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Abstract Mixing of the upper ocean by the wind field associated with tropical cyclones (TCs) creates
observable cold wakes in sea surface temperature and may potentially influence ocean heat uptake. The
relationship between cold wake size and storm size, however, has yet to be explored. Here we apply two
objective methods to observed daily sea surface temperature data to quantify the size of TC‐induced cold
wakes. The obtained cold wake sizes agree well with the TC sizes estimated from the QuikSCAT‐R wind
field database with a correlation coefficient of 0.51 and 0.59, respectively. Furthermore, our new estimate of
the total cooling that incorporates the variations in the cold wake size provides improved estimates of TC
power dissipation and TC‐induced ocean heat uptake. This study thus highlights the importance of cold
wake size in evaluating the climatological effects of TCs.

Plain Language Summary The wind field of a tropical cyclone can mix warm water downward,
leaving a coldwake at the surface. This effectmay influence ocean heat uptakewithin the climate system.We
derive a novel oceanic metric of tropical cyclone size based on its induced cold wake using sea surface
temperature data for a period from 2002 to 2011. The cold wake size agrees well with the wind field size
determined fromQuikSCAT surface winds. Furthermore, with the cold wake size incorporated, total cooling
provides better quantifications of tropical cyclone power dissipation and cyclone‐induced ocean heat uptake.
More reliable estimates of cyclone power dissipation and sea surface cooling may be useful for both
understanding and forecasting impacts of tropical cyclones on the climate system.

1. Introduction

Tropical cyclones (TCs) not only can cause significant societal impacts but may also play a larger‐scale role
within the climate system by altering the distribution of sea surface temperatures (SSTs) and heat within the
upper ocean (Emanuel, 2001; Fedorov et al., 2010; Mei et al., 2013; Sriver et al., 2010; Sriver & Huber, 2007).
Specifically, the near‐surface wind field of a TC drives vigorous mixing that stirs the stratified upper ocean.
The resulting downward heat transfer generates prominent cold and warm anomalies, respectively, in the
surface and subsurface layers, with the cold anomaly at the surface commonly referred to as the “cold wake”.
Direct surface‐to‐atmosphere heat loss contributes a small fraction of the cooling in the surface layer (e.g.,
Price, 1981; Vincent, Lengaigne, Madec, et al., 2012). The cold anomaly in the surface layer decays within
a month or so, largely attributed to reduced sea‐to‐air heat fluxes (Mei & Pasquero, 2012), whereas part of
the subsurface warm anomaly typically persists more than one year (Pasquero & Emanuel, 2008). These pro-
cesses produce a net warming in the upper ocean a few months after the TC passage.

In addition to the fact that the magnitude of the cold wake can be closely related to the intensity of the TC,
the size of the cold wakemight be also closely related to the size of TCwind field. In this sense, the cold wake
size can thus provide another measurement of TC size and broaden our understanding of their impacts on
the climate. TC size, in addition to TC intensity, has been found to be vital to TC intensification and TC‐
induced damage in recent years (Carrasco et al., 2014; Chavas et al., 2013; Guo & Tan, 2017; Knutson
et al., 2015; Lin & Chavas, 2012; Xu & Wang, 2015). Almost all current size metrics of TCs, however, are
derived from atmospheric features, such as wind, sea level pressure, rainfall, and clouds (Chavas et al.,
2016; Chavas & Emanuel, 2010; Kimball & Mulekar, 2004; Knaff et al., 2014; Lin et al., 2015; Merrill,
1984). An oceanic size metric of TCs has been absent to date.
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The determination of cold wake size has many potential applications, including estimation of TC power dis-
sipation and TC‐induced ocean heat uptake. The knowledge of the cold wake size may be helpful for the esti-
mation of TC wind power dissipation that characterizes the strength of the TC forcing for upper ocean
mixing. Conventionally, TC wind power dissipation is calculated using the maximum wind speed rather
than two‐dimensional surface winds because of a lack of observations of the complete near‐surface wind
field (e.g., Emanuel, 2005). To remedy the deficiency in this method, area‐integrated cold wake or total
SST cooling has been proposed as a proxy of TC power dissipation since the kinetic energy input by TCs into
the surface ocean is mostly used to generate vertical mixing and thereby ocean surface cooling (Vincent,
Lengaigne, Vialard, et al., 2012). Excluding details in the cold wake size, however, may reduce the accuracy
of this new methodology.

On the other hand, since the majority of the surface‐layer cooling is caused by a downward heat transfer into
the subsurface, the effect of TC‐induced heat pumping can be better quantified after characterizing the mag-
nitude, horizontal extent (i.e., the size of the cold wake), and depth of the cooling. Several studies have been
devoted to such a quantification (Li et al., 2016; Park et al., 2011; Sriver et al., 2008; Sriver &Huber, 2007). All
these studies, however, used a fixed value to represent the varying sizes of cold wakes, which introduces
errors in assessing the heat pumping effect.

In this study, we apply two objective processing methods to daily SST fields to determine the size of the cold
wakes and compare it with TC size computed using the QuikSCAT‐Rwind data—an effort that to the best of
our knowledge has never beenmade.We then use the total cooling (i.e., cooling within the cold wake bound-
ary) to evaluate how the inclusion of variations in cold wake size may affect the quantification of TC power
dissipation and TC‐induced ocean heat uptake.

2. Data and Method

To derive TC‐generated SST anomalies (SSTAs), we use the daily NOAA 1/4° Optimum Interpolation Sea
Surface Temperature, fromwhich AVHRR+AMSR data sets (2002–2011) are adopted because of their lower
uncertainty under clouds and higher spatial coverage over the open ocean (Reynolds et al., 2007). We also
analyze a longer climatology based on AVHRR‐only data sets (1981–2017). Global 6‐hr TC location and
intensity are extracted from the International Best Track Archive for Climate Stewardship (IBTrACS) ver-
sion 3 (Knapp et al., 2010). Following previous work, we define TC wind field size as the azimuthally aver-
aged radius of 12‐m/s wind (hereafter “r12”; Chavas et al., 2016) from the QuikSCAT‐R surface wind data set
(1999–2009). To match the daily SST data, IBTrACS data at 00 UTC and the daily‐averaged r12 are adopted
since the r12 data are not standardized at 00 UTC. The power dissipation of TCs is derived from the Cross‐
Calibrated Multi‐Platform (CCMP) gridded surface vector winds (Atlas et al., 2011). Monthly vertical tem-
perature profiles (2002–2010) based on Coupled Ocean Data Assimilation of Zhang et al. (2007) are used
to estimate TC‐induced ocean heat uptake. The time period is 2002–2011 for the determination of cold wake
size and the estimate of TC power dissipation, 2002–2010 for the estimate of TC‐induced ocean heat uptake,
and 2002–2009 for the comparison between cold wake size and r12.

2.1. TC‐Induced Cold Wake Detection

In addition to TC‐induced surface cooling, SSTs are also affected bymesoscale eddies and fronts in the ocean.
Tominimize the impact of oceanic eddies, a low‐pass filter with a spatial scale of 2° × 2°, which covers a typi-
cal size of oceanic mesoscale eddies (Chelton et al., 2007), is applied to isolate the signals of TC‐induced cold
wakes. We also test the results using filters of 1° × 1°, 3° × 3°, and 4° × 4°, and obtain similar results. Overall,
compared to the 2° × 2° filter, the 4° × 4° (1° × 1°) filter makes the mean of cold wake sizes ~11% larger (~9%
smaller; see Table S1). After filtering out oceanic eddies, those SSTAs are assumed to be induced principally
by TCs.

To identify the SST cooling fields associated with each TC, we define SST perturbations as the difference
between the SST 2 days after the TC passage and the mean SST for 3 to 10 days before the passage within
a 30° × 30° box centering at each TC center, following Lloyd and Vecchi (2011) and Vincent, Lengaigne,
Vialard, et al. (2012). Note that the cold wake does not necessarily correspond to the TC wind structure
instantaneously because it takes time for ocean mixing and other processes to occur. The cooling maximum
is generally observed 0–5 days after the TC passage and the cooling usually persists for a month or so (Dare &
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McBride, 2011; Mei & Pasquero, 2013). As a result, a banded cold wake along the track is prominent, espe-
cially for fast‐moving TCs (Figures 1a and 1b), which reflects the movement of TC. The results are not sen-
sitive to the choice of time after the TC passage (e.g., day 0, +1, +3, and average‐day +1 to +3). Finally,
tropical depressions and samples with the TC center less than 3° from the coast are excluded. Our final sam-
ple size is 7,038 SST snapshots associated with 906 storms.

2.2. Cold Wake Size Determination

Two methods are applied to the SSTA data to objectively determine the cold wake size. The first method is
based on a region of interest (ROI) image processing algorithm (Lin et al., 2015), which accounts for persis-
tence and asymmetries in the cold wake spatial distribution by determining its most appropriate boundary.
Key parameters to identify the ROI are (1) a threshold value of SSTA (−0.7 °C) to mask the SSTA field where
only SSTAs below this threshold are accounted, which is used to identify the ROIs, and (2) a tolerance dis-
tance with a radius of 6° from the TC center to exclude those ROIs far away from the TC center. The first cri-
terion is chosen followingWang et al. (2016), who showed that the coldwake region is hardly distinctive from
the background in regions where SSTAs are warmer than −0.5 ~−0.8 °C. A larger tolerance distance (11°)
reduces the mean of ROI size slightly (<5%; see Table S2). The reason for this counterintuitive result can
be found in Figure S3 and Text S3. The ability to remove small noisy warm patches is one of the key benefits
of the ROI method. To facilitate a direct comparison with the cold wake size determined using the second
method (described below) and r12, the surface area within the ROI boundary (SROI) is obtained by summing
all the pixel area (dx·dy), and then converted to an equivalent radius, rROI, using π · rROI2 = SROI. rROI is
thus an equivalent radius of the surface area of the ROI. Examples of raw ROI boundaries and equivalent
radius are shown in Figure 1.

The second method (POLAR) assumes that the cold wake is axisymmetric and estimates cold wake radius in
polar coordinates. First, the SSTA field is converted to a polar projection centered at the TC center and azi-
muthally averaged SSTA is calculated at 1/8° intervals. Then the cold wake radius, rPOL, is determined
based on two criteria: (1) averaged SSTA smaller than a threshold value of−0.7 °C and (2) the radial gradient
of averaged SSTA <0.05 °C per 1/8°. In general, TC‐induced SST cooling decreases quickly away from the
wake center, and thus, the latter criterion differentiates TC cold wake from other nearby anomalies. This
method is less sensitive to spatial heterogeneity.

Three examples are shown in Figure 1 to illustrate these two methods. Overall, rROIs and rPOLs are in good
agreement, and further, the ROI boundary can capture the asymmetry of wake region (e.g., Figures 1a–1d).
The two methods produce the most similar results when the cold wake area is large (Figures 1e and 1f) or
TCsmove slowly (Figures 1f and 1i). Fast‐moving TCs tend to leave elongated cold wakes, and in these cases,
rROIs are generally larger than rPOLs.

3. Results
3.1. Comparison of Cold Wake Size With r12

Both rROI and rPOL compare reasonably well with r12 (Figures 2a and 2b) with a correlation coefficient of
0.51 and 0.59, respectively. Note that each size has been normalized by its mean. The choice of parameters in
the ROI and POLARmethodsmainly affect the absolute value of the coldwake sizes but not their correlations
with r12. For example, a smaller SSTA threshold or a smaller tolerant distance would give a larger rROI. It is
worth noting that when AVHRR‐only Optimum Interpolation Sea Surface Temperature data set is used for
the same period, the correlation of the cold wake size with r12 decreases significantly to 0.38 and 0.39, respec-
tively. This suggests that high‐quality SST data sets, that is, those having Microwave Scanning Radiometer
(AMSR‐E) measurements incorporated, are vital to determining the cold wake size.

Despite the significant correlations among rROI, rPOL, and r12, large discrepancies exist for some cases.
rROI is larger than rPOL when TCs move quickly (see Text S1 and Figure S1), in line with the examples
shown in Figure 1. In addition, deeper mixed‐layer or weaker stratification favors smaller rPOL compared
with r12, possibly resulting from weaker strength of cold wake (Lloyd & Vecchi, 2011; Vincent, Lengaigne,
Vialard, et al., 2012; Wang et al., 2016). Note that the contributions of translation speed and vertical
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temperature structure in the upper ocean to the discrepancies between cold wake sizes and r12 are rather
small. In fact, multiple linear regression analyses suggest that inclusion of these factors only slightly
increases the explained variance (not shown).

Globally, the spatial distributions of cold wake sizes and r12 are similar (Figure 3). They are the largest in the
western/South Pacific, followed by the North Atlantic and Indian Ocean, and the smallest in the eastern
Pacific. In addition, cold wake sizes tend to increase more with latitude than r12 in the western Pacific

Figure 1. Examples of the cold wakes (°C; shaded) and their size based on the ROI and POLAR methods for (a–c) tropical cyclone Fabian in North Atlantic, (d–f)
Chaba in Western Pacific, and (g–i) Bertha in North Atlantic. The ROI boundary is shown as the black thick line and an equivalent radius to represent the ROI size
is shown as the purple dot‐dashed circle. Sky‐blue dot‐dashed circles indicate the POLAR sizes. TC center is denoted by an orange circle‐dot. Themovement of TC is
indicated by the gray arrow with a reference translation speed of 5 m/s at the bottom right corner.
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Figure 3. (a) Scatterplot of TC sizes between those derived from cold wake using the ROI method (rROI) and r12. (b) Same as (a) but for the sizes from the
POLAR method (rPOL) and r12. (c) Scatterplot of rROI and rPOL. All sizes are normalized by their means, respectively. Correlation coefficient is shown in
the top left corner. Linear regression fits are denoted as dark pink lines with two‐sided 95% confidence bounds of the slopes shaded in pink.

Figure 2. Global TC size (km) distribution of (a) the average cold wake size determined by the ROI method in every
4° × 4° box. (b and c) Same as (a) but for the POLAR method and r12 wind size from QuikSCAT‐R. Sample sizes are
denoted in the right top of each figure.

and North Atlantic where the midlatitude storms become increasingly prevalent. This may also be related to
the decrease in climatological mixed‐layer depth with latitude over the TC active regions (de Boyer
Montégut, 2004).

3.2. Total Cooling as a Proxy of TC Power Dissipation

In an idealized framework, Vincent, Lengaigne, Vialard, et al. (2012) demonstrated that the TC‐induced sur-
face cooling is scaled to the cube root of the potential energy increase in a water column. This potential
energy increase is related to the kinetic energy transferred by the storm to the upper ocean, which is highly
related to the TC power dissipation (PD; Emanuel, 2005). Vincent, Lengaigne, Vialard, et al. (2012) calcu-
lated PD within 200 km of the TC center and found that it can approximate the total work of surface wind
stress on the ocean. Following Vincent, Lengaigne, Vialard, et al. (2012), a local PD is derived from the fixed‐
domain integral of CCMP wind power within 200 km of the TC center. Similarly, a local SST cooling is



defined as the area integral of SSTAs within the same domain. Similar to Vincent, Lengaigne, Vialard, et al.
(2012), a good correspondence with a correlation coefficient of 0.62 between the two is noted. On the other
hand, with the cold wake size known, the total cooling, defined as the area integral of the SSTAs and PD
within the cold wake boundaries determined using the ROI method, can be computed. Similarly, the total
PD is computed within a boundary of winds greater than 12 m/s using the CCMP wind field. By so doing,
the effect of storm size is explicitly included in estimating both cold wake and PD.

The new size metrics provide a better quantification of TC‐induced total cooling, which agrees well with TC
PD. The correlation coefficient between the total cooling and the cube root of total PD reaches 0.56
(Figure 4a), larger than that between the local SST cooling and the cube root of total PD (0.49; Figure 4b).
Note that the CCMP data set tends to underestimate the high wind speeds within the inner core of TCs
owing to rain contamination (Ricciardulli & Wentz, 2015). Therefore, a merged wind field combining the
CCMP winds with a Holland vortex (Holland, 1980) following Sun et al. (2015) and Zhang and Oey (2018)
is alternatively tested. Note that the Holland vortex uses the maximum surface wind speed from IBTrACS
and a parameterized radius of maximum wind based on Knaff et al. (2007) (see Text S2 and Figure S2).
Based on the new wind field, correlation coefficient also increases when using the total cooling rather than
the local cooling. This suggests the importance of accounting for cold wake area in addition to its cooling
magnitude in estimating the total TC power dissipation.

3.3. A New Estimate of TC‐Induced Ocean Heat Uptake

TC‐induced change in ocean heat content is estimated following previous studies (Emanuel, 2001; Li et al.,
2016; Sriver et al., 2008; Sriver & Huber, 2007): Q = ∭ FρCΔTdhdWdL. F was calculated to be 0.56 in
Vincent, Lengaigne, Madec, et al. (2012) and 0.53–0.55 in a more recent study (Li et al., 2016) after consider-
ing the proportion of surface cooling due to enthalpy fluxes. The density and heat capacity of seawater ρ and
C are 1,020 kg/m3 and 3,900 J (kg °C)−1, respectively. ΔT is the magnitude of surface cooling, dW is the
cross‐track width and dL is the along‐track length, and dh is the depth of cooling layer, which is approxi-

mated as ΔT· ∂z∂T based on the surface cooling and monthly ocean temperature at each TC location (Li

et al., 2016). Q is calculated at each grid box and then summed over a fixed domain of 6° × 6° to account
for nonuniform mixing. The global ocean heat uptake (OHU) rate induced by TCs is derived for each year.
By taking F to be 0.55, the OHU rate was estimated to be ~0.11 PW by Li et al. (2016). We follow their method
and obtain a similar estimate of 0.13 ± 0.02 PW.

Note that Li et al. (2016) employed a footprint method to estimate OHU rate using a fixed domain of 6° × 6°.
In contrast, we sum Q within the varying ROI boundary. By so doing, we are able to capture the varying
asymmetry and size of cold wakes. The OHU rate is estimated to be 0.48 ± 0.10 PW, ~3.7 times of the esti-
mate of Li et al. (2016). The larger estimate using the ROI method might result from the larger cold wake
area determined. Note that the mean rROI is 487 km, much larger than the equivalent cold wake size
(~333 km) of a fixed 6° × 6° domain. Since this method depends on the ROI boundary, it is sensitive to
the parameters used in the ROI method. For example, the spatial filter can alter the estimates by up to 20%
(Table S1) while the impact of the tolerance distance is negligible (Table S2). Other details might also con-
tribute to the difference in the estimation, such as time intervals or mesoscale eddy filters in determining
the cold wakes, and different ocean reanalysis data used for the calculation of dh. Nonetheless, the OHU
cannot be reliably estimated without the consideration of varying cold wake sizes.

The estimate above may overestimate OHU, especially for those slow‐moving or stalled storms due to double
counting (R. Sriver, personal communication). One advantage of the ROI method is that the overlapping
area between the two consecutive cold wake regions can be reliably determined, which is hard to achieve
in traditional footprint method. We discarded the overlapped area possessing the smaller OHU because it
is the accumulative OHUmatters. The OHU rate after accounting for the double‐counting problem reduced
to 0.20 ± 0.05 PW, ~42% of the original estimate. Similar OHU rates (~0.20 PW; Tables S1 and S2) are found
after accounting for the double‐counting problem for the uncertainties involved in the ROI method
(Text S3). This suggests that OHU estimate can be significantly overestimated without the consideration
of double counting. The estimates in this study is smaller than that (0.32 ± 0.15 PW) based on a different
approach using sea surface height data by Mei et al. (2013), but generally within the uncertainty range noted
in previous studies (Emanuel, 2001; Jansen et al., 2010; Li et al., 2016; Mei et al., 2013; Sriver et al., 2008).
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4. Conclusions and Discussion

In this study, we derived the size of TC‐induced cold wakes by applying two objective methods to daily SST
fields. The cold wake size is found to correlate reasonably well with the size of the TCwind field derived from
the QuikSCAT‐R database, suggesting the potential usage of cold wake size to infer TC wind field size and
vice versa. We further present two applications for the new size metrics. Our quantification of TC‐induced
total cooling considers both the magnitude and size of the cooling. The total cooling better captures the total
TC power dissipation than the local cooling used in previous studies. Meanwhile, TC‐induced ocean heat
uptake estimated considering varying cold wake sizes is 0.48 ± 0.10 PW, larger than the estimate assuming
a fixed cold wake size. Furthermore, this estimate is reduced to 0.20 ± 0.05 PW after considering the double‐
counting problem. Note that the uncertainty involved in these estimates can be large (20–25% for the para-
meters tested in the study). Double‐counting problem can be well addressed using the ROI method since the
cold wake boundary and their overlapping area can be well quantified. Although amore accurate estimate is
hampered by the limitation of temperature profiles without considering thermocline seasonal variations
(Jansen et al., 2010), it highlights the important role of cold wake size in such estimates.

We hope this study as a starting point to shed light on the potential impact of TC size on the interactions
between TCs and their environment. For example, the conventional estimates of TCs' climatological effect,
such as TC accumulated energy and power dissipation, have rarely considered variations in TC size,
although these variations might make a significant contribution. Moreover, the influence of TC size on
TC intensity evolution is underexplored. An interesting issue inspired by this work is to incorporate the
information of TC size in parameterizing the effect of TC‐generated cold wakes. This will help to more accu-
rately include the effect of the negative SST feedback in TC simulations without being coupled to an ocean
model. These topics warrant further investigation.
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Erratum

In the originally published version of this article, the legends of Figures 2 and 3 were switched. This error
has since been corrected, and the present version may be considered the authoritative version of record.
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