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Abstract: In this study, we assess the potential for future changes in the frequency of summertime
heavy-to-extreme precipitation events – defined as 2” of rainfall in 3 hours – across the greater Cambridge
area as a result of anthropogenic global warming. The study relies upon an “analogue method” that identifies
well-resolved large scale, daily-averaged atmospheric patterns associated with the occurrence of local
extreme events, and thus enables evaluating the ability of climate models to simulate conditions conducive
to such extremes that occur at unresolvable spatial scales. We find that climate models from the Phase 5
of the Coupled Model Intercomparison Project (CMIP5) consistently reproduce the historical occurrence
of these synoptic-scale patterns associated with the occurrence of the heavy-to-extreme precipitation
events observed across the greater Cambridge area. Applying these analogues into the future across all
the CMIP5 model projections, there is weak evidence of any considerable trend in the frequency of these
heavy-to-extreme events out to the end of the 21st century. Furthermore, analyses that consider a strong
climate-change mitigation scenario show no salient effect on the ensemble-median change as well as the
interquartile and minimum-maximum ranges. Further work is warranted that considers: a more robust
sampling of associated spatial patterns, rather than a pooled or average spatial pattern, to the local extreme;
a more explicit treatment of the sub-daily atmospheric patterns that coincide with the local, sub-daily (i.e.,
3-hour) event.
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1. Introduction

2.2 Datasets
U.S. hourly precipitation observations, archived at the
National Climatic Data Center (NCDC) (https://data.
nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.ncdc:C00313), is
based on the collection of approximately 7,000 US National
Weather Service (NWS), Federal Aviation Administration
(FAA), and cooperative observer stations in the United
States of America, Puerto Rico, the US Virgin Islands, and
various Pacific Islands. The measurement represents hourly
precipitation accumulation. The temporal coverage of the
data varies considerably by state and region. At most of
stations in Cambridge/Boston area (Figure 1 and Table
2), the hourly precipitation is available from 1979-2013.

MIT Flood Vulnerability Study is one key part of a broader
initiative led by the MIT Climate Resiliency Committee
(CRC) and the MIT Office of Sustainability (MITOS) to
understand and recommend how MIT can continue to
fulfill its mission in the face of intensifying climate risks
over the next 100 years and beyond. The risks include
heavy precipitation induced flooding, sea level rise/storm
surge, and chronic heat stress. The overall objective is to
translate the scientific understanding of current and future
campus-based flooding risks from climate change into
operational and strategic guidance for informing campus
planning and management.
Since 2010, there have been several severe thunderstorms
dumping drenching rain across different parts of Boston
area (Table 1). In this study, we present an application of
our recently developed “analogue method” to assess the
changing risk of flood-producing summer rainstorm over
Cambridge, Massachusetts under future climate. The analogue method has been demonstrated to successfully detect
the occurrence of heavy precipitation and heat wave events
across different regions of United States with satisfactory
performances (Gao et al., 2014; Gao et al., 2017; Gao et al.,
2018; Gao and Schlosser, 2019). This is our initial effort
to apply the method for detecting pluvial flood producing
events at the city scale.

The Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) provides data beginning
in 1980 at a spatial resolution of 0.625° × 0.5° (Bosilovich et al.,
2016). In comparison with the original MERRA dataset,
MERRA-2 represents the advances made in both the Goddard Earth Observing System Model, Version 5 (GEOS- 5)
(Molod et al., 2015) and the Global Statistical Interpolation
(GSI) assimilation system that enable assimilation of modern hyperspectral radiance and microwave observations,
along with GPS-Radio Occultation datasets. MERRA-2 is the
first long-term global reanalysis to assimilate space- based
observations of aerosols and represent their interactions
with other physical processes in the climate system. In this
study, we use the three-dimensional daily atmospheric diagnostics on 42 pressure levels. The MERRA-2 reanalysis
is mainly employed to construct the large-scale composites
of atmospheric patterns associated with identified observed
rare precipitation events and calibrate the analogue scheme.

2. Method and datasets
2.1 Method
The analogue method has been described in detail in
Gao et al. (2014, 2017), so we briefly elaborate it here.
The method employs “composites” to identify prevailing
large-scale atmospheric conditions (i.e., circulation features, moisture plumes) associated with the observed heavy
precipitation events at local scale, through the joint analyses of precipitation-gauge observations and atmospheric reanalysis. The model-simulated daily meteorological
conditions are then evaluated against the composites for
their similarities in terms of the established “criteria of
detection” (described later). Any day when the criteria of
detection are met would be considered as a heavy precipitation day. Therefore, the analogue method only allows for
the characterization of the heavy precipitation frequency.

We also compile the climate model simulations from the
CMIP5 historical experiment (years 1850–2005) and experiment for the twenty-first century (years 2006–2100)
employing the RCP 4.5 and 8.5 scenarios. The historical runs
were forced with observed time-evolving land cover and
temporal variations of anthropogenic and natural forcings.
The two future scenarios represent social and economic
development consistent with radiative forcing paths of 4.5
W/m2 and 8.5 W/m2 by year 2100, respectively. 18 models
provide all the essential daily meteorological variables for
the analogue schemes across the experiments (Gao et al.,
2017), 4 of which provide data from several initial condition

Table 1. Severe thunderstorms occurring on parts of Boston area since 2010

Location

Date

Rain (inches)

Time Span (hour)

Cambridge

July 10, 2010

3.5

1

Logan Airport

March 20, 2014

3

24

Maynard/Dorchester

August 2, 2017

4

2

Lynn

September 30, 2017

4

1

Lynn

August 12, 2018

8

2

2
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ensemble members. In this study, we consider only one
ensemble member of each CMIP5 model.
2.3 Data processing
In this study we focus on a pluvial flood producing summer
(June-July-August, JJA) rainstorm, defined as “excessive
rainfall rate larger than or equal to 2” across a 3-hour period.

The hourly precipitation observations from all the stations
surrounding the city of Cambridge (e.g., Figure 1 and Table
2) are extracted to identify such events. At each station, we
first generate a continuous 3-hour running total across the
entire period when the observations are available and then
identify any date when precipitation amount in any 3-hour
window exceeds 2”. For any event across the consecutive

3-Hour Storm Totals (Inches)
Cambridge, MA Study Area
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Figure 1. Barplot shows the 3-hour storm totals that were extracted from hourly gauged-based precipitation observations
(1979-2013) taken at stations surrounding Cambridge, MA. The shaded region in the inset map depicts the radius of the
surrounding area from which the station observations were pooled.

Table 2. Summary of the 3-hour storm totals that were extracted from hourly gauged-based precipitation observations (1979-2013)
taken at stations surrounding Cambridge, MA. For each entry, the station, date (YYYYMMDD) and time (local), and 3-hour total
(inches) is provided.

Station

Date

3-hour
Storm total
(Inches)

Station

Date

3-hour
Storm total
(Inches)

MARBLEHEAD MA

19930325 16:00

5.19

BELLINGHAM MA

19900811 10:00

2.5

BELLINGHAM MA

19860607 18:00

4.88

BLUE HILL MA

19980613 14:00

2.46

BRIDGEWATER MA

19900724 13:00

4

MARBLEHEAD MA

19850801 04:00

2.2

BOSTON MA

19850801 03:00

3.58

BOSTON MA

20100825 10:00

2.16

BLUE HILL MA

19980613 16:00

3.38

BOSTON MA

20070728 17:00

2.16

BLUE HILL MA

19980613 15:00

3.2

BELLINGHAM MA

19950725 15:00

2.1

BLUE HILL MA

19980618 16:00

3.08

BRIDGEWATER MA

19900724 10:00

2.1

BOSTON MA

19850801 02:00

3.03

BRIDGEWATER MA

19860807 19:00

2.1

BOSTON MA

19980613 16:00

3.02

MARBLEHEAD MA

19980613 18:00

2.1

BRIDGEWATER MA

19900724 12:00

2.8

BLUE HILL MA

19880727 05:00

2.06

BLUE HILL MA

20050814 16:00

2.68

BELLINGHAM MA

19800729 17:00

2.02

BLUE HILL MA

19880727 08:00

2.62

BLUE HILL MA

19860807 17:00

2.02

MARBLEHEAD MA

19880401 00:00

2.59

BRIDGEWATER MA

19900620 06:00

2

3
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days, we only account the event once, specifically on the
first day. Non-overlapping dates from all the stations are
pooled together as the total observed events.
The same set of meteorological variables are assembled or
derived from the MERRA-2 reanalysis and CMIP5 climate
model simulations, including 500 hPa vector winds (uv500),
500 hPa vertical velocity (w500), near-surface specific humidity
(q2m), and total column precipitable water (tpw). These fields
represent key environmental conditions during extreme
precipitation development and are readily available in the
output archives of most of the models involved in the various
model intercomparison projects. Our analogue schemes are
constructed based on a combination of 500 hPa horizontal and vertical winds (uvw500) and choice of two moisture
variables (near-surface specific humidity and total column
precipitable water), hereinafter referred to as uvw500q2m and
uvw500tpw, respectively. All the daily meteorological fields
from MERRA-2 reanalysis and CMIP5 climate models are
regridded to the common 2.5°x2° resolution through conservative regridding as suggested by Chen and Knutson (2008).
At each grid cell, we convert the meteorological fields to
standardized anomalies based on the seasonal climatological
mean and standard deviation of 1980-2013 for MERRA-2
reanalysis but those of 1980-2005 for the CMIP5 historical
experiment. The additional several years for MERRA-2
are included to ensure that sufficient number of observed
events are available to calibrate the analogue scheme. The
same 26-year (1980-2005) seasonal climatological means
and standard deviations are also employed to calculate the
standardized anomalies for the meteorological fields of
CMIP5 RCP experiments from 2006 to 2100. The projected
changes in event frequency for CMIP5 experiments focus
on seven 26-year periods centered at the years 2020, 2030,
2040, 2050, 2060, 2070, and 2080, respectively. So the first
period spans from 2008 to 2033, and so on. The change in

event frequency of each model is assessed relative to its
respective seasonal value from 1980 to 2005 and expressed
as number of events per year.

3. Results
3.1 Synoptic condition composites
We extract 95 events from the observations of 1980-2013
for the summer season (JJA) of Cambridge. Figure 2 shows
the composites as standardized anomalies, produced by
averaging the MERRA Reanalysis across the observed event
days. The presented various atmospheric fields provide an
insight into the preferred synoptic conditions conducive to
these events. We see very strong southerly winds transport
warm and moist air from the ocean. The study region is
also characterized by a very strong upward motion that
carries a lot of moisture (Fig. 2b). The presence of flanking
circulations (lower heights to the west and higher heights
to the east of New England) energize these two conditions.
3.2 Calibration of analogue detection
diagnostics
We follow the same procedure as described in Gao et al.
(2017) to develop and calibrate the analogue scheme and
will briefly state it here. Two metrics, the “hotspot” and the
spatial anomaly correlation coefficient (SACC) are employed
to characterize the degree of consistency between daily MERRA-2 atmospheric fields and the distinct synoptic conditions
conducive to flood-producing events shown in composites.
The “hotspot” metric diagnoses the extent to which the
composite of each atmospheric field is representative of any
individual event. It involves the calculation of sign count at
each grid cell by recording the number of individual events
whose standardized anomalies have consistent sign with the
composite. “Hotspots” are identified as the grid cells where
the events used to construct the composites exhibit strong

Figure 2. Composite fields as normalized anomalies for DJF in Boston. (a) 500-hPa geopotential height (shaded, h500) and the
vertical integrated water vapor flux vector up to 500 hPa (arrow) based on 95 flood producing events at 2.5°x2°. (b) 500-hPa
vertical velocity (contour, w500) and total precipitable water (tpw, shaded).

4
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sign consistency with the composite itself (i.e., the larger sign
counts). SACC is calculated between the daily MERRA-2
atmospheric fields and the corresponding composites over
the region that captures and centers the coherent structures
of the composite fields. Previous analyses from Gao et al.
(2017) found that the resulting optimal thresholds (described later) is not sensitive to the differences in the size
and aspect ratio of regions chosen for SACC calculation.
Ten ranges of SACC threshold are assessed from 0.0 to 1.0
with an interval of 0.1. We perform automatic calibration
to determine the cut-off values for SACC and the number
of hotspots of all four variables simultaneously. Five performance measures are adopted that are commonly used
in “confusion matrix” for binary classification, including
True Positive Rate (TPR), False Positive Rate (FPR), Accuracy (ACC, the ratio of combined true positives and
true negatives to total population), Precision (PPV, the
proportion of correctly identified events to the total identified heavy events), and F1 score (the harmonic mean of
PPV and TPR). We examined two criteria for detection of
flood-producing events in this study: (1) at least 3 out of
4 variables have consistent signs with the corresponding
composites over the selected “hotspot” grid cells; and (2)
at least 3 out of 4 variables have SACCs larger than the
determined thresholds (referred to as “Criteria1” or “C1”)
or at least 2 out of 4 variables have SACCs larger than the
determined thresholds but the SACCs of all four variables
have to be positive (referred to as “Criteria2” or “C2”). The
optimal cutoff values for the number of hotspots and SACC
threshold are chosen to produce the observed number of
events with the best TPR. The established detection criteria
will then be applied to the CMIP5 historical and future
model-simulated daily meteorological conditions to obtain

analogue-based events. Note that when considering future
climate, we assume stationarity of the synoptic-scale states
and that climate change will, for the most part, manifest
itself as a change in the timing, persistence, and frequency
of these large-scale features. We compare the results of
analogue scheme in the historical period with the events
identified from the observations.
The calibration of analogue scheme based on the combination of two criteria (C1 vs. C2) and two moisture variables
(tpw vs. q2m)) leads to the TPR of 27.4 ~ 28.4% and FPR of
2.2 ~ 2.3% under the constraint of producing the observed
number of events from 1980 to 2013. The TPR improves to
34.7 ~ 41.1% and 37.9 ~ 44.2% if the window for matching
dates is enlarged to ±1 and ±2 days, respectively. We found
no single scheme to perform the best consistently.
3.3 Historical flood producing event
frequency
We then apply various analogue schemes to the CMIP5
late twentieth-century model simulations and examine the
capabilities of current state-of-the-art climate models to
realistically replicate the ‘‘resolved’’ large-scale atmospheric
conditions associated with flood-producing events. Validating the circulation behaviors linked to these events in
climate models can ensure the assessment of their future
changes with greater confidence. This is achieved by judging
the CMIP5 model-simulated daily meteorological conditions of 1980 to 2005 against the constructed composites (in
Fig. 2) for their similarity based on the established criteria
of detection. In this way, any day when the criteria of detection are met would be considered as a flood-producing
event. We then compare the results of the analogue schemes
with the events identified from the observations (Figure 3).

Figure 3. Comparisons of the number of summer season (JJA) flood-producing events in Cambridge estimated from the CMIP5
model-simulated atmospheric synoptic conditions based on various analogue schemes during the period of 1980 to 2005. The
whisker plot shows the minimum, the lower and upper quartile, median, and the maximum across 18 CMIP5 models. The dashed
lines indicate the number of flood-producing events identified from the gridded observations at 2.5x 2º.

5
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Multi-model medians of all the analogue schemes indicate
the underestimate of flood-producing event frequency
in comparison with the observation. Depending on the
choice of the scheme, the underestimation ranges from
3.0 ~ 13.5 days but interquartile range and inter-model
spread can vary widely. The scheme “C1_tqv” performs
the best among all with its multi-model median the most
consistent with the observation and the smallest interquartile range and inter-model spread. Nevertheless, no
single criteria or moisture variable performs consistently
better than the other one.
3.4 Projected future changes in flood
producing event frequency
We convert the CMIP5 model-simulated daily meteorological fields from 2006 to 2100 to standardized anomalies
relative to the seasonal climatological means and standard
deviations of each model from the CMIP5 historical simulations (1980–2005). We analyze the projected changes in
flood producing event frequency during seven 26-yr periods
centered at the years 2020, 2030, 2040, 2050, 2060, 2070,
and 2080, respectively. So the first period spans from 2008
to 2033, and so on. The change of each model is calculated

relative to its respective seasonal event frequency from
1980 to 2005 and expressed as number of events per year.
This is done for all the four analogue schemes.
We find that the multi-model median from none of analogue
schemes produces a frequency change that is greater than
1 event per season across all the seven epochs (Figure 4).
This characterization holds for the interquartile range as
well, except for the upper bound based on C1_q2m scheme
and the lower bound based on C2_q2m scheme under the
RCP 8.5 scenario over the last two epochs. There is no
consistent, discernible impact of the RCP scenario on the
multi-model median or range (interquartile or min/max)
of the estimated trends/changes in the flood-producing
event frequency across four scenarios. The only exception
to that generalization is for C1_q2m, where the magnitude
of the RCP8.5 lower bound is greater in magnitude than
its RCP4.5 counterpart. Given all these considerations,
there is no clear indication or likelihood of a “substantial”
(i.e., ≥ 1 event) change in the occurrence of these events
throughout the end of the century. These interpretations
are based upon a pooled, averaged snapshot of the daily,
atmospheric conditions across all the precipitation events

Figure 4. The estimated changes in flood producing event frequency based on the analogue schemes of a) C1_tpw; b) C2_tpw; c)
C1_q2m; and d) C2_q2m for an ensemble of CMIP5 models under the RCP8.5 and RCP4.5 scenarios for JJA of Cambridge across the
periods centered at year 2020, 2030, 2040, 2050, 2060, 2070, and 2080, respectively. The solid, dashed, and dotted blue lines
represent median, Q1 and Q3, and minimum and maximum values, respectively.
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that have been flagged (at ≥ 2”). We have not assessed what
these patterns look like across all these events. It is likely that
there are multiple patterns that can be “clustered”. There may
also be more rigor in the use of sub-diurnal atmospheric
conditions - that during summertime conditions - are
typically stronger controls to these precipitating events.

4. Summary remarks
This study has focused on assessing whether salient evidence
exists that heavy-to-extreme precipitation events that have
been observed across the greater Cambridge, MA area are
expected to increase in frequency in the coming decades
as a result of human-forced climate change. In doing so,
we have employed an analogue-based procedure that empirically associates observed heavy-to-extreme summer
precipitation events to large-scale atmospheric patterns.
This analogue procedure is deliberately designed to leverage off the strength of general circulation models (GCMs)
at reproducing large-scale atmosphere patterns – as opposed to the unresolvable spatial scales that summertime
heavy-to-extreme precipitation events occur.
We find from the historical analysis that coherent, large-scale
patterns of atmospheric conditions can be associated with
heavy-to-extreme (i.e., ≥ 2” in three hours) summertime
precipitation events. These patterns also indicate physically consistent conditions in the large-scale atmospheric conditions that support a warm, moist, and unstable
environment that are required for intense precipitation
events. We have used this information to calibrate similar
information from the GCMs such that the occurrence of
these patterns accurately reproduces the statistical frequency of the class of the summertime precipitation events of
interest (i.e., ≥ 2” of rainfall in three hours). When we
apply these associations to simulated future climates, we
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