miles (1.2 km) up the Severn River from 
the NOAA Annapolis Tide Gauge Station 
(Figure 1b). Wind speeds less than 3.45 
mph were considered calm. 

In addition to data from pre-existing 
stations, local deployments were con-
ducted to measure water levels and waves 
in the proximity to USNA. In preparation 
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Figure 4. a) Lower level of Rickover Hall during unflooded conditions; (b) 
Standard door dam installed outside of Rickover Hall during the Oktober Flut 
at 12:51 on 29 October 2021.

for the flooding event, a HOBO® U20 wa-
ter level logger was deployed in College 
Creek on 28 October 2021 (Figure 1b). 
This location was chosen because of its 
proximity to areas of USNA known to 
regularly flood during high water level 
events (between roads 2 and 3 in Figure 
1c). This sensor measured absolute pres-
sure and temperature every five minutes 
(Table 2). The sensor specifications indi-
cate a ±0.3% full scale (FS), 0.62 kPa (0.09 
psi) maximum error for raw pressure. The 
atmospheric pressure signal was removed 
from the absolute pressure data using 
barometric pressure measured at the 
Annapolis, MD, 8575512 station (Figure 
1b; Table 2). The pressure was converted 
to water level by assuming hydrostatic 
balance. Water density was calculated 
using temperature readings and assum-
ing a salinity of 10 psu, which is the order 
of magnitude of salinity values typically 
observed in Severn River (Steppe 2008; 
Muller et al. 2016). Water levels were 
referenced to MLLW by surveying the 
location of the sensor and using the ver-
tical datum conversion factors from the 
Annapolis, MD, 8575512 station and the 
2019 NOAA Digital Elevation Models 
(DEMs) for the region with a non-vege-
tated vertical accuracy (NVA) of +/-0.21 
ft (0.064 m) at 95% confidence level. 

On the opposite side of the Severn 
River from USNA, an RBR Solo3D pres-
sure logger was installed at the Carr 
Creek Marina (Figure 1b), located at 
the Naval Support Activity-Annapolis 
(NSAA) Waterfront Readiness Center. 
As part of a longer monitoring project, 
the logger was installed on 15 October 
2021 and retrieved on 9 November 2021. 
The pressure logger is rated to 65.6 ft (20 
m) depth, and the reported accuracy and 
resolution are ± 0.05% FS and 0.001% 
FS, respectively. The pressure logger was 
installed in a depth of 15 ft with the sen-
sor located 11.5 ft above the bottom, and 
it sampled at a frequency of 8 Hz (Table 
2). Atmospheric pressure fluctuations 
were subtracted from the measurements 
using the barometric pressure recorded 
at NOAA Station 8575512. Pressure 
was converted to hydrostatic water level 
using an average temperature from the 
pressure logger installed at College Creek 
(64.4°F) and assuming a salinity of 10 psu 
to calculate water density. Wave heights 
were determined using a time-domain 
zero up-crossing routine, corrected for 
wave attenuation with distance below 

the surface using linear wave theory. The 
hourly wave data were summarized as a 
significant wave height H1/3 (calculated 
as the average of the highest third of the 
waves) and a maximum wave height Hmax. 
The significant wave period T1/3 was also 
calculated by taking the average of the 
periods associated with the highest third 
of the wave heights.

The authors used the 2017 light detec-
tion and ranging (LIDAR) point cloud of 
Anne Arundel County (State of Maryland 
2017; OCM Partners 2021), home to both 
the City of Annapolis and USNA, to cre-
ate a 0.05”-by-0.05” (about 3.93 ft x 5.05 
ft or 1.20 m x 1.54 m) digital elevation 
model (DEM); the geographic projec-
tion facilitates export to Google Earth 
and avoids the anomalies in the removal 
of buildings in the available digital ter-
rain models. The elevation in the DEM 
is referenced relative to NAVD88, which 
for Annapolis is 0.77 ft (0.235 m) above 
MLLW (NOAA 2021c). DEM creation 

and analysis presented here used the 
MICRODEM GIS program. A flooding 
model was generated (Guth 2021) with 
color animations showing the predicted 
extent of flooding at various water levels 
that can be displayed in Google Earth 
and ArcGIS Earth. The authors ground-
truthed the flooding model during recent 
coastal flooding events, most notably 
during the Tropical Storm Melissa “boat 
show” flooding event in 2019. These ear-
lier validation efforts, along with ground-
truthing efforts during the Oktober Flut 
event, confirm the accuracy of the flood 
model predictions compared with the 
Annapolis tide gauge. 

Advance warning and the meteorolog-
ical nature of the event (an extratropical 
storm versus a tropical cyclone) provided 
a unique opportunity for students, fac-
ulty, and residents to collect perishable 
data before, during, and after the Ok-
tober Flut event as part of a community 
science initiative. In addition to rapidly 
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deploying instrumentation before the 
event, the authors documented coastal 
flooding in vulnerable areas on campus 
and in downtown Annapolis. Students in 
the Coastal Engineering course at USNA 
also contributed photographs as part of 
a course-wide initiative to chronicle the 
event. After the flood, the authors mea-
sured high water marks in downtown 
Annapolis and on campus; these observa-
tions are detailed further below.

OKTOBER FLUT: 
METEOROLOGICAL AND 
COASTAL OBSERVATIONS 

Measurements of water levels, winds, 
atmospheric pressure, and wave condi-

tions between 00:00 EDT 26 October and 
00:00 EDT 3 November 2021 are shown 
in Figure 5. Prior to the storm directly 
associated with the Oktober Flut, an 
extratropical cyclone passed and rapidly 
deepened off the U.S. northeast coast, as 
evident in the mean sea level pressure re-
cord (Figure 5c). This earlier extratropical 
cyclone resulted in sustained directional 
wind forcing out of the west, northwest, 
and north between 20:22 EDT 25 October 
and 07:54 EDT 28 October (Figure 5b). 
The strongest wind forcing during this 
period occurred between 09:54 EDT 26 
October and 16:54 EDT 27 October, with 
an average wind speed of 13.9 mph out 
of the 303o (northwest), and a 37.95 mph 

maximum wind gust. Following Davies et 
al. (2021), this wind forcing likely resulted 
in negative WLAs between 14:42 EDT 
26 October and 16:06 EDT 27 October 
(Figure 5a), with a minimum WLA of 
-0.947 ft on 08:06 EDT 27 October. 

As the wind forcing subsided below 
5 mph during the afternoon of 27 Octo-
ber 2021, the observed negative WLAs 
gradually decreased, despite directional 
wind forcing out of the north (Figure 
5 a,b). This decrease in negative WLA 
was likely attributed to a relaxation of 
wind forcing, which anecdotally can 
produce northward rebound flow in the 
main-stem of the Chesapeake Bay and, 
by continuity, could result in inunda-
tion along the shoreline of the rivers and 
tributaries. By the time the wind shifted 
out of the east and southeast on 08:54 
EDT 28 October in advance of the next 
extratropical storm, the WLA had surged 
to +2.39 ft (Figure 5a). This behavior set 
up a scenario in which water levels were 
already anomalously high leading up to 
the Oktober Flut event.

As the extra-tropical cyclone associ-
ated with the Oktober Flut approached, 
sustained wind forcing was observed 
out of the southeast or east between 
08:54 EDT 28 October and 15:54 EDT 
29 October (Figure 5b). The average 
wind speed during this period was 16.8 
mph, with the most intense wind forcing 
between 06:54 and 15:54 on 29 October 
(22.26 mph average wind speed and the 
average wind direction out of the east 
(91.1o); Figure 5b). The peak wind gust 
of 47.15 mph was recorded at 14:40 EDT 
29 October. The center of low pressure 
slowly passed through Central Maryland 
from southwest to northeast between ap-
proximately 16:00 EDT 29 October and 
04:00 EDT 30 October (Figure 5c). The 
wind forcing during this period was out 
of the northwest, north and northeast, 
with an average wind speed of only 4.36 
mph (note that calm winds under 3.45 
mph were recorded as 0 mph; Figure 5b). 
As the storm lifted to the north, southerly 
winds were observed between 04:55 and 
17:54 EDT 30 October (Figure 5b), with 
an average wind speed of 8.66 mph. West 
and northwest winds followed through 
19:54 EDT 31 October (Figure 5b).

WLA steadily increased on 28 and 29 
October 2021, until reaching a maximum 
value of 4.00 ft at 19:42 EDT 29 October 
(Figure 5a). The maximum WLA is no-

Figure 5: a) NOAA six-minute observed and predicted water levels above 
MLLW in the Severn River, along with water level observations from College 
Creek. NOAA NWS Minor, Moderate, and Major Flood Stages (NOAA 2021b), 
and positive (red) and negative (blue) WLAs are also plotted; b) wind speed, 
gusts, and direction at the KNAK ASOS station; c) atmospheric pressure at 
the KNAK ASOS station; and d) maximum and significant wave height, and 
significant wave period, in Carr Creek. Sensors and sampling information can 
be found in Table 2, location can be found in Figure 1b.
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Figure 6. View of the U.S. Naval Academy (Google Earth Pro 2018) during: a) typical (unflooded) conditions, and 
overlaid with blue shading denoting the estimated maximum flooding extent based on the 2017 Anne Arundel LIDAR 
(Section State of Maryland 2017; OCM Partners 2021); for b) the Oktober Flut; and c) Hurricane Isabel.
table because it occurred approximately 
four hours after the intense easterly wind 
forcing subsided and shifted generally out 
of the north. This lag implies that wind 
forcing does not have an instantaneous 
effect on water levels and WLAs and, 
as suggested by Davies et al. (2021), 
sustained wind forcing of three or more 
hours may be required to drive WLAs. 

Even as the WLAs began to subside, 
the water levels continued to increase 
leading up to high tide at 01:02 EDT 30 
October. Using the six-minute NOAA 
water level observation record (Table 
2), the maximum water level of 4.90 ft 
(MLLW) occurred at 23:36 EDT 29 Octo-
ber, approximately 90 minutes before the 
astronomical high tide (Figure 5a). The 
WLA at the time of the maximum water 
level dropped by 0.38 ft to 3.62 ft (Figure 
5a). This change was likely due to wind 
forcing out of the north and northwest, 
and potentially an inertial response to a 
relaxation of easterly winds. High tide at 
01:02 EDT on 30 October occurred ap-
proximately nine hours after the most in-
tense easterly wind forcing subsided and 
shifted generally out of the north (Figure 
5b) and, as a result, the maximum WLA 
preceded high tide by approximately five 
hours (Figure 5a). During this event, the 
timing of the easterly and south-easterly 
wind forcing was out of phase with the 
timing of astronomical high tide, likely 
preventing worse coastal flooding out-
comes for Annapolis.

Following the water level crest of 4.90 
ft (MLLW) at 23:36 EDT on 29 October 
(based on NOAA six-minute observa-
tions), WLAs continued to decrease, and 
likewise water levels slowly subsided (Fig-

ure 5a). In total, Annapolis was above Mi-
nor Flood Stage for just over 63 consecu-
tive hours between 01:00 EDT 28 October 
and 16:24 EDT 30 October. Annapolis 
was above the Moderate Flood Stage for 
just under 37 consecutive hours between 
19:54 EDT 28 October and 08:48 EDT 30 
October. Earlier in the day on 28 October, 
water levels surged above 3.3 ft (MLLW) 
for approximately an hour between 10:00 
and 11:18 EDT and water levels momen-
tarily topped 3.3 ft (MLLW) again between 
09:00 and 09:24 EDT 30 October. WLAs 
hovered around 2.0 ft between 12:00 EDT 
30 October and 12:00 EDT 31 October. As 
a result, Minor Coastal Flooding was ob-
served in the hours preceding and follow-
ing high tides on 31 October. In total, An-
napolis was above Moderate Flood Stage 
for approximately 38 non-consecutive 
hours and above Minor Flood Stage for 
approximately 78 non-consecutive hours 
between 28 October and 31 October, and 
across many tidal cycles.

Water levels measured by the pres-
sure logger deployed in College Creek in 
advance of the event indicated that the 
trend in the College Creek water levels 
agreed well with the overall trends in the 
NOAA six-minute water levels (Figure 
5a). The College Creek pressure sensor 
recorded a maximum water level of 4.75 
ft (MLLW) at 23:24 EDT on 29 October, 
which preceded the NOAA maximum 
six-minute maximum water level by 
twelve minutes and was 0.15 ft lower. 
Indeed, after linearly interpolating the 
NOAA six-minute data to match the 
temporal resolution of the College Creek 
pressure sensor, the water levels measured 
by the College Creek pressure sensor 
were systematically lower by an average 

of 0.165 ft ± a standard deviation of 0.039 
ft, which is larger than the measurement 
error of the NOAA tide gauge (0.066 ft; 
NOAA 2021c). 

Significant wave heights derived 
from the Carr Creek pressure logger 
(Figure 5d) ranged from 0.03 ft to 1.82 
ft between 00:00 EDT on 26 October 
and 00:00 EDT 4 November 2021 with 
significant wave periods between 2.0 s to 
6.0 s. Wave heights were greatest during 
the sustained easterly wind forcing on 
29 October (Figure 5b), with significant 
wave heights increasing from 0.52 ft at 
07:00 EDT to 1.23 ft at 10:00 EDT on 
29 October. Significant wave heights 
averaged 1.57 ft ± a standard deviation 
of 0.27 ft between 10:00 and 16:00 EDT 
29 October. Significant wave periods 
during the same time frame averaged 
3.9 s ± a standard deviation of 0.1 s. The 
maximum recorded wave height by the 
pressure logger was 3.76 ft at 12:00 EDT 
29 October 2021, with a corresponding 
wave period of 6.3 s. This maximum wave 
height is coincident with the period of 
the strongest average wind forcing. Wave 
heights decreased as wind speeds calmed 
and shifted northwesterly between 16:00 
EDT 29 October and 04:00 30 October 
(Figure 5b). The increased wave heights 
on 29 October 2021 may have contributed 
to inundation and overtopping of USNA 
perimeter roadways, as noted in the 
Oktober Flut: Flooding Extent Section. 

Based on hourly meteorological ob-
servation from ASSOS-KNAK, a total 
of 1.24 inches of rainfall was recorded 
between 02:54 EDT 29 October and 05:54 
EDT 30 October, with the majority of the 
overall light rainfall (1.07 inches) occur-
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Figure 7. a) Aerial view of USNA campus and downtown Annapolis showing 
the DEM-based coastal flood extent, with arrows showing location and 
orientation of photographs in panels b) through k); b) floodwater intrusion in 
interior of USNA Rickover Hall near the time of the peak water level compared 
to the height of water levels during Hurricane Isabel; c) high watermark on 
a trash can along Ramsay Road (Road 2 in Figure 1c) showing 24 inches of 
above ground level flooding; flooding of d) Columbarium, e) Ramsay Road, 
f) roadway in downtown Annapolis, g) Turner Joy Road (Road 5 Figure 1c), 
including wave action on seawall, h) building in downtown Annapolis, i) 
Turner Joy Road, with evacuating car driving through floodwaters; j) damage 
along Turner Joy Road potentially caused by wave-driven vessel/debris 
impact; k) debris deposited by wave action on Turner Joy Road.

ring between 09:54 and 19:54 EDT on 
19 October 2021. This amount of rainfall 
is small compared to other historical 
events for the region, like Tropical Storm 
Agnes (1972), during which one third 
of the Chesapeake watershed received 
more than 12 inches of rainfall (Davis 
and Laird 1976). The relatively small 
pluvial contribution during this event 
leaves short-duration (i.e. hours, days) 
sustained wind forcing as the primary 

driver of the anomalously high-water 
levels and coastal flooding during the 
Oktober Flut event.

OKTOBER FLUT: 
FLOODING EXTENT

As shown in Figure 6b and Figure 
7a, the Oktober Flut event caused sig-
nificant coastal flooding around USNA 
and low-lying areas of downtown An-
napolis. Flooding was prevalent along 
perimeter roadways, restricting access 

to several areas of campus. Fortunately, 
the overall flooding extent was lower 
than that caused by Hurricane Isabel 
(Figure 6c). Although low-lying roads 
flooded, several perimeter athletic fields 
that were inundated during Hurricane 
Isabel remained dry during the Oktober 
Flut event. While floodwaters reached the 
door dams installed at several buildings, 
and resulted in minor inundation on the 
interior of some buildings, the overall 
interior flooding impacts were minimal. 
Wave action contributed to inundation, 
debris transport, and damage, overtop-
ping the seawall on Turner Joy Road 
(Road 5 in Figure 1c; Table 1).

Figure 7 shows images captured by 
USNA students and faculty during and 
after the Oktober Flut event in an effort 
to document coastal flooding inundation 
and impacts. The location of each photo-
graph is indicated by the corresponding 
boxes in Figure 7a. Photographs taken 
throughout the day on 29 and 30 October 
2021 show flooding inside USNA build-
ings (Figure 7b), on campus roadways 
(Figure 7 d, e, g, i), and in downtown 
Annapolis (Figure 7 f, h). Wave action on 
the eastern side of campus caused wave 
overtopping on Turner Joy Road (Road 
5 in Figure 1, Table 1), which deposited 
gravel along the roadway (Figure 7 g, k) 
and likely contributed to barrier damage 
along the seawall as a result of vessel/
debris impact (Figure 7j). 

Following the Oktober Flut event, 
photographic images captured flood im-
pacts including high watermarks (Figure 
7c), as well as damage to infrastructure 
(Figure 7j) and deposition of debris 
(Figure 7k) owing to wave action. High 
watermarks collected on campus showed 
that flood waters reached 24 inches above 
ground level at the USNA Columbarium 
near Ramsay Road (Figure 1; Table 1) 
and 35 inches above ground level in some 
areas of downtown Annapolis.

DISCUSSION
Historical context for extreme events

The sustained flooding that occurred 
during the Oktober Flut event differs 
significantly from the observed impacts 
during Hurricane Isabel. During Hur-
ricane Isabel, the waters quickly went up 
and down (Figure 2). In total, water levels 
were above Minor Flood Stage for 20 hours 
during Hurricane Isabel, and above Mod-
erate Flood Stage for approximately 20 
hours. While the peak water level during 
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the Oktober Flut event was approximately 
2.3 ft below that observed during Hurri-
cane Isabel, the duration of flooding was a 
hallmark of the Oktober Flut event. 

The historic ranking of the Oktober 
Flut flood event remains inconclusive. 
Based on the NOAA hourly water level 
data (Table 2), the Oktober Flut event 
ranks as the third highest water level on 
record, behind Hurricane Isabel and the 
1933 Chesapeake-Potomac Hurricane 
(Figure 2; Table 3). However, according 
to the NOAA NWS Advanced Hydro-
logic Prediction Service (AHPS) Historic 
Crests in Annapolis (NOAA 2021d), the 
Oktober Flut crest was at 4.90 ft (MLLW), 
which matches with the maximum water 
level in the NOAA six-minute water level 
observations, but Hurricane Connie in 
1995 had a crest of 4.98 ft (MLLW), drop-
ping the Oktober Flut event to fourth 
place overall in the AHPS rank. While 
the top 10 events are the same based on 
both the NOAA hourly water level data 
observations and AHPS records (Table 3), 
the order of these events differs, leading 
to ambiguity. In addition, six-minute data 
are unavailable for many of the historic 
events, which further convolutes the his-
torical context of the Oktober Flut event 
(and the overall water level record in 
Annapolis, MD). What is certain, how-
ever, is that the Oktober Flut ranks as the 
highest water level not associated with a 
passing tropical or post-tropical cyclone. 
The second highest water level for a non-
tropical cyclone is that of the remnant of 
Hurricane Juan in 1985, which reached 
a maximum water level 0.36 ft below the 
maximum water level generated by the 
Oktober Flut (Table 3).

Furthermore, the ranking of the 
Oktober Flut with historic events may 
be complicated by non-stationarity in 
the water level record, potentially ow-
ing to sea level rise or changes in storm 
frequency and severity (Kriebel et al. 
2015). Return period analysis (USACE 
2008) was conducted by fitting a linear 
regression line to the maximum hourly 
water level per month at the Annapolis 
tide gauge from 1929 to 2021 (r2 = 0.90, 
blue solid line, Figure 8). Using the entire 
record at the gauge, the Oktober Flut has 
a 19.2-year return period (5.2% annual 
exceedance probability (AEP)). 

When the linear regression fit datasets 
were broken into 1929 to 1969 (r2 = 0.89, 
orange dashed line, Figure 8) and 1970 

to 2021 (r2 = 0.80, yellow dashed-dotted 
line Figure 8), the resulting return periods 
(AEPs) for the Oktober Flut event were 
23.2 years (4.3%) and 16.7 years (6.0%), 
respectively. These results corroborate 
previous studies suggesting that the 
frequency of extreme flooding events 
such as the Oktober Flut has increased in 
recent years and may continue to increase 
based on future sea level rise projections 
(Kriebel et al. 2015). This behavior is 
consistent with the general trend that six 
out of the top ten (and fifteen out of the 
top 20) of the highest water level events 
in recorded history (since 1929) have 
occurred since 1970. This analysis com-
bines different meteorological events (e.g. 
hurricanes, nor’easters, sustained winds) 
as well as the concurrent tidal levels and 
sea level rise. Although more work is 
needed to separate the individual causes 
of extreme flood events, the decrease in 
return period (increase in AEP) of ex-
treme flood events in recent decades is 
clear and increases the urgency for hazard 
preparedness in Annapolis. 

Relevance of pre-event 
water level forecasts 

Advances in water level modeling 
and observational studies have resulted 
in more timely and accurate water-level 
forecasts (Dresback et al. 2013; Khalid et 
al., 2020). These advances were particu-
larly notable in the official forecasts lead-
ing up to the Oktober Flut event. Figure 
9 shows that the NOAA NWS Baltimore-
Washington Weather Forecast Office 
was issuing coastal flooding headlines 
(e.g. watches, warnings, or advisories) 
for flooding above 4.0 ft (MLLW) over 
60 hours in advance of the water level 
crest. In addition, the forecast at 04:29 
EDT on 28 October (over 40 hours in ad-
vance) was for water levels to crest at 5.3 
ft (MLLW), which at the time indicated 
that a historic flooding event was likely. 
The final forecast by the NOAA NWS 
Baltimore-Washington Weather Forecast 
Office prior to the water level crest was 
issued at 15:09 EDT on 29 October and 
forecasted a maximum water level of 5.2 
ft (MLLW), which was 0.32 ft over the 

Figure 8. Water level (S) above MLLW versus return period (Tr) using monthly 
maximum hourly water levels at NOAA station 8575512 from 1929 - 2021 
inclusive (blue solid line and circles), 1929-1969 inclusive (red dashed line 
and triangles), and 1970-2021 inclusive (yellow dash-dotted line and x’s). The 
linear regression fit equations are shown in the legend.
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Figure 9: NOAA six-minute observed water levels in the Severn River 
(black), along with NOAA NWS Minor and Moderate Stages (NOAA 2021b). 
Colored markers show forecasted water levels with lines indicating linear 
interpolation between data points from the text of the watches, advisories, 
and warnings issued by the NOAA NWS Baltimore/Washington Weather 
Forecast Office between 27 October and 31 October, 2021. For each forecast 
line, the initial point is the observed water level at the time the watch, 
warning, or advisory was issued.

and by leveraging local research (e.g. Da-
vies et al. 2021) and experience. Providing 
decision makers and stakeholders with a 
range of likely outcomes helps to foster 
trust and communication, along with an 
understanding and appreciation of the 
forecast uncertainties, of which there are 
many when trying to forecast water levels 
in estuarine and coastal environments 
(Resio and Westerink 2008; Garzon and 
Ferreira 2016; Iglesias et al. 2022). As an 
example of the challenges associated with 
water level forecasting in Annapolis (and 
throughout the Chesapeake Bay), the 
water level forecasts for the high tides 
following the crest were too high, and 
off by over a foot (or more). Similarly, 
the predicted duration of water levels 
above the moderate flood stage level was 
longer than the observed one. The post-
crest forecast challenges likely stemmed 
from the complexity of simulating the 
non-linear interactions within the bay 
and tributaries. 

Preparedness for infrastructure 
protection and data collection

The Oktober Flut event significantly 
challenged USNA’s natural hazard pre-
paredness and corresponding resilience 
plans. Whereas typical hurricane events 
allow for upwards of 120 hours of pre-
disruption preparation, the Oktober Flut 
event halved this timeline to approxi-
mately 60 hours (Figure 9). On the USNA 
campus, 71 door dams were installed and 
6,500 sandbags were deployed, neces-
sitating a rapid expenditure of personnel 
labor-hours. Overall, preparation for the 
Oktober Flut event required a significant 
“all hands” response from the entire 
USNA community.

The following were major lessons 
learned from USNA’s response to this 
event:

• All door dams should be deployed 
and tested annually. At USNA, a subset of 
door dams is deployed three to five times 
per year, but a full system deployment 
(subjected to significant flooding) is rare. 
The Oktober Flut door dam deployment 
identified issues with the shape of effec-
tive watertight seals between the dam’s 
gasketing material and surrounding 
surfaces. Periodic testing, considering 
real-world water levels, serves to address 
these issues. Such testing also provides 
an opportunity to inspect for wear and 
any damaged parts, allowing for replace-
ments, as needed, before any impending 
natural hazard events.

Table 3. 
The top 10 historic flooding events ranked by the maximum NOAA hourly 
water level, and also showing the NOAA NWS Advanced Hydrologic 
Prediction Service (AHPS) list of Historic Crests (NOAA 2021d). Italic 
font indicates tropical cyclones and non-italic font indicates non-tropical 
cyclones.

 Hourly max. water  NOAA NWS
 level at NOAA  AHPS historic
 station 8575512  crests (feet
Flooding event, year (feet above MLLW) above MLLW)
Hurricane Isabel, 2003 7.20	 7.16
Chesapeake-Potomac Hurricane, 1933 6.18	 6.17
Oktober Flut, 2021 4.88 4.90*
Hurricane Fran, 1996	 4.82	 4.84
Hurricane Hazel, 1954	 4.58	 4.78
Hurricane Connie, 1955	 4.58	 4.98
Hurricane David, 1979	 4.54	 4.56
Remnants	of	Hurricane	Juan,	1985	 4.52	 4.56
Ash	Wednesday	Storm,	1962	 4.28	 4.27
Nor’easter,	2010	 4.22	 4.24
*Matches	the	6-minute	record	at	NOAA	station	8575512

observed maximum hourly water levels 
of 4.88 (MLLW). 

Locally at USNA, the command me-
teorologist issued the first water level 
forecasts for the event at 08:42 EDT on 
25 October (over 100 hours before the 
water level crest) with an initial forecast 
of water levels between 3.0 and 3.6 ft 
(MLLW), indicating Moderate Coastal 
Flooding was possible. The next update 
at 07:09 EDT on 27 October forecasted 
the water level to crest between 4.0 and 
4.5 ft (MLLW). The final local forecast 
for the event issued at 08:45 EDT on 29 
October called for water levels to crest 

between 4.8 and 5.3 ft (MLLW), a range 
that contained the final observed peak at 
4.88 ft (MLLW). 

This event highlights the need for fore-
cast ranges with uncertainty intervals, not 
just point forecast values. This approach 
allowed local decision makers to better 
assess and understand the uncertainty of 
the event, particularly when coupled with 
additional communication and impact-
based decision support services (Uccellini 
and Ten Hoeve 2019). The forecast ranges 
indicated the most likely scenarios using a 
combination of available model guidance, 
the official NWS forecasts and headlines, 
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• Sandbags are critical to flooding pre-
paredness. Though relatively “low tech” in 
nature, these sandbags are complemen-
tary to other flood mitigation actions. 
A sufficient quantity of sandbags was 
available for the Oktober Flut event, but 
USNA would not have been prepared for 
a combined tidal flooding and rainfall 
event (such as may occur during a hurri-
cane). Furthermore, organizations should 
consider and quantify the availability of 
personnel for sandbag deployment. For 
the Oktober Flut event, undergraduate 
students were critical for USNA’s sandbag 
deployment schema, allowing contractors 
to focus on the more technically compli-
cated task of installing door dams around 
the campus. If uniformed (military) labor 
had been unavailable during this event, 
then USNA’s facilities would likely have 
been more adversely affected.

• Personnel must actively monitor sump 
pumps and other (normally) unoccupied 
spaces during a flood event. Many build-
ings on the USNA campus are already 
susceptible to groundwater incursion, 
necessitating near full-time operation of 
installed sump pumps. Flooding events 
threaten to overwhelm the capacity of 
these sump pumps, and the failure of 
a pump (mechanically or electrically) 
in a mission-critical space can result in 
significant equipment damage. Person-
nel should be identified and specifically 
designated to monitor sump pump activ-
ity during a natural hazard event, unless 
sufficiently robust remote monitoring 
capabilities are installed.

Beyond testing USNA’s post-Hur-
ricane Isabel infrastructure resilience 
adaptations, the Oktober Flut event 
served as a pilot for rapid instrumen-
tation deployment to monitor natural 
hazard effects across the USNA campus. 
A collaborative effort between faculty and 
students from the USNA Naval Architec-
ture & Ocean Engineering Department 
and the USNA Oceanography Depart-

ment allowed for the collection of water 
levels and wave data at locations known 
to be vulnerable. Although it was not the 
case for the Oktober Flut, it is common 
that permanent monitoring stations get 
damaged during hurricanes, resulting 
in loss of critical data during and after 
the events. Rapidly deploying additional 
sensors provides a level of redundancy in 
data collection aimed at achieving event 
characterization. “Community science” 
efforts were further employed to docu-
ment the Oktober Flut event: geo-tagged 
and time-stamped photographs were 
collected/organized to better assess the 
extent of campus-wide coastal flooding 
and to validate DEM-based flood maps 
and models. 

Overall, USNA is well-situated to 
leverage real-world data to improve 
campus-wide coastal resilience initia-
tives. The proximity of the USNA campus 
to permanent meteorological and tidal 
monitoring stations, as well as the avail-
ability of rapidly-deployable commercial, 
off-the-shelf instrumentation, allow for 
near real-time data capture during dis-
tinct flooding scenarios. However, the 
authors acknowledge that such richness 
of both long-term and rapidly-deployable 
instrumentation is uncommon in many 
coastal communities. For these com-
munities, citizen science could be a first 
step to record the extent of flooding 
using time-stamped, georeferenced pho-
tographs that can be taken with smart-
phones. Local training for the identifica-
tion and measurement of wrack lines and 
high watermarks along roads and walls 
could also facilitate ranking of events 
and monitoring of above ground coastal 
flooding depths at vulnerable locations. 

As sea levels continue to rise and 
flooding events become more frequent, 
it is imperative to develop collaborations 
among community, university, and gov-
ernment stakeholders to advance com-
prehensive monitoring efforts in com-

munities vulnerable to coastal nuisance 
flooding. Fostering these partnerships 
could allow the expansion of recent initia-
tives to rapidly respond to and document 
impacts of extreme events on the natu-
ral, physical, and social environments 
(Berman et al. 2020). These programs 
characterize natural hazards processes, 
assess infrastructure performance, and 
document community impacts, response, 
and recovery through coordinated, multi-
university reconnaissance and monitor-
ing efforts. As stakeholders continue to 
promote cooperative response, under-
standing, and preparedness of natural 
hazards events, communities exposed 
to natural hazards may identify viable 
adaptation alternatives to address future 
climate challenges. 
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